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Preface

This literature study will be the last report that I will deliver in my time at the Technical University of Delft.
My decision to study aerospace was influenced by the America’s Cup boat that started flying two years
earlier. During my studies, I focused more and more on the aerospace sector. I joined the Stratos
IV dream team to design a rocket. With this project, my interest in structures was formed. During
the structure master class, I met Clemens Dransfeld. Clemens Dransfeld presented himself with his
work on composite structures for the America’s Cup, although the boats he worked on were older than
those that first caught my interest. His presentation showed the possibilities for an aerospace structural
engineer in the marine industry. Through Clemens, I finally closed the circle by investigating sailboats
during my thesis.

This thesis was started because of the interest of the Olympic team in better understanding their un-
derwater appendages. The trainer, Coen, was eager to find out if optimisations could be found in the
underwater appendages. The Italian team has been dominant in the Nacra 17 fleet and there were
rumours that it had to do with their appendages. It was finally decided that I should analyse their dag-
gerboards. The daggerboards are a restricted item by the class organisation and cannot be adjusted.
They are supposed to be identical. The fact that there is a significant difference between the hydrofoils
sparks curiosity about where these differences originate. The presence of these differences in identical
parts broadens the reach of this thesis. The hydrofoil is making an appearance again. By identifying
why they differ and what effect some differences can have, it can help all hydrofoil designs. This can
help streamline production and design. Making hydrofoils faster, easier to control, and cheaper to
make, thus improving the benefits of hydrofoils in general.

This report aims to offer a comprehensive overview of the key areas of interest pertaining to hydrofoils,
catering to individuals with a vested interest in this field, and possessing a foundational understanding
of engineering principles. Whether you are an aspiring engineer, a naval architect, or a passionate
enthusiast fascinated by hydrofoil technology, this report seeks to provide valuable insights and analysis.
By delving into the intricate dynamics of hydrofoil design, performance optimisation, and the underlying
factors influencing their efficiency, this report aims to deepen your understanding and contribute to the
advancement of hydrofoil knowledge.

I want to thank Clemens Dransfeld and Otto Bergsma for all the support during this research. They
shared the excitement of the topic and provided great guidance to structure the large project that this
has turned out to be. I want to thank Maarten Sikkema, who provided a lot of insight in hydrofoil devel-
opments and practical tips on how to approach the different problems. The majority of this research
was conducted in the presence of Roosa Joensuu while studying in Room NB2.44. Finally, I want to
thank Alex Ashworth Brigs for providing a lot of help during this thesis. As a researcher at the Olympic
centre, he was both a person of contact as a sparring partner to brainstorm ideas about the investiga-
tion in hydrofoils. At the end of the project, he even helped me escape the thesis to go (Wing) foiling
myself.

Timo van Maarschalkerweerd
Delft, September 2023
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Abstract

The Nacra 17 is a foiling catamaran selected to compete in the 2024 Olympic Games. The Nacra 17
is a one-design class, which requires all equipment to be identical. The Dutch Olympic team found
through testing the bending stiffness that there is a slight difference in how each of their hydrofoils
performed. The question was asked: What are the manufacturing deviations in the Nacra 17 hydrofoils
and how do they impact the performance?

This research aims to answer the previously stated question. The 3D scanned hydrofoils validated that
there is indeed a measurable difference in shape between the different hydrofoils of the Olympic team.
A successful method was proposed that automatically extracts 2D profile section properties from the
point-cloud data of a 3D scanned hydrofoil. This method used a rough orientation using the profile
plotted in polar coordinates. The mean camber line could be extracted using the Voronoi vertex points
and the offset of the profile surface. The resulting data set was fitted using non-periodic cubic B-spline
curves. This produced a curve for the mean camber line and the thickness profile.

Comparison of profile properties resulted in the conclusion that profile thickness (yt) could show that
the two female mould halves were probably spaced differently for the different hydrofoils by a standard
deviation of 0.0669 mm at a thickness of 22.6 mm. Differences are found in the maximum thickness
location (xt), Leading edge radius (rle), maximum camber (yc) and its location (xc).

However, the differences in lift over drag for the different hydrofoils are minimal. The size of the drag
bucket did not differ more than 0.1 of the lift coefficient (cl) for the same drag coefficient. With the
exception of in general one section that presented an early separation. The specific profile showing
early separation changes along the span, not allowing for the generalisation for the complete hydrofoil.
It shows that the curvature at the leading edge of the profile is critical for the performance of the Nacra
hydrofoil.

Knowing which part of the profile shape is critical. Companies can take this area into account when
designing the production process for the next hydrofoil, and the Olympic team can focus on maintaining
these areas of the hydrofoil. Allowing the best preparation to be competitive at the next Olympic games.
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1
Introduction

”Have you ever dreamed of flying? The feeling of floating in the air with no noise, completely silent,
and not a worry in the world? The wind rushing by your face as you average speeds of 20-to-30
knots? The ability to explore the ocean or island you’re staying on? Well let me tell you, this is the

feeling of foiling. as said by LeRoy [10].

A hydrofoil is a wing submerged in water with the primary function of lifting (the boat) out of the water.
When the speed increases, the lifting force increases until the water craft is lifted out of the water.
When only the hydrofoil is submerged the resistance decreases significantly. This results in improved
efficiency and speed. ”It’s quite a breakdown or disrupting of the old physics laws in sailing” Ian Burns,
Performance Manger Oracle Team USA 2014 [11].

Hydrofoils themselves are not a new invention. Their development can be traced back to Enrico For-
lanini’s successful use of hydrofoils in 1906, nearly 49 years before the emergence of the first foiling
sailing boat (Figure 1.1) in 1955 [12]. Throughout the twentieth century, hydrofoil boats underwent fur-
ther advancements and explorations of their potential. Popular Mechanics even mentioned hydrofoiling
sailboats as early as 1956 [13]. Hydrofoiling for pleasure water crafts experienced its rise around 2013
when the America’s Cup introduced foiling catamarans [14].

(a) The Monitor build by Gordon Baker [14] (b) An 2013 America’s Cup boat [15]

Figure 1.1: An example of hydrofoil sailing yachts

The America’s Cup race featuring 72-foot (22m) catamarans (Figure 1.1b) showed the possibility of
foiling sailing yachts. Following this race, the desire to ”fly” on the water led to the widespread adoption
of foiling in various (wind-powered) water sports.
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2 Chapter 1. Introduction

Foiling founds its introduction in the Olympic games at Tokyo 2020, with the Foiling configuration of the
Nacra 17 [16]. With the pressure to perform in the Olympics. Research has started by independent
parties into identifying how these boats can be optimised.

The Dutch Olympic Nacra 17 team sought assistance from TU Delft to gain insight into what could affect
the hydrofoils of a Nacra 17. They discovered that a foil that is rigid in the spanwise bending direction
yields higher performance. To make the most of the hydrofoils in the 2024 Olympics, an understanding
of their function is necessary. The team found that there is a disparity in stiffness, and thus performance,
between the hydrofoils. Measurements carried out by the Nacra 17 class organisation [17] revealed
a difference in thickness between different hydrofoils. The thickness variations of the new hydrofoil
boards were similar to those of the boards owned by different teams, indicating that the sailors did not
have a significant influence in the results.

Digitising the Hydrofoils
Developing processes for

2D section reverse
engineering

Reverse Engineering the
Hydrofoil sections

Analysing the 2D fluid
dynamic performance

Figure 1.2: The different steps of research performed in this thesis in order to answer the research question.

The report is divided into four sections. These sections are visualised in Figure 1.2. Each section is
divided into the following parts: method, results, and discussion. These parts are presented together.

The first section ,Digitisation of the Nacra 17 Hydrofoil, will investigate the digitisation of a hydrofoil.
With the necessary background and method presented in chapter 4. The results of the digitisation
are presented in chapter 8. The hypotheses presented in the methods are validated in the discussion
(chapter 12).

With the hydrofoils digitised, a method needs to be found to accurately process the results for further
analysis. These methods are researched in Research Method Validation for 2D Section Processing.
The method (chapter 5) will present the different proposed methods. These methods are tested in the
results (chapter 9). The best method is identified in chapter 13, the discussion chapter.

Using the methods proposed in the previous step, the difference in geometry can be identified in Ge-
ometric deviation analysis. The final method of processing the hydrofoils is discussed in chapter 6.
The differences between the hydrofoils can finally be analysed in chapter 10. With the results, the
hypothesis stated in the methods can be challenged in chapter 14.

The impact of geometric variations will be analysed in 2D section hydrodynamic analysis. The method
of this analysis is described first in chapter 7. Using the analysis of Xfoil, the differences in fluid dynamic
performance are presented in the results chapter (chapter 15). Using these results, the impact can be
defined by challenging the hypotheses in the discussion (chapter 15).

The conclusions of each step will be summarised in the final conclusion.
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Background
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2
State-Of-Art

The Dutch Olympic team discovered that the Nacra 17 hydrofoils had varying levels of bending stiffness.
It was observed that the hydrofoil with the highest bending stiffness was the most successful. During
a measurement session organised by the Nacra 17 class organisation, discrepancies in shape were
noticed. These discrepancies are already present in brand new hydrofoils, showing that the manufac-
turing impacts the shape. With these two discoveries, the team consulted the TU Delft to explore the
differences between the Nacra 17 hydrofoils.

Manufacturing The manufacturing process used to make Nacra hydrofoils was explained by the
builder &DNA composites [18]. The &DNA hydrofoils are build from pre impregnated carbon composite
woven sheets (plies) that are cut using an automatic cutting machine. These plies are then laid up by
hand in two female moulds. The Nacra 17 hydrofoils consist of two compartments separated by the
main compartment, with a vacuum bag in each compartment according to [19]. With the carbon fibre
built up in the correct order, the two mould halves are closed, and the part is cured in an autoclave
(pressurised oven).

Figure 2.1: 2D representation of the two mould halves (top and bottom) with the hydrofoil in between. The Blue area shows
the internal vacuum bag and the grey area the internal spar. The thicknesses of the different components are not to scale.

The different manufacturing errors that could occur during the production of composite parts are sum-
marised in Potter [20]. In the separate literature review written for this project (found in Appendix E),
the moulding process was identified as the critical production step that influences the differences in
shape between the hydrofoils. The fact that this production step can affect performance is highlighted
by the research of Brient et al. [21]. They showed a difference in performance due to the machining
direction and quality of the moulds used for production.

Reverse Engineering For the manufacturing variations to be identified and compared between the
hydrofoils. Hydrofoils need to be digitised and reversed engineered in order to make a comparison.
Reverse engineering of foil shapes is applied in the research of gas turbine blades. Khameneifar [22]
showed in his Ph.D. thesis a method for reverse engineering 3D point cloud data of turbine blades using
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6 Chapter 2. State-Of-Art

closed non-periodic B-spline curves fitted by finding the closest neighbourhood points. The resulting
papers in his thesis highlight profile Reconstruction [23] and an improvement in his orientation method
[24]. The problem of fitting a spline to a noisy data set was solved differently by Li et al. [1]. In their
paper, an energy minimisation was used to filter the data set. This energy minimisation used large
values of the curvature to exclude points that are not along the presumed surface. Li et al. [1] identified
the mean camber line of the turbine blades by inscribed circles within the profile.

Figure 2.2: Showing the method of inscribed circles as proposed by Li et al. [1]

The 2D foil shapes are often described by themaximum thickness andmaximummean camber location.
These parameters could be extracted using aerofoil parameterisationmethods. While a large number of
different parameterisation methods are devised, the following two methods use the shape parameters
directly. These are the well-known methods, according to [25], called Parsec, and the version Bezier-
Parsec developed by Derksen and Rogalsky [26]. These models require the leading and trailing edges
to be located on the x axis.

Fluid dynamic analysis Analysing the effect of differences in shape parameters is a well-developed
study within aerodynamics. With Schrenk [27] identifying the impact of profile thickness on profile
drag that led to the systematic series of aerofoils developed by the National Advisory Committee for
Aeronautics (NACA)[28], now known as NASA. These sections were analysed in detail by Abbott and
Doenhoff [29]. In the book ”Theory of wing sections: including a summary of airfoil data” Doenhoff
described the impact of each parameter on the lift and drag for different Reynolds numbers.

The same kind of analysis was performed by Hoerner in: ”Fluid-dynamic drag : practical information on
aerodynamic drag and hydro- dynamic resistance.”Hoerner [30]. In his book, the differences between
hydro- and aerodynamics are given. Hydrodynamics differentiates itself from aerodynamics, mainly due
to free surface effects, ventilation, and cavitation. The impact of the free surface effects is explained
by Hoerner in the previously mentioned book and his other book: ”Some Characteristics of Spray and
Ventilation”Hoerner [31]. The effects of the free surface are also explained by Molland and Turnock
[32] in ”“Chapter 4 - Hydrofoils” in the book ”Marine Rudders, Hydrofoils and Control Surfaces (Second
Edition)”.

Cavitation is the formation of air bubbles because the water changes phase as an effect of low pressure
as explained by Morch [33]. The effect of cavition only occurs in the speed range between 45 and 50
knots according to Carlton [7]. This is far above the estimated maximum speed of 35 knots for the
Nacra 17.

The ventilation of surface-piercing hydrofoils is extensively researched by Yin Lu Young summarised in
the paper: ”Ventilation of Lifting Bodies: Review of the Physics and Discussion of Scaling Effects”Young
et al. [34]. The effect of ventilation is possible due to a region of separated flow. Within aerodynamics,
Micheal Selig investigated the aerofoil design preventing laminar separation bubbles to form on the
surface [35–37] with the concepts clearly explained in his lecture notes Selig [9].

Themost common computational 2D fluid dynamicmodel used in the industry is Xfoil, designed by Drela
[38]. This programme provided an improvement in the boundary formulation from its predecessor: Profil
by Eppler and Somers [39]. Fluid dynamics research is currently performed using Computational Fluid
Dynamics (CFD). While Xfoil uses a simplified model of the physical systems and can only calculate
2D flow, CFD approximate the movement of the different air particles. This allows for more complex
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flow analysis. However, Xfoil is still the preferred tool for first estimations and optimisations according
to Bergmann et al. [40]. For the 2D case, a minimal loss of accuracy is observed while the analysis is
performed in significantly less time.

Research in to the Nacra 17 Some research is done specifically for the Nacra 17. These are the
analysis of the control stability of a small hydrofoiling boat by Bagué [41], the generation of a Velocity
Prediction Programme by Graf et al. [42], and fluid-structure interaction by Marimon Giovannetti et al.
[43].

The first study by Alec Baque [41, 44], analysed the practically identical boat, the ”Goodall Design
Foiling Viper”. In the analysis, a 3D model of the boat was used to analyse the dynamic stability of a
hydrofoiling sailing boat using CFD. In the study Bagué et al. [44], it was concluded that the boat was
both statically and dynamically stable.

The second study designed a Velocity Prediction Programme (VPP) in collaboration with the German
Sailors Association, as written by Graf et al. [42]. A VPP predicts the speed potential of a sailing yacht
by finding the equilibrium of all the forces that act on the boat. The adjustable parameters of the boat
are optimised for each wind direction and speed. The goal of the VPP is to find an optimised set of trim
parameters and show the speed potential of the boat. The trim parameters analysed in the paper by
Graf et al. [42], are those of the daggerboard rake, the rudder rake, the rudder angle, the heel angle,
and the platform trim. CFD analysis was again used to analyse the performance of the foils with the
assumption that the foil is rigid.

The third paper investigates fluid structure interactions (FSI) for the daggerboard. In the paper fromMa-
rimonGiovannetti et al. [43], the interaction between thewater and the resultingmechanical deformation
is investigated. The foil deflection was measured in a cavitation tunnel using digital image correlation
(DIC) to calculate the strains and deflection. For computational analysis, the foil was scanned using
a 3D scanner with a volumetric accuracy of 0.1 + 0.3 mm/m. After comparing the results, they found
a discrepancy between the actual deflection and the calculated deflection using the computer model.
They attributed this change to the incorrect internal geometry and the estimated torsional rigidity. The
error in angle of attack (AOA) was estimated to be an increase of 1.6 degrees at the tip. Resulting in
higher lift than predicted.

Conclusion The literature highlighted in this State-of-Art identifies the different research areas needed
to investigate manufacturing deviations in the Nacra 17 hydrofoils. Manufacturing deviations can be
identified by reverse engineering the shape in 2D sections. The differences between the hydrofoils can
be translated to the different shape parameters of a 2D profile. The shape parameters are widely used
to analyse the fluid dynamic performance of a given profile.

For the analysis of the profile, the lift drag and laminar separation are of interest in the comparison.
These properties can be calculated for the different hydrofoils using the programme XFoil. This will
allow for the analysis of a larger number of 2D sections for a comparison.

The final areas of interest are the fluid-structure interaction and the generation of a VPP. Fluid-structure
interactions can connect the differences in shape and stiffness of the different hydrofoils to obtain a
complete picture of the differences in the hydrofoils due to manufacturing deviations. The VPP could
identify the difference in speed and sailing angles due to the variation in shape between the different
hydrofoils.





3
Defining the Research direction

3.1. Research Scope

(a) Showing the forces from the front of the
Nacra 17 with the foil lift making the boat fly
and reacting against the sail side force. (b) Schematic representation of the Nacra 17.

(c) Showing the forces from the top of the
Nacra 17 with the aerodynamic side force
in the sail and the Foil side force reacting to

this force.

Figure 3.1: The schematic representation of the Nacra 17 showing that the Foil needs to counter act the side force and that the
upwind hydrofoil can create downward force to counter act the moment from the sails.

The Nacra 17 is a foiling catamaran, as depicted in Figure 3.1b. A catamaran is a boat with two hulls,
distinguishing it frommonohulls (one hull) and trimarans (three hulls). ”Foiling” refers to the ability of the
boat to fully lift all the hulls out of the water at specific wind angles and speeds. This is one of the three
possible modes with the hull floating on the water as: ”displacement mode”, and the hull(s) skimming
over the water as: ”planing mode”. The Nacra 17 class is a one-design class and is selected to be one
of the disciplines at the 2024 Olympic Games. With the one-design status, all parts are meant to be
identical. Parts can only be bought from selected dealers, and each part needs a certification sticker
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10 Chapter 3. Defining the Research direction

to prove that it is a genuine part. The goal of a one-design class is to reduce development cost and
maintain a competitive sailing fleet where anyone can compete for the win.

This thesis focusses on the main dagger boards (hydrofoils) of the Nacra 17. The daggerboards are
non-weighted boards that prevent a sailing boat from going sideways. The z-shaped daggerboards will
be called hydrofoils from now on. Some specifications of the boat are given below:

• Depth: 1.71 m [19]
• Width: 0.7 m [19]
• Chord length: 197 mm [19]
• Chord Thickness: 25 mm [19]
• Boat weight: 173 kg [45]
• Ideal crew weight: 135 kg [46]
• Relative righting moment: 754 kg*m [46]
• Approximate lift-off speed: 10 knots (5.14m/s)
• Approximate maximum speed: 35 knots (18m/s)

Figure 3.2: The Pipestrel alpha trainer aircraft with a maximum takeoff weight of 550 kg and a minimum stall speed of 43 knots
[47].

In some situations, only a small section of the hydrofoil is submerged. In these situations, the full
righting moment of 754 kg is applied on this small section of submerged hydrofoil. With the boat being
2.59 metres wide [46]. The foil needs to produce more than 580 kg of lift. This is about the lift the wings
of a small 2 person aircraft like the Pipistrel in Figure 3.2 needs to produce with a fraction of the size.
It is not hard to imagine that the hydrofoils need to be strong and stiff to withstand this load and not
bend significantly. The weight should be minimised to reduce the required lift for flight. The generation
of lift by the hydrofoil is also comparable to how the lift on an aircraft is generated. Two uncompressed
fluids can be compared using the Reynolds number (Equation 3.1). The Reynolds number is calculated
using Equation 3.1. With flow speed (V ), chord length (l) and kinematic viscosity (ν). Using the same
Reynolds, the foil can be compared or analysed.

Re =
V l

ν
(3.1)

The Reynolds numbers in which the Nacra 17 operates are very comparable to the Cessna 172. With
the Nacra 17 operating in Reynolds numbers up to 3.5 milion in 20 degree water at 35 knots. When
converting these numbers to a warm day of 20 degrees. A Cessna, with a wing chord of 1.47 m is flying
at 73 knots for the same Reynolds number. This is well above the stall speed of 42 knots. This will
give an indication as to what type of aerodynamics needs to be considered when analysing the Nacra
hydrofoils.

For the research, the Olympic team gave limited access to their six hydrofoils that they are currently us-
ing. These will thus be the hydrofoils that will be used in the analysis. The Team does travel around the
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world, visiting the different regatta’s. This requires good coordination to determine when the hydrofoils
can be used for analysis.

The tools that can be used for any research are limited to what is available at the TUdelft. It is decided
at an early stage that CFD analysis would not be used in the analysis. This was decided because of the
large number of sections from the hydrofoil and the lack of experience of the author with these tools.

Nacra 17 Hydrofoil

Hydrodynamic 
Performance

VPP analysis

Select Ideal hydrofoil

Select ideal hydrofoilImprove Preperation
(sanding)

Campare differnece in
boat speed at all sail

angles.

Find Optimal trim
settings

Identify Stability
system

Difference in shape Difference in Stiffness

Difference in stiffness due
to Geometric Deviation

Difference in stiffness due
to internal structural

difference

Interaction between
Hydorodynamic forces and

stiffness response

Figure 3.3: The Road map of the area’s that can be investigated with the Nacra 17 hydrofoils.

From the State-of-Art (chapter 2), it became clear that the final research of the Nacra 17 hydrofoil would
focus on: Optimising a Velocity Prediction Programme (VPP) of the Nacra 17, and Identifying the Con-
trol Stability of the Boat. Due to limited resources, it will not be able to perform these two analyses.
Therefore, the steps towards this goal will be considered. The research steps required to reach these
two results are shown in Figure 3.3. For these areas of research, a basis of understanding on the work-
ing of the hydrofoils is necessary. There may be two areas that are different in the Nacra 17 hydrofoils
due to manufacturing. These are the shape and stiffness. The shape can affect the hydrodynamic per-
formance and the stiffness. Stiffness is affected by geometry, internal structure, and fibre orientations.
Hydrodynamics and stiffness analysis can be brought together in fluid-structure interactions. Therefore,
these can be used to identify the stability of the boat. The hydrofoils can twist and bend while loaded in
the water, and this twist will affect the load. This creates an unstable system with a positive correlation
between the two (twisting up creates a higher angle of attack, which generates more lift). A stable
system is achieved when torsion and load are negatively correlated. Knowledge of the stability with
each hydrofoil. The team can choose the most suitable hydrofoil to use in the upcoming regattas.

The Velocity Prediction Programme is one of the possible outcomes for research in the Nacra 17. This
VPP takes all the boat’s performance data and creates a diagram showing the highest possible speeds
in all wind directions. To create this diagram the different trim settings, small adjustments that can be
made to the boats systems, are optimised for a given wind angle and speed. These trim settings can
be used while sailing to optimise boat performance. Using a VPP, the actual difference in performance
can be expressed in boat speed.

The VPP generates more accurate solutions with better data. Thus, creating a good data set containing
the Hydrodynamic Performance Data for the different hydrofoils would be needed to gain understanding.
Both areas of research are far beyond the scope of this master thesis. Thus, a direction needs to be
chosen between the following. Hydrodynamic performance, difference in stiffness due to geometry,
and difference in stiffness due to the internal structural. The different tests that can be performed in
each area are highlighted in Figure 3.4.
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Hydrodynamic
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(c) The Road map focused on the Stiffness due
to the internal structure, understanding the

difference in stiffness between the hydrofoil and
how other production processes affect the

hydrofoil performance.

Figure 3.4: The different area’s of interest identified from the Nacra 17 hydrofoil, expanded into smaller steps that show the
road map of what the research can take.

The stiffness resulting from the geometry (Figure 3.4b) would primarily validate that the assumption
is correct. If the stiffness is mainly affected by the internal geometry, this direction would not produce
usable results. For the internal structure (Figure 3.4c), the differences between the hydrofoils can
be compared. First, the overall bending and torsional stiffness must be identified. After these are
measured, the structure needs to be reverse-engineered. The current assumption would be that the
bending and torsional stiffness deviate from the direction of the fibres or from a change in location of
the mid-spar in the foil. The mid-spar is a beam that connects the upper and lower surfaces of the
hydrofoil, (probably) in the middle of the chord along the full span. These effects can be analysed
when the neutral point of the hydrofoil is calculated along the span. The neutral point is defined as the
point where, if a load is applied to the neutral point, only a bending moment is created. It is contrary
to intuition that this point is not in the middle of the structure. In the case of a C beam, this point is
located outside of the structure. When the neutral point is found, the exact orientation of the fibres
and geometry are not needed to create a digital version of the hydrofoil. With a structural model of the
hydrofoil, the hydrodynamic forces can be applied. This will identify the stability of each hydrofoil.

Although this is a very interesting research direction, it has limited benefits to the Olympic team. The
team only has a limited number of hydrofoils. The sample size is small. It is not feasible to test a wider
range of hydrofoils and pick the best-performing set. The final direction of research would provide some
immediate benefit to the sailors. This direction is the hydrodynamic analysis (Figure 3.4c).

The hydrodynamic analysis can be divided into two different areas. These are 2D and 3D hydrodynam-
ics. The 2D hydrodynamics would analyse the 2D cross section of the hydrofoil. The analysis of these
sections can identify the impact of specific deviations present between the hydrofoils. These details
will become lost when the complete hydrofoil is observed. 2D section analysis can identify the impact
of shape differences on drag, drag bucket size, and (laminar) separation that could induce ventilation.

3D hydrodynamics uses the calculation of the 2D sections to generate a 3D model of the hydrofoil.
This 3D model can indicate the final difference in performance between the different hydrofoils. The
3D analysis can analyse the impact of different orientations of the hydrofoil. These different orientations
can be the angle of the hydrofoil forward or backward, and the rotation around its axis (toe in/out). These
analyses can help the team find the best trim settings while sailing.



3.2. Research Definition
The Research question that can be formulated from the State of Art is:

What are the manufacturing deviations of the Nacra 17 hydrofoil
and how much do they affect performance?

In order to answer this question. The research questionmust be divided into several research questions.
The first sub-question is focused on the feasibility of measuring the manufacturing deviations in the
Nacra 17 hydrofoils stating:

Q.1 Can a 2 m spanning hydrofoil be accurately digitised to make a comparison between dif-
ferent geometric variations? The successful digitisation of the hydrofoil follows up to the next sub-
question identifying the best method to reconstruct the profile sections in order to make a comparison.

Q.2Whatmethods can accurately reconstruct the 2D section profiles parameters of the digitised
Nacra 17 hydrofoils?

The third sub-question focusses on the documentation on magnitude and cause of the differences in
geometry between the different hydrofoils.

Q.3 Which 2D profile parameters can be linked to a manufacturing process to show the magni-
tude of the difference variations in this process produced?

The final sub-question links the hydrodynamic analysis to Q.4 Can a 2 m spanning hydrofoil be
accurately digitised to make a comparison between different geometric variations?

The subsequent hypotheses are then formulated as follows:

H. 1 The Creaform HandyScan Black provides the necessary accuracy at high measure-
ment speeds in order to digitise all hydrofoils in a timely matter.
1.1 The differences between the hydrofoil are greater than 0.1226 mm as calculated in equa-

tion (4.2)
1.2 The hydrofoil varies in shape along the span, requiring a scan of the complete surface
1.3 The sanded resin layer provides a good measurement surface without the need for extra

pre-processing for the scan
H. 2 The Data can be processed using python with a accuracy higher as the differences

observed in the hydrofoil sections.
2.1 The Leading and trailing edges can be found consistently by using the raw data set.
2.2 The camber line can be extracted from the profile data
2.3 The Profile can be accurately approximated by applying a low pass filter on the data.
2.4 The profile can be accurately approximated using a B-spline function for the Camber line

and the thickness profile.
H. 3 Manufacturing defects can be identified by the differences in the shape parameters of

the different hydrofoil sections.
3.1 The profile thickness can be an indicator for improper mould closure.
3.2 The polynomial camber line can indicate a miss alignment of the mould halves
3.3 A correlation can be found between the different parameters that could indicate improper

mould closure or miss alignment.
H. 4 There is a difference in the hydrodynamic performance between the different hydro-

foils.
4.1 The difference in shape affect the location where ventilation can occur.
4.2 The biggest impact on the performance is influenced by the leading edge radius.
4.3 The high pressure side of the profile presents separated flow at positive angles of attack.
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Digitisation of the Nacra 17 Hydrofoil:

Method

(a) The Nacra 17 hydrofoil laying on its side.
(b) The Nacra 17 hydrofoil laying on its side with the differences in

geometry highlighted by the difference in colour.

Figure 4.1: An example of the visual variations on the Nacra 17 hydrofoil.

By just looking at the hydrofoils they appear to be identical. Only differences that can be observed are
different scratches. Apart from the scratches, there is no observable difference. This shows the need
for a measurement technique that is able to observe the small differences in geometry.

The differences in the hydrofoil are expected to be due to small misalignments in the mould. With
pinched fibres and the resin run out on the leading edge (Figure 6.2b), the part requires manual sanding
before it can be sold. This manual sanding is a variable process that changes over the span of the
hydrofoil. The entire span of the hydrofoil needs to be examined, as the differences can thus change.
The hydrodynamic performance will be evaluated with the Xfoil programme. Xfoil allows for a fast
comparison between different geometries. This programme can isolate the different sections to show
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specific problems with the shape. Without using a computer, the hydrofoil can be tested in a wind
tunnel or towing tank. Both options require the whole foil to be analysed in one way. This might show a
difference, but will not identify why there is a difference. The programme XFoil requires a set of points
in a text document that represent a cross-section of the hydrofoil for the analysis.

This leads to the following requirements. High precision is needed to detect small differences. The
cross-section of the hydrofoil needs to be examined at a number of different locations to capture a
range of shapes that are present on the hydrofoils. A digital representation of the hydrofoil is needed
for further analysis.

Requirements:

1. High precision.
2. Large number of 2D sections.
3. Digital format.

Assumptions:

• Lesser detail for the whole foil is preferred over high detail for a select set of cross-sections.
• The sanded resin layer is opaque enough for the 3D scanner to produce a precise measurement.

In order to digitise the hydrofoils, the Creaform Handyscan Black 3D scanner from civil engineering
provided the best fit to the requirement set. An overview of the theory behind digitisation will be provided
in section 4.1. The digitisation process will be explained in section 4.2. The results of the digitisation
process will be elaborated upon in chapter 8 with the discussion in chapter 12.

Hypothesis 1: The Creaform HandyScan Black provides the necessary ac-
curacy at high measurement speeds in order to digitise all
hydrofoils in a timely matter.

H. 1.1: The differences between the hydrofoil are greater than 0.1226 mm as calculated in
equation (4.2)

H. 1.2: The hydrofoil varies in shape along the span, requiring a scan of the complete surface
H. 1.3: The sanded resin layer provides a good measurement surface without the need for extra

pre-processing for the scan

4.1. Theory
The following section will cover the theory needed to minimise the loss between the actual hydrofoil and
the digital model. First, the reverse engineering method will be discussed to identify the best suited 3D
scanner (subsection 4.1.1). The two suitable 3D scanners available for this project will be compared
in Appendix G. This section will cover the principles of how the 3D scanner will digitise the hydrofoils.
The different file types that can be exported will be covered briefly (subsection 4.1.3. The file system
that does not affect the measurement data will be identified.

4.1.1. Reverse Engineering

Getting a digital model of an existing object can be called Reverse Engineering. There are a large
number of different measuring methods that allow for reverse engineering. The first dividing method
is contact or non-contact methods. Contact methods use a probe that follows the surface. With the
location of the probe known, the surface geometry can be extrapolated from this data. In the book
”Reverse engineering: an industrial perspective”, Raja and Fernandes [48] identified the benefits of
contact methods with respect to non-contact methods to be its:

a) high accuracy,
b) (Relative) low cost,
c) insensitivity to color and reflectivity, and
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d) the ability to measure deep pockets and slots.

This is accompanied by the disadvantages of:

a) very slow data collection,
b) inability to accurately measure soft objects due to the distortion of the surface by the probe, and

Figure 4.2: Non-contact method hardware classification [48].

Non-contact methods add high measurement speeds that allow for the digitisation of large volumes.
This is necessary for the digitisation of the hydrofoils because the whole surface needs to be measured,
as explained in the introduction. The resin of the hydrofoils are affecting the measurment results of the
non-contact measurements. Most scanners will not be able to scan (see) transparent materials.

When considering non-contact measurement methods, there are a large number of techniques that
can be used. A summary of the different methods is given in Figure 4.2. From these measurement
techniques, triangulation was identified to be the most promising method.

4.1.2. 3D scanner specification

(a) A comparable scanner to the FAROBLu HD QuantumE FARO [49].
(b) The Creaform HandySCAN BLACK while scanning an helicopter

blade OLDBAC [50].

Figure 4.3: The 3D scanner types available at the university at the time of writing.

At the University there are two 3D scanners that use laser-triangulation and are accessible to the author.
These scanners are the Creaform HandySCAN BLACK and the FAROBLu HD QuantumE with a 2.5
meter arm. Both scanners use laser triangulation to measure the distance to the object. The difference
between these scanners is their spatial awareness. The Faro scanner uses the movement of the arm
to identify its position in space. Creaform scanners use markers and photogrammetry to identify its
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position in space. A more detailed explanation of the orientation method used by the Creaform scanner
will be given in subsubsection 4.1.2.

There are a couple of important specifications that can be compared to identify the suitability of the
scanner. The most important hardware specifications for a good result are: a) accuracy b) volumetric
accuracy c) measurement resolution d) mesh resolution. For different optical scanners, the measure-
ment rate might be an important parameter to keep in mind. Scanners that use lasers are usually fast
enough so that this is not a problem. The HandySCAN has a measurement rate of 800,000 measure-
ments/s [51]. The Faro arm measures at a rate of 600,000 points per second. The measurement rate
for these scanners depends mostly on the support computer and the measurement conditions. At a
very high measurement rate, the operator does not have to worry about moving the scanner too fast to
scan the part. The downside would be the large file sizes that are generated at high scan rates. These
are limited by the supporting PC’s working and storage memory.

The accuracy of the scanner references the repeatability of a distance measurement. Creaform used
ISO 17025 based on the VDI/VDE 2634 part 3 standard to find the probing error on tractable spheres.
The Faro arm is measured using ISO 10360-8 Annex D. While scanning a part, the scanning sensor is
moved around the profile to observe the whole surface.

The accuracy of the whole part is denoted by the volumetric accuracy. The faro arm uses very accurate
position sensors in the joints of each arm. This allows for volumetric accuracy that is independent of part
size. It is important to properly calibrate the arm with the measurement base to ensure that the stated
accuracy is achieved. The Creaform scanner uses small infrared (IR) reflectors to identify the position
of the scanner with respect to the part. Therefore, this volumetric accuracy is therefore dependent on
the part size. The volumetric accuracy is calculated with (Equation 4.1) a constant (ea) and a variable
(eb) accuracy scaled by length (l). The constant accuracy for the HandySCAN is 0.020 mm and the
variable accuracy 0.060mm. This can be improved with MaxSHOT. MaxSHOT™Elite can only scan
the reference markers, but will scan these markers with a higher accuracy of eb = 0.015mm/m as
given by the data sheet in section G.1. The volumetric accuracy of the HandySCAN when measuring
the Nacra hydrofoil is given in Equation 4.2

Volumetric accuracy = ea + ebl (4.1)

Volumetric accuracy = 0.02 + 0.06 * 1.71 (span in m) ≈ .1226 mm (4.2)

The next specification is the resolution. The measurement resolution is defined by the number of
measurement points. This resolution does not dictate the final resolution of the scan data. This is
defined by the mesh resolution. The mesh resolution filters out the measurement noise outside the
date and produces the average distance of a number of measurement points. The averaged point
creates the point cloud that represents the part’s surface.

Using the data in Table 4.1 it can be concluded that the specifications of both scanners are very close.
The Creaform scanner shows a better mesh resolution compared to the faro. The Faro scanner needed
to be moved to accommodate the large size of the hydrofoils. This would increase the Volumetric
accuracy error, or required a large time investment for calibrating the scanner. The Creaform scanner
was possible to be operated by students and did not require a technician to be present, increasing the
availability of the scanner.

Table 4.1: Applicable 3D scanners available at the university

HandySCAN BLACK [52] FAROBlu HD QuantumE 2.5m [53]
single shot accuracy 0.035 mm 0.075 mm
Volumetric accuracy 0.020 mm + 0.060 mm/m 0.075 mm
measurement resolution 0.025 mm 0.04 mm
mesh resolution 0.1 mm 0.16 mm
recommended part size 0.05m - 4m <2.5m
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Distance measurements
The HandySCAN Black uses laser triangulation to measure the distance from the object. The scanner
uses 7 laser lines 1 with many measurement points per line. For each measurement point, triangulation
is used to determine the distance to the object. The combination of all these points will produce the
measurement area. By moving the scanner around, the part can be digitised.

In order to use laser triangulation, a camera and a laser device are needed, and the desired object is
needed. For one laser line, a single unknown point is measured. A schematic representation of the
scanner is given in Figure 4.4b. The different terminology is shown in Figure 4.4a. The given variables
are coloured green. The red variables are unknown and need to be calculated. The blue value can be
given or needs to be calculated using the Field Of View (FOV). The value Z will be the variable that is
needed for digitisation.

(a) The basic principle of laser triangulation in order to find the distance to a
point on av=n object [54]

(b) Laser triangulation and identifying the location in X, Y and Z
[54]

Figure 4.4: Overview of the principles of laser triangulation

The focal length and field of view are related by Equation 4.3.

tan
(
FOV

2

)
=

r

fc
(4.3)

In these equations the FOV is the camera field of view. The r is the maximum distance from the centre.
The height and width of the frame are given by h and w. The radius and frame dimensions are related
as shown in Equation 4.4.

(2r)2 = w2 + h2 (4.4)

Using these two equations the focal length (fc) can be calculated by substituting r and rearranging both
equations to Equation 4.5

1See the spec-sheet in section G.1
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fc =

√
w2 + h2

2 tan
(
FOV

2

) (4.5)

The length of the laser beam reflection from the surface to the camera is given by t. The variable t can
be calculated using the law of sines (Equation 4.6).

a

sin(A)
=

b

sin(B)
=

c

sin(C)
= 2R (4.6)

By filling in the angles and distances of the problem, the law of sines is changed into Equation 4.7.

d

sin(k)
=

p

sin(π2 − φ+ dφ)
=

t

sin(π2 − θ)
= 2R (4.7)

The reason is that the laser beam forms a triangle. The following geometric problem can be calculated
using the principle that the sum of all angles of a triangle is equal to π. The sum of all angles is there
equal to pi as seen in Equation 4.8

k + (
π

2
− φ+ dφ) + (

π

2
− θ) = π (4.8)

When solving for k in Equation 4.8 the following definition for k is found, as seen in Equation 4.9.

k = φ+ θ − dφ (4.9)

Using Equation 4.9 and Equation 4.7 the equation can be rewritten to be a function of t and thus find
the distance of the object to the camera in Equation 4.11.

d

sin k
=

t

sin(π2 − θ
(4.10)

t = d
sin(π2 − θ

sin(φ+ θ − dφ
(4.11)

The variable dφ is still unknown and can be calculated by Equation 4.12:

dφ = arctan( s
fc

) = arctan(
√
u2 + v2

fc
) (4.12)

With the definition for dφ, t can be calculated and the distance to the object is known.

An easier method to calculate Z would be to use the X, Y, and Z coordinates of the detection point.
Using Figure 4.4b, Equation 4.12 can be rewritten for u and v to obtain the following equations:

dφu = arctan( u
fc

) (4.13)

dφv = arctan( v
fc

) (4.14)

From the geometry it can be deduced that:

Z = cos(dφ)tφ (4.15)

By substituting Equation 4.11 into the equation for Z.

Z = d
cos(dφ) sin(π2
sin(φ+ θ − φ

) (4.16)
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X and Y can be calculated using the geometric principle that the angles on both sides of an intersection
of the same line are equal in Equation 4.16. The detection angles for v (4.14) and u (4.13) can be
rewritten using Equation 4.16.

dφx = dφu ⇒ arctan(X
Z
) = arctan( u

fc
⇒ X = Z

u

fc
(4.17)

dφy = dφv ⇒ arctan(Y
Z
) = arctan( v

fc
⇒ Y = Z

v

fc
(4.18)

With Z being the only unknown variable, the distance to the object can now be calculated.

These calculations assume an ideal situation of only one beam. As stated before, the scanner uses
7 lines each containing a large number of measurement lasers. The measurement speed is therefore
greatly increased over one single point.

Figure 4.5: The different reflections from a matt surface finish and a reflective surface finish [55].

There are some outside influences that affect the accuracy of laser triangulation. As stated in subsec-
tion 4.1.1, non-contact methods are sensitive to surface colour, opacity, and reflectivity. TheHandySCAN
uses blue lasers for triangulation. Blue objects are thus hard or impossible to scan without preparation.
This preparation entails the coating of the surface with a reflective matt finish2. This matt finish can
aid with scanning of transparent and reflective surfaces. The reflective surface would seem to be the
ideal surface for triangulation. This would be the case with an infinite resolution of the scanning sensor.
For finite-resolution sensors, a range of reflected light results in better accuracy. Different reflective
surface reflection can be seen in Figure 4.5. The gradual reflection of a matt surface provides a wider
range of data from which the distance can be estimated.

The final impact on the scanner is the ambient light. With a light room or a dark surface, the intensity of
the laser compared to the surrounding room is less. This makes the identification of the laser reflections
hard. The result would be to increase the laser light strength and increase the number of measurements
per second to achieve the same scan speed observed by the operator. The increase of the shutter

2More information can be found: Paul Motley. HOWTOSCANDARK, SHINY, ORCLEARSURFACESWITH A 3DSCANNER
[WITH VIDEO DEMO]. Mar. 19, 2021. URL: https://gomeasure3d.com/blog/scan- dark- shiny- clear- surfaces- 3d-
scanner-video-demo/ (visited on 07/14/2023).

https://gomeasure3d.com/blog/scan-dark-shiny-clear-surfaces-3d-scanner-video-demo/
https://gomeasure3d.com/blog/scan-dark-shiny-clear-surfaces-3d-scanner-video-demo/
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speed gives her more data every second. This could be a problem when scanning large parts at high
resolutions.

Spatial Orientation
The HandySCAN uses stereo photography to spatially orient the scanner with the object. The two
camera’s on each side are encircled by LED’s that transmit an ultra-violet light. This light is reflected by
the position markers placed on the measurement surface. The orientation of the scanner can be used
to determine the location of the scanner.

Triangulation is used to determine the distance from the scanner to the marker. The schematic setup
is shown in Figure 4.6c. In the example, the epipolar theoretical framework is used to calculate the
position X. This is the distance to 1 point. In order to create a full 3D spatial orientation, more points
are needed.

(a) Trilation of 3 satilites in 2D [57].

(b) Trilation of 4 satilites in 3D [57].
(c) 3D determination of the target position relative to cameras

using epipolar geometry [58].

Figure 4.6: Stereo vision spatial orientation concepts

The orientation in space is very similar to the method that the Global Positioning System (GPS) uses for
the spatial orientation. As Figure 4.6a shows that 3 different sources are needed to create a constraint
location in 2D. Translating the problem to 3D shows a collection of spheres, as shown in Figure 4.6b.
These 4 spheres have only one point where all intersect. That is, the position of the scanner. This
position will always have a small error. This error is reduced with an increase in the number of position
markers.
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Markers are placed by humans. This results in a semi-random spacing of each collection of markers.
Using this principle, the scanner knows which set of markers it is looking at. This is the final variable in
spatial positioning with respect to geometry.

4.1.3. Filesystems

There are several different file types that can be exported by VXelements according to the brochure in
section G.1. The different file systems are explained in section A.1. From these descriptions:.stl and
.step are identified to be the most suitable file types. The point cloud data can be exported without
compression to the STL file. The file in Catia will thus be of the same quality as the scan data. The
step file can be used for normal geometries. This includes planes, lines, and volumes. STEP can be
imported by Catia as well, allowing for the use of both programmes.

4.2. Methodology

4.2.1. Hydrofoil measurement preparations

Figure 4.7: A wind surf hydrofoil with the measurement markers applied

The Creaform Handyscan uses small markers that are used for spatial orientations. Targets need to be
placed in a random manner. This helps to identify the scanners spatial orientation using the principle
of triangulation. The dots should be placed between 2 and 10 cm apart, according to the user manual
[59]. The placement needs to be in such a manner that the dots can be connected and there are no
isolated groups. A good example of these markers can be seen in Figure 4.7. The scanner needs a
minimum of 3 targets to identify its position. Near the leading and trailing edges, the number of markers
should increase to maintain this number of markers around the high curvature.

The curve of the leading edge and the trailing edge is still too high to transition to the other side. For
this reason, plates with markers are glued to the foil. These plates can be seen from the edge and
maintain the 3 makers for the orientation as seen in Figure 4.8a. This ability to transition to the other
side helps with the accuracy of the leading and trailing edges, as they can be measured straight on.

4.2.2. Test Setup

The reliance of the 3D scanner on the markers allows a less restricted measurement setup. This
resulted in the measurement setup shown in Figure 4.8b. The hydrofoil is held by two bolts in a steel
beam while supported by a wooden post on the ground.

As long as the markers stay in the same place with respect to each other, the hydrofoil measurement
will not be affected. In the first scans some of these plates moved. This resulted in an offset of the two
sides of the foil intersecting at the leading and trailing edges, or a ghost foil appearing in the data. This
problem was solved by starting the scan at the tip of the foil. The wooden post (figures 4.8a and 4.8b)
did not move during the scan and provided a good reference point to start the scan.
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(a) Measurement setup from the side showing
the wooden post and the bolts in the steel

beam.

(b) Showing the marker placement on the
hydrofoil with the marker plates glued on top of

the surface.

(c) Showing the Visual representation of the 3D
scanner while scanning the hydrofoil. The

green markers are in the correct measurement
range and are used for triangulation.

Figure 4.8: The hydrofoil measurement setup used for the digitisation of the Nacra hydrofoils using two supports to hold the
hydrofoil in place.

Table 4.2: The Scanner settings for each hydrofoil.

Foil code Boat Side Shutter speed [ms] Resolution [mm]
ZS00531 Starboard 0.61 0.5
ZS00544 Port 0.61 0.5
ZS00696 Port 0.61 0.4
ZS00664 Port 0.63 0.4
ZS00691 Starboard 0.72 0.5
ZS00663 Starboard 0.61 0.4

The scanner used a number of different settings that could be changed for each scan. The settings that
where changed are: the shutter speed and the resolution. The shutter and resolution were refined dur-
ing the measurements. The minimum resolution is highly dependent on the operator and the computer
used for the measurement. The measurement data are stored in the video memory of the computer.
Increasing the resolution means that more data is collected and the video memory fills up before the
part is successfully scanned. Reducing the shutter speed could allow more scan time before the data
set becomes too big. Reducing the shutter speed could affect the scanners ability to gather data.

This results in the programme crashing and losing the whole scan. With a skilled operator the shutter
speed can be reduced, resulting in lower measurement speed. This reduces the data rate, allowing
for more time to scan the part. At a reduced shutter speed, the scanner has more difficulty finding the
markers and scanning the part. It requires the operator to move very slowly and stay in the optimal
measurement distance. Scan quality can be aided by reducing light in the environment. A darker
room showed a better result at lower shutter speeds. The level of light was not a factor that could be
controlled by the operator at the time of measurement.

During the hydrofoil scanning, the operator needs to move the scanner along the part to scan the
surface. The scanner should be held within a specified distance range from the surface. This distance
is communicated to the operator using colours. A light on top of the scanner changes from blue (far
away), green (just right), to red (close by), depending on how far it is from the part.
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(a) Scan showing the utility of the wooden
plates.

(b) Scan showing blue colour indicating that the
scanner is to far away.

(c) Scan showing red indicating that the scanner
is to close to measure.

Figure 4.9: Showing screen shots of the hydrofoil while it is being measured.

This light can be seen in figure 4.8b at the top of the scanner, showing blue. These colours are shown
in more detail on the connected computer. The computer colours both the scanning lines, as well as
the markers, to show the correct distance to the surface. Figure 4.9b, shows the blue lines and markers
indicating that that part is too far from the scanner. While, figure 4.9c, shows the red lines and markers
indicating that the specific part is too close to the scanner. When scanning the part, the operator uses
these colours to position the scanner in the correct position. Figure 4.9a shows the effect of the wooden
plates glued to the surface. Both plates show green markers that indicate a good measurement. Using
the four markers on the plate on the opposite side, the scanner can be rotated to start scanning the
opposite surface. Without these plates there could not be made a connection between the two sides
of the hydrofoil.

The light blue surface, shown in both images, indicates the scanned surface. While the yellow indicates
a partially scanned surface. These indicators are used to identify if the part is fully scanned or that
certain areas need more attention.

4.2.3. Processing the foils in VXelements

Ones the all the hydrofoils were digitised. The data files needed to be processed using the integrated
programme: VXelements (Figure 4.10a). The hydrofoils needed to be processed by: 1. removing
the mounting beam. 2. removing the marking plates and support 3. finalising the scan (removing the
tracking markers) 4. filling the holes in the model

The mounting beam was removed by placing a clipping plane perpendicular to the beam surface. This
surface can be selected by creating a plane using the three markers shown in Figure 4.10b. This plane
could be offset to remove all objects that are on one side of this plane. This method works to remove the
base of a part. The screws, plates and support post at the tip are still present in the model. These must
be manually removed. The best way to remove these parts is to use a brush selection tool. Selecting
the base of the foreign objects using the brush tool and removing the selection isolates the objects
from the foil. These isolated parts can be removed by selecting all the geometries attached to the foil
and deleting all the other geometries. With only the hydrofoil left, the part can be finalised. Finalisation
updates the mesh and removes the tracking markers. The last step is to use the automatic tool to fill
all the holes in the mesh, which can be seen in Figure 4.10c.

The hydrofoil was processed within VXelements. It is transported to Catia for alignment of the differ-
ent hydrofoils. The files are saved as an STL file. This file maintains the resolution as close to the
measurement resolution as possible. The STL files are named using the following naming convention
starting with Narca_Foil followed by the identification code of the foil. This identification code contains
two letters and five numbers. This is followed by the shutter speed that was used for the scan. SH0-61,
is a shutter speed of 0.61 ms. For a shutter speed of 0.74 the code would be: SH0-74. The resolution
(Res0-40) is the next value. This is the mesh resolution that is set at 0.40 mm. After resolution, the
side of the board is noted with SB (starboard/right side of the boat observed from the back) and BB
(port/left side of the boat observed from the back). The VXmodel and STL state the progression in the
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(a) Screen shot of VXelements.

(b) The top of the hydrofoil after scanning. (c) Holes in the surface after finalisation.

Figure 4.10: VXelement processing stages

post-processing with VXmodel the final save file in VXelements and STL the file system. This naming
scheme results in the following file name: ”Nacra_Foil_ZS00691_SH1-72_Res0-50_SB_VXmodel_STL.stl”.

4.2.4. Catia processing

With the foil scans processed in VXelements. STL files are aligned to the same coordinate system and
sliced into sections using Catia VI. These sections are exported to be analysed using Python scripts.
This analysis will be discussed in chapter 5. The environments that are used in Catia are highlighted
in bold before the paragraph. To aid the understanding of this process in Catia, several images are
placed in the Appendix showing the location of the different functions.

Digitized Shape Preparation The first foil (ZS00531) is imported from Catia, in the digitised shape
preparation environment. The first action would be to save the file and name the geometrical set
according to the set naming scheme. After saving the part, themesh is repaired usingmesh patholegies
(figure A.1).

Digitize Shape to Surface With the imported foil, the coordinate system needs to be aligned. The
first step is to create planes on the hydrofoil using 3D primitive Recognition (Figure A.2). This can
create a plane at the top of the hydrofoil. The next plane is aligned using the thick trailing edge at the
top of the hydrofoil. The final plane is aligned with the middle of the leading edge and the middle of
the trailing edge. This plane should follow the leading and trailing edge, up to the elbow. These planes
can be used to align the hydrofoil with the global coordinate system using fast align (Figure A.3). Save
the file.

Freestyle Shape design With the hydrofoil aligned to the coordinate system. Steps can be taken
to produce the cross-sections of the hydrofoils. The cross sections need to be aligned with the profile
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thickness and thus follow the hydrofoil curvature. This curvature is captured by manually fitting a line
along the trailing edge of the hydrofoil. This line is created with the function: 3D curve (Figure A.4).
This curve is finally projected on the plane perpendicular to the trailing edge. Save the file.

Part Design On the curve, a set of points is repeated 50 times with even spacing. On each point, a
plane is placed with the curve normal to the plane and constrained by the point. The same procedure
is repeated to place a local coordinate system at the point. The coordinate system is required to rotate
the cross sections in Python in the next step. Save the file.

Digitized Shape Preparation A new geometrical set(Figure A.6) and is named ”Scans”. Within this
set, planer sections are created in every plane along the hydrofoil using Planer section (Figure A.5).
Save the file.

This finalise the steps for the first hydrofoil. The other hydrofoils can now be added to this file and
aligned with the first hydrofoil. Before importing the new file, a new geometric set must be created
using: geometrical set(Figure A.6). This set should be named according to the file naming scheme.

The hydrofoil can be imported into the geometrical set within the Digitised Shape Preparation environ-
ment. The hydrofoil file should be named using the foil code. Save the file.

The new hydrofoil will likely be placed in a random orientation with respect to the first hydrofoil. This
placement depends on where the scanner started scanning the hydrofoil. This requires the hydrofoil to
be roughly placed along the original hydrofoil. This can be achieved with the rotation and translation
functions under the standard tab.

Depending on which hydrofoil was used for the initial setup, some hydrofoils will be a mirrored version.
The ZS00531 hydrofoil was used for the initial setup, and this is a Starboard side hydrofoil. The port-
side hydrofoils need to be mirrored through the x and z plane. This will create a starboard version of
the port hydrofoil. Save the file now before continuing. This is especially important in the alignment
steps, as these will take between 30 min and up to 2-3 hours depending on the computer.

The hydrofoil will be aligned twice. The first time Fast Alignment (Figure A.3) is used with a limited
selection of the hydrofoil. This limted selection is made by deactivating parts of the mesh using the
activate function located next to Fast Alignment. Only the tip and the root need to be active for this first
alignment. After the alignment is finished, safe the file.

The complete mesh should be activated again. Now the Best Fit Alignment option should be used.
This is found in the drop down menu of Fast Alignment. After the alignment is finished, safe the file.

The hydrofoil can now be compared with the original hydrofoil. This comparison is made usingDeviation
Analysis. This is the coloured block seen in Figure A.3. Save the file.

With the hydrofoil aligned to the original hydrofoil. The planer section needs to be made. This is the
same procedure as described above. These last steps are repeated until all hydrofoils are aligned in
Catia.

The data will now be exported to be processed further using Python. The first part to be exported is
the set of coordinate systems along the span-wise spline. These are exported as a single digitised
file (Figure A.7). The file with all coordinate systems need to be named axissytems.txt. The planer
sections are exported next. Planar sections are exported using the file-naming scheme followed by
__(section number). This will result in the following file name:
Nacra_Foil_ZS00531_SH0-61_Res0-50_SB_VXmodel-section__18.asc_fmt. This concludes the pro-
cessing in Catia.

4.2.5. 3D scanner accuracy test method

In order to find the real accuracy of the 3D scanner, a known shape was used to test the accuracy
of the scanner. The shape used was a thin metal strip. This thin metal strip will test the accuracy of
measuring a thin plate using wooden plates to capture both sides. The experiments were conducted
by Alex Ashworth Briggs.
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Figure 4.11: Thin metal strip used for scanner accuracy test

The metal strip was clamped to a table. The markers and wooden plates are applied in the same
manner as that performed on the hydrofoils. This plate was scanned with Creaform HandySCAN black
at a resolution of 0.4 mm and a shutter speed of 0.63 ms. Using the volumetric accuracy given in
equations (4.1) and (4.2) and a length of approximately 2212 mm, the volumetric accuracy is given as
0.026 mm. Manual width measurements are performed using a Vernier with a resolution of 0.05 mm.
The thickness of the plate is measured with a micrometre with a resolution of 0.01 mm.
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The point data obtained from the 3D scan data need to be processed. But the data are now unstructured,
it needs to be orientated, and made suitable for the analysis in Xfoil. The shape parameters of the
hydrofoil can be extracted to observe how these change between the foils and throughout the hydrofoil.
For orientation, it is important to identify the front (leading edge) and back (trailing edge) of the sections.
In the methods, there are a number of ways that could be used to find these specific points. Using these
points, the section can be rotated and translated to the correct position. This position is defined by Xfoil.
Xfoil needs the leading edge to be at the origin of the coordinate system. The x- and y coordinate should
start at the top of the trailing edge and go around to foil to finish at the bottom part of the trailing edge.
The section should be scaled by the chord so that the chord length is equal to one.

31
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Hypothesis 2: The Data can be processed using python with a accuracy
higher as the differences observed in the hydrofoil sec-
tions.

H. 2.1: The Leading and trailing edges can be found consistently by using the raw data set.
H. 2.1.1: The leading and trailing edge are the data points placed furthest apart using the

Nacra data set.
H. 2.1.2: The minimum x-axis value will be at the leading edge location.
H. 2.1.3: The y values cross the x-axis at the leading edge.
H. 2.1.4: The leading edge is positioned on the maximum value of the first derivative using

the Nacra data set.
H. 2.1.5: The leading edge is located at the point of maximum curvature of the profile using

the Nacra data set.
H. 2.1.6: The leading and trailing edges are the points with the largest radius when trans-

formed to polar coordinates.
H. 2.2: The camber line can be extracted from the profile data
H. 2.2.1: The intersection of the offset of the profile surface inward is placed on the camber

line and results in a reliable data set.
H. 2.2.2: The voronoi vertex points from the profile data are located on the camber line and

result in a reliable data set.
H. 2.2.3: A polynomial function of degree 9 can accurately predict the Camber line using the

appropriate data set.
H. 2.2.4: A B-spline with 5 knots can accurately predict the Camber line using the appropriate

data set
H. 2.3: The Profile can be accurately approximated by applying a low pass filter on the data.
H. 2.4: The profile can be accurately approximated using a B-spline function for the Camber

line and the thickness profile.

5.1. Theory

Figure 5.1: The different terminologies for a 2D Section with the profile maximum thickness (yt) and its location (xt), the
maximum camber (yc) and its location (xc), leading edge (le),and trailing edge (te). The x axis is defined at the Chord line and

the y axis is the thickness [60].

The 2D profiles in fluid dynamics use the name scheme shown in Figure 5.1. The leading edge is
defined as ”The edge of a moving object that reaches a point in space or time ahead of the rest of
the object”-Crane [61]. The leading edge is this the most forward point, as seen from the flow. This
is usually accompanied by the point farthest away from the trailing edge. When the maximum camber
increases, this statement might not be correct anymore. The leading edge is usually the point at the
highest curvature or the lowest radius. This is called the radius of the leading edge.

The trailing edge is the opposite of the leading edge. It is placed on the other side of the profile from the
leading edge. The trailing edge often ends in a sharp tip. If this is not the case, the distance between
the upper and lower surfaces is defined as the trailing edge thickness.
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The mean camber line is the middle between the upper and lower surface. It will always intersect with
the exterior surface at the leading and trailing edge.

Figure 5.2: The construction of the profile is plotted perpendicular to the camber line with at a distance defined by function
(yt(x)) [60].

The profile thickness is defined from the camber line as shown in Figure 5.2. The upper profile coordi-
nates are given by equations (5.2) and (5.3) and the lower profile is given by equations (5.4) and (5.5)
with the slope given by Equation 5.1. The camber and thickness function can be seen in Figure 5.3.

θc = arctan dyc
dxc

(5.1)

xu = x+ yt(x) ∗ sin θc (5.2)
yu = yc(x)− yt(x) ∗ cos θc (5.3)
xl = x− yt(x) ∗ sin θc (5.4)
yl = yc(x) + yt(x) ∗ cos θc (5.5)

The thickness is often defined as a function of x (yt(x)). This results in all profiles ending either in a
sharp point or with a trailing edge at a right angle. When the trailing edge is a sharp point, this is called a
closed trailing edge (closed-TE). The opposite is the open trailing edge, which is usually accompanied
by the width of the opening. It is clear that the upper and lower surfaces of a real aerofoil are slightly
spaced as a result of physical limitations. The designed profile is cut by a small amount at the trailing
edge to achieve this small thickness.

The orientation of the profile is important for the further analysis of the profile sections. Profiles are
characterised by the maximum thickness and maximum camber as a percentage of the chord. With
an incorrect alignment or chord length, these values will be distorted. Although the impact on these
parameters will be relatively low. The fluid dynamic analysis is very sensitive to small errors in the
orientation.
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Figure 5.3: Showing the construction of the NACA 2412, with the mean camber line function on the left, the thickness profile in
the middle and the combination of the two on the right.

Figure 5.4: The shift of the lift over alpha curve when the profile is rotated incorrectly, the maximum lift coefficient will increase
shift up or down.

If the profile is not orientated correctly, there is a difference in the angle of attack between the different
sections. The result can be seen in Figure 5.4. The lift coefficient will change due to the difference in
the initial orientation. This shift will also be observed in all other results of fluid dynamic analysis.

5.2. Methodology
This section will explain the different methods that were considered for the comparison between the
hydrofoils. To compare the hydrofoil sections, good alignment is needed. This alignment of the hydrofoil
needs to be performed by the programme automatically due to the large number of hydrofoil sections.
The hydrofoils need to be placed in a specific orientation, and they need to be analysed with Xfoil in a
latter stage. The alignment will be covered in subsection 5.2.1.

The resulting hydrofoils showed large variations in the Xfoil results when using the raw data. This
shows the necessity of smoothing the data in order to obtain comparable results. It is very important
that the shape of the hydrofoil is maintained. These methods are explained in subsection 5.2.3.

5.2.1. Alignment using the Profile data

Furthest points method
The aerofoil can be seen as an ellipse. The leading and trailing edges would be the two large curved
areas. The middle of these two curves are the furthest distance two points in an ellipse can be. This
can be converted to the aerofoil, where the leading and trailing edges are the points furthest apart. This
analogy becomes less accurate as the camber of the profile increases. With this curvature, a different
set of points could be closer.
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Figure 5.5: The chord line for a cross section using furthest points

The input is the set of translated points that are exported by Catia. This hydrofoil is now defined by the
local coordinate system defined in Catia. The code to find the distance is given in Listing 5.1.

The distances between the points are calculated using the two-dimensional Euclidean distance as
shown in Equation 5.6, with scipy’s spatial distance function1.

d(p, q) =
√
(qx − px)2 + (qy − py)2 (5.6)

The distance function produces a one-dimensional array. This is transformed into an nXn matrix, with
n being the number of points in the profile, using the scipy squareform function2. From this matrix,
the chord length is given as the maximum value. The leading edge and trailing edge are the index
points of this maximum value. The index is found by obtaining the location of the maximum value and
using numpy’s unravel_index 3 to get the index locations in original array shape. These indices are the
leading and trailing edge. The resulting chord line will look like Figure 5.5.

Listing 5.1: Finding the furtest distance
1 data_raw_cr_n = np.flip(data_raw_cr.T,axis =1)
2 pointsdist = sci_spat.distance.squareform(sci_spat.distance.pdist(data_raw_cr_n.T))
3 # square matrix containg the distance between any two points on the airfoil.
4 chordleng = np.max(pointsdist)
5 # getting the chord lenght, defined as the largest distance between the leading and trailing

edge
6 I = np.unravel_index(np.argmax(pointsdist),pointsdist.shape)
7 #indecies of the leading and trailing edge
8 idlead, idtrai =I[data_raw_cr_n[0][list(I)].argmin()], I[data_raw_cr_n[0][list(I)].argmax()]
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Figure 5.6: A comparison between a normal and noisy data set for using the derivatives to find the leading edge

1scipy.spatial.distance.pdist:https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.distance.
pdist.html, (visited on: 07/17/2023)

2scipy.spatial.distance.squareform:https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.
distance.squareform.html, (visited on: 07/17/2023)

3numpy.unravel_index:https://numpy.org/doc/stable/reference/generated/numpy.unravel_index.html, (visited on:
07/17/2023)

https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.distance.pdist.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.distance.pdist.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.distance.squareform.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.distance.squareform.html
https://numpy.org/doc/stable/reference/generated/numpy.unravel_index.html
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The x- and y-arrays can show the leading edge and trailing edge of the hydrofoil. As the points are
a continuous line in a circle, the x-axis contains a maximum and a minimum. These maximums can
be used to define the edges. The x and y arrays are plotted over u, which spans from 0 to 1. The
x-axis looks like Figure 5.6b. While the y-axis looks like Figure 5.6c. The leading edge would be the
minimum value of x. The leading edge can also be defined by the y-axis. When y is equal to zero (or
the minimum of the absolute of y), that should be the leading edge.

These methods could be very dependent on the foil orientation and position. This is tested by rotating
and translating a known shape and observing the change in leading edge location. The translation
subtracts 0.05 of the y-axis moving the hydrofoil down. This translation affects the estimation using the
y-axis.

The part is rotated -60 degrees around the origin. This rotation affects the estimation using the x-axis.
Equation 5.7 shows the rotation formula. The Fr would be the new array of rotated coordinates, x and
y the original data set, and theta the rotation.

Fr =


x0, y0
x1, y1
...,
...

xn−1, yn−1

xn, yn


T

·
[
cos γ,− sin γ
sin γ, cos γ

]
(5.7)
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Figure 5.7: Showing the first derivative and curvature of a NACA 4412 foil section.

The leading edge is the point with the highest curvature of the hydrofoil. The leading edge could thus
be found by the derivative of the line curvature. A representative B-spline is first created to extract the
derivatives of the curve. This B-spline was created using scipy’s splprep function 4. The derivative of
the spline is obtained using scipy’s splev5 function. This function returns the derivatives dy

du and dx
du .

The derivative dy
dx is calculated using Equation 5.8. The derivative of a NACA 4412 foil section can be

seen in Figure 5.7c.

dy

dx
=

dy
du
dx
du

(5.8)

4scipy.interpolate.splprep:https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.splprep.
html, (visited on: 07/18/2023)

5scipy.interpolate.splev:https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.splev.html,
(visited on: 07/18/2023)

https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.splprep.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.splprep.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.splev.html
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The peak observed in Figure 5.7c at u = 0.5, shows the leading edge. Curvature can also be obtained
from this spline. The profile curvature is calculated using Equation 5.9, with (κ) the curvature.

κ =
dx
du

d2y
du2 − dy

du
d2x
du2(

dx
du

2
+ dy

du

2
) 3

2

(5.9)

When plotted over u, the curvature shows a peak at u = 0.5 for the leading edge (Figure 5.7b). The
Python function for the curvature is given below (5.2). The peak of the first derivative is more distinct
compared to the peak of the curvature.

Listing 5.2: Calculating the line curvature
1 def curvature(x,y):
2 tck,u = sci_i.splprep([x,y],s=0)
3 u_new = pointspacing(.0001,.05,855,1726)
4 dx,dy = sci_i.splev(u,tck,der = 1)
5 ddx,ddy = sci_i.splev(u,tck, der = 2)
6 k = (dx*ddy - dy*ddx)/(dx**2 + dy**2)**1.5
7 return k

When both functions are applied to a known shape, the desired result is obtained. To test the robustness
of this method, noise is added to the profile. Noise is observed in the real foil sections and should thus
be considered. This noise is added to the profile using the off_set_noise function (5.3). The random
noise is created using numpy’s random normal distribution function 6. This random noise is added
perpendicular to the profile direction using the offset functions described in subsubsection 5.2.2.

Listing 5.3: Creating data noise on a line
1 def off_set_noise(x,y,stddev):
2 d_off = np.random.normal(0,stddev,len(x))
3 tck, u = sci_i.splprep([x,y],s = 0)
4 x_spl, y_spl = sci_i.splev(u,tck)
5 dx_spl, dy_spl = sci_i.splev(u,tck,der = 1)
6 ddx_spl,ddy_spl = sci_i.splev(u,tck,der = 2)
7

8 # u_new = np.append(np.sin(np.linspace(0,.5*np.pi,int(len(x)/2))),1+(1-np.cos(np.linspace
(0,.5*np.pi,int(len(x)/2)))))/2

9 # u = u_new
10

11 b_vector = np.vstack((splev(u,tck,der = 0),np.zeros(len(x_spl))))
12 t_vector = np.vstack((splev(u,tck,der = 1),np.zeros(len(x_spl)))).T
13 n_vector = np.cross(t_vector,np.array([0,0,1]))
14

15 bb_vector = (b_vector + d_off*(n_vector.T/np.linalg.norm(n_vector,axis=1))) #calulating
the off_set line

16 return bb_vector[:2].T

6numpy.random.normal:https://numpy.org/doc/stable/reference/random/generated/numpy.random.normal.html,
(visited on: 07/18/2023)

https://numpy.org/doc/stable/reference/random/generated/numpy.random.normal.html
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Figure 5.8: The profile defined in polar coordinates showing distinct peaks at the leading and trailing edge.

The shape of a foil section is very rounded. This indicates that the use of polar coordinates might help
to define the hydrofoil. This assumption is aided by the conformal mapping of an aerofoil to a cylinder
using joukowski theory, as highlighted by Glegg and Devenport [62]. The result of transforming the
Cartesian coordinates to Polar coordinates can be seen in Figure 5.8. Figure 5.8b shows the section
in the polar coordinate scheme. While Figure 5.8a places these same coordinates in a Cartesian plot.

The origin of the coordinate system needs to be moved to obtain usable polar coordinates. The origin
is placed at the mean of the x and y values. This places the origin in the middle of the profile. The polar
radius is calculated using Equation 5.10. The polar angle is calculated using Equation 5.11.

r =
√

(x− xmean)2 + (y − ymean)2 (5.10)

θ = arctan (y − ymean)

(x− xmean)
(5.11)

The function np.arctan2() in Python keeps the result between positive and negative pi. In order to
get a continuous curve, 2π is added to the point where theta flips sign. This produces the curve shown
in Figure 5.8a. The peak at 180 deg, is the leading edge. This peak is found using scipy’s find_peaks
function 7. This function identifies this peak and returns the highest data point. The code for this test
is given in Listing 5.4. This method is tested using the same data noise used in subsubsection 5.2.1.

Listing 5.4: Changing to Polar Coordinates
1 x, y = Naca_points
2 x = x[:-1]
3 y = y[:-1]
4 xmean = np.mean(x)
5 ymean = np.mean(y)
6

7 r = np.sqrt((x-xmean)**2 + (y-ymean)**2)
8 theta = np.arctan2(y-ymean,x-xmean)
9 theta[20:][np.where(theta[20:]<0)] += 2*np.pi

7scipy.signal.find_peaks:https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.find_peaks.html,
(visited on: 07/19/2023)

https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.find_peaks.html


5.2. Methodology 39

10

11 x_noiz,y_noiz = Naca_points_noizy
12 xmean_noiz = np.mean(x_noiz)
13 ymean_noiz = np.mean(y_noiz)
14

15 r_noiz = np.sqrt((x_noiz-xmean_noiz)**2 + (y_noiz-ymean_noiz)**2)
16 theta_noiz = np.arctan2(y_noiz-ymean_noiz,x_noiz-xmean_noiz)
17 theta_noiz[40:][np.where(theta_noiz[40:]<0)] += 2*np.pi
18

19 peaks, peakdict = sci_s.find_peaks(r_noiz, height = max(r_noiz)/2,distance = .25*len(r_noiz),
width = 5)

20 LEpoint = np.argmin(abs(theta[peaks]))
21 TEpoint = np.argmax(abs(theta[peaks]))
22 TEid = peaks[TEpoint]
23 LEid = peaks[LEpoint]

5.2.2. Camber line Estimation

The following methods are used to define the Camber line. The mean camber line of a foil section is
an important parameter in itself. The curve of the camber line dictates the lift created at an angle of
attack of 0. The camber line intersects with the foil curve at the leading and trailing edges. Thus, these
methods could be an accurate technique for obtaining the leading and trailing edge. There are two
methods that have been analysed in this report that could extract the mean camber line from a set of
points resembling a foil section. These are the offset of the foil surface inward and the use of voronoi
points. Finally, this subsection will explore a method to extract the leading and trailing edge from the
profile using the mean camber.

Camber line Data: Surface offset
The Camber line is the midpoint between the upper and lower surfaces, as shown in Figure 5.2. When
two curves are offset perpendicular to itself by the same distance, the point of intersection will be the
local midpoint between the two curves. This midpoint will be placed on the mean camber line if the
curves are the top and bottom surfaces of a foil section.
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Figure 5.9: The NACA 4412 foil section with the curve offset by 0.05% of the chord length with the line intersecting on the
camber line

Figure 5.9 shows how the curve offset intersects on the camber line. The camber line for the NACA
4412 is defined by a function. When intersection points of a wide range of curve offsets are found, the
camber line can be estimated. The curve offset is found using Equation 5.12.

f(u) = Pp(u) + dN(u) (5.12)

With (Pp(u)) the foil section curve. (N(u)) the normal vector at t, d the offset distance along the normal
vector, and (f(u)) the offset curve. Equation 5.12 moves the curve by a distance d in the local frenet
frame of reference. This reference frame is constructed from the velocity and acceleration vector of a
curve. A continuous curve is needed to extract the velocity and acceleration vectors. This continuous
curve is obtained from the data points using scipy’s splprep function, as can be seen in Listing 5.5. The
u value spans from 0 to 1 along the curve. The curve (Pp(u)) is the python variable C(u), (Pp(u)) is
T(u),(Pp”(u)) is D(u). The normalised tangent or velocity vector of the curve is given by Equation 5.13.
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T (u) =
P ′
p(u)

||P ′
p(u)||

(5.13)

According to Gray, Abbena, and Salamon [63], the Normal vector can be calculated with Equation 5.14.

N(u) = B(u)× T (u) (5.14)

The Binomial vector (B(u)) is obtained from Equation 5.15.

B(u) =
P ′
p(u)× Pp”(u)

||P ′
p(u)× Pp”(u)||

(5.15)

Listing 5.5: Offsetting a curve
1 tck_u, u = sci_i.splprep(Naca_points,s=0)
2 tck_u_up, u_up = sci_i.splprep(Naca_points[:,:int((npoints-1)/2)],s=0)
3 tck_u_low, u_low = sci_i.splprep(Naca_points[:,int((npoints-1)/2):],s=0)
4

5 offset = .05
6

7 C = lambda u,tck: np.array(sci_i.splev(u,tck)).T
8 T = lambda u,tck: np.vstack((sci_i.splev(u,tck,der = 1),np.zeros_like(u))).T
9 D = lambda u,tck: np.vstack((sci_i.splev(u,tck,der = 2),np.zeros_like(u))).T
10 B = lambda u,tck: abs((np.cross(T(u,tck),D(u,tck)).T/np.linalg.norm(np.cross(T(u,tck),D(u,tck

)),axis=1)).T)
11 Tangent = lambda u,tck: (T(u,tck).T/np.linalg.norm(T(u,tck),axis=1)).T
12 Normal = lambda u,tck: np.cross(B(u,tck),Tangent(u,tck))
13

14 offset_vector = C(u,tck_u) + offset * Normal(u,tck_u)[:,:2]
15 offset_vector_up = C(u_up,tck_u_up) + offset * Normal(u_up,tck_u_up)[:,:2]
16 offset_vector_low = C(u,tck_u_low) + offset * Normal(u,tck_u_low)[:,:2]

All values for Equation 5.12 are now defined. The next step is to identify the intersections. The top and
bottom curves are separated into offset_vector_up and offset_vector_low. The Python function
interpolated_intercepts will use the two curves to find the intersection points. The function shown
in Listing B.1 needs two curves that are increasing in the x direction. Both x-axis values should be
equal. The function will first find the point at which y2 crosses y1. At both sides of the intersection,
linear interpolation between both data points will give an accurate estimation of the intersection. This
results in a set of points that are located on the camber line. These points are checked for any duplicate
points, as this will produce an error in the next step.

The points are fit by a 9th degree polynomial using a numpy poly1d function8. The 9th degree polyno-
mial was found to be the best fit for the camber lines created by the NACRA 17 cross sections. This
polynomial is used to filter out the data points from outliers. The (t/c or y) distance between the point
and the polynomial is obtained and all points that fall outside the 99.5 percentile are deleted. From this
new data set, a new polynomial is constructed and this method is repeated 10 times. After the final
repetition, the new camber line is defined by the last polynomial. The code for the offset camber line
is found in Listing B.2. A polynomial was selected to approximate the camber line, as it is a smooth
continuous curve that typically does not display intricate shapes. The aim is to accurately capture the
desired shape of the mean camber line.

The accuracy of this method is tested by taking a known shape: The NACA 4412. For the Naca series
of foil sections, the camber line is given by a formula. This definition of the camber line will be the
baseline. Both lines increase strictly on the x-axis. This allows comparison to be made using only the
y-axis. The error is thus obtained by subtracting the y values of the estimated camber line from the
baseline at the same x locations. Although this method is very simple, it will show the magnitude of
the error and where the method is less accurate. This method will be compared with Camber line Data:
Voronoi in section 9.2 to conclude which method provides a better result.
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Figure 5.10: Voronoi diagram in a plane [64]

Camber line Data: Voronoi
The offset curve method showed the concept of the minimum distance between the two sets of points.
This concept of finding the set of nearest points in a point cloud was developed by Voronoi [65]. A
voronoi diagram of a set of points can be seen in Figure 5.10. Each data point is surrounded by a
voronoi region. The region is enclosed by a set of voronoi arcs that separate two voronoi regions. The
Voronoi arc is positioned at the midpoint between the data points. The point at which three voronoi
arcs intersect is called the voronoi vertex. This vertex point is the midpoint of a circle through all three
data points. When the data points are following the curve of a foil, the mid-section is the mean camber
line. Because the circle is enclosed by the profile, the distance r from the voronoi point is equal to the
thickness function (yt) as can be seen in Figure 5.11.

Figure 5.11: A graphical approach of estimating the mean camber line. Showing that the biggest enclosed circle for a given
point on the profile surface has the centre located on the mean camber line [60].

Using this principle, the camber line is estimated using these Voronoi points. The Voronoi diagram in
Figure 5.10 contains bounded and unbounded regions. The unbounded regions are located on the
sides and are limited by the area of the diagram itself. For the foil sections, these unbounded regions
could cause some distortion in the results. In order to prevent this, lines are placed on all sides of
the profile. These lines can be seen in Figure 5.12. These lines are the data points projected in front,
behind, above, and below the foil using the code in Listing 5.6.

Listing 5.6: Creating the box for the Voronoi
1 x, y = Naca_points
2 front = np.array([np.ones(len(y))*-.1,y]).T
3 back = np.array([np.ones(len(y))*1.1,y]).T
4 top = np.array([x,np.ones(len(y))*np.max(y)*2]).T
5 bot = np.array([x,np.ones(len(y))*np.min(y)*2]).T
6 foil_voronoi = np.delete(np.array([y,x]).T,[0,-1],0)
7 box = np.vstack((front,back,top,bot,np.flip(foil_voronoi)))

8numpy.poly1d: https://numpy.org/doc/stable/reference/generated/numpy.poly1d.html, (visited on: 07/31/2023)

https://numpy.org/doc/stable/reference/generated/numpy.poly1d.html
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Figure 5.12: Voronoi Set up

This data set can be transformed into a voronoi diagram using scipy’s voronoi function9. From this
voronoi diagram, only the vertices are used. The resulting vertices are shown in Figure 5.13. The
vertices created by the outside box are removed leaving only the points located within the profile with
the code provided in Listing 5.7. It can already be observed that these points follow the camber line.

Listing 5.7: Creating the Voronoi vertex points and removing the outer points
1 vor = Voronoi(box)
2 camberline = vor.vertices
3 camberline_raw = camberline
4 #removing the outer points
5 camberline = camberline[(camberline[:,0] <= 1) * (camberline[:,0] >= 0) * (camberline[:,1] <=

.5*np.max(y)) * (camberline[:,1] >= .5*np.min(y)),:]
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Figure 5.13: Voronoi vertex around the Naca 4412 foil

At this point there is a set of points that are estimated to be on the mean camber line. Due to the
noise in the profile data and the inaccuracy of the method, the data needs to be filtered. This filtering
is performed in a manner similar to that described in subsubsection 5.2.2. There are always two points
located very close due to the voronoi vertex points forming an intersection of three regions. These are
points located very closely and slightly offset from each other. This will create large differences in the
gradient of the line. The Voronoi data points are, therefore, filtered by removing points with a large
gradient. This method was inspired by the energy minimisation proposed by Li et al. [1]. Points with
a gradient outside the 99th percentile are removed from the data. This will create a reduced data set.
The point removal loop is repeated 15 times. A 9th degree polynomial is fitted over the data using the
reduced data set to create the camber line. The precision of this method is tested in the same way as
shown in subsubsection 5.2.2 and compared in subsection 9.2.3.

Polynomial fitted Camber line

The camber line can be approximated using the numpy function polyfit10 and poly1d11. The poly fit
function will create a set of coefficients for a polynomial of a specified degree. A polynomial of degree

9scipy.spatial.Voronoi:https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.Voronoi.html, (vis-
ited on: 07/31/2023)

10numpy.polyfit:https://numpy.org/doc/stable/reference/generated/numpy.polyfit.html,(accessed at: 29/08/2023)
11numpy.poly1d:https://numpy.org/doc/stable/reference/generated/numpy.poly1d.html,(accessed at: 29/08/2023)

https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.Voronoi.html
https://numpy.org/doc/stable/reference/generated/numpy.polyfit.html
https://numpy.org/doc/stable/reference/generated/numpy.poly1d.html
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Figure 5.14: Mean Camber line with the voronoi vertex points

9 was found to be the best fit for the Nacra hydrofoil section camber lines. The polynomial coefficients
are created as a function using the poly1d function.

The leading can be estimated using the mean camber line with the polynomial. These two points are
located at the intersection of the camber line with the section curve. With the profile defined by a non-
filtered cubic spline through all data points and the camber line as a polynomial. The intersection is
determined to be the minimum distance between the two lines. The code in Listing 5.8 describes the
creation of the splines from both data sources. The camber line is extended in front and behind the
profile to ensure that there is an intersection between both curves.

Listing 5.8: Creating splines for the camber line intersect estimation
1 tck_profile,u_profile = sci_i.splprep(Naca_points,s=0)
2 x_spaced = np.linspace(-0.1,1.1,len(u_profile))
3 tck_camber,u_camber = sci_i.splprep([x_spaced,test_poly_curve_offset(x_spaced)],s=0)

Using these spline lines, the distance between each line can be calculated using spline_intersection
in Listing 5.9. This will create a minimum function at the leading and trailing edges. The function will
only find the leading edge at this point. Using the least squares optimisation method from scipy, the
minimum distance between both curves is found. The u and z values for the respective splines will be
the output of this function. These values can be implemented in the spline to find the coordinates of
these points.

Listing 5.9: Estimating the Leading edge using the camber line intersecting with the profile curve
1 def spline_intersection(u,z,tck_u,tck_z):
2 C = lambda u: np.array(sci_i.splev(u,tck_u)).T
3 P = lambda z: np.array(sci_i.splev(z,tck_z)).T
4 return np.linalg.norm(C(u)-P(z))
5

6 Le_interesct = lambda inputv: spline_intersection(inputv[0],inputv[1],tck_camber,tck_profile)
7

8 result = sci_o.least_squares(Le_interesct ,[0.,0.5])

The trailing edge is defined by a different method. The NACA 4412 foil section used before is calculated
with an open trailing edge. There is a gap at the trailing edge, and there cannot be an intersection at
the trailing edge because of this. For the actual profiles, the leading edge is again the only variable that
can be estimated. This is affected by the finite trailing edge of the Nacra hydrofoils. The data do show
points at the trailing edge. But the actual profile is cut to create a straight trailing edge. For the Nacra
hydrofoils, the foil is shortened to 99% (0.9 x/c) of the chord length and the trailing edge is defined as
the location of the point on the camber line at this cutoff location.

The leading edge and trailing edge can also be defined by a B-spline estimation of the camber line.
This method will be explained in more detail in section ”B-spline fitting” below.

B-Spline fitted Camber line
B-spline is a function that depends on a set of control points and the basis function of the B-Spline.
A B-Spline is also a set of Bezier curves. For the following method, great inspiration came from the
paramaterization preformed by Derksen and Rogalsky [2]. In their paper, the thickness profile and
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camber line are parameterized using b-spline functions. Various foil parameters are used, such as the
radius of the leading edge and the thickness position. Using those variables, the changes to the foil
are relatively intuitive. The control points for the BP3333 parameterisation developed by Derksen and
Rogalsky [2] is visualised in Figure 5.15.

Figure 5.15: The control points for the BP3333 parameterization by Derksen and Rogalsky [2]

For the evaluation of the profile, the profile sections are not aligned with the coordinate system. The
location of the control points will thus be fitted to the profile and will not yet be defined using the BP3333
parameterisation.

The B-spline needs a set of 2D control points and a matching knot vector (which will be denoted by t).
The B-splines will be of the third degree. The maximum camber of the Nacra hydrofoils will be around
0.7% of the chord. The line will be mostly flat before this point. This requires the addition of a third knot
before xc. The knot vector for the B-spline will be:

t = [0, 0, 0, 0, .25, .5, .5, .5, 1, 1, 1, 1] (5.16)

The first four (0) knots clamp the curve to the initial position. Thus, the line will flow through the first
point. The angle of the line is now defined by the angle of the line to the first control point. In subsub-
section 5.2.3 this angle will be γle. The number of zero knots to clamp the line depends on the degree
of the curve. The second point is controlled by the knot (0.25). This value must be between 0 and 0.5.
When it is smaller, the leading edge points will provide more influence. When larger, the points near
xc will have greater influence. The (0.5) knots clamp the line at the middle point that will be placed on
the maximum camber. The (1) knots follow the same principle as the knots at the leading edge.

The control points of the b-spline will be fitted using scipy’s curve fit function 12. This will fit the control
points to the profile. This function requires that the output of the curve function be defined by an x-
value. To aid in the convergence of the solution, the initial point (P0) and the bounds can be defined.
The values with subscript pro are located on the profile spline.

x_pro,y_pro = sci_i.splev(u_le,tck_profile)

The input is the variable u along the unfiltered spline and this will provide the coordinates using the
splev function.

12scipy.optimize.curve_fit: https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.
html, (visited on: 08/07/2023)

https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html
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x0 = xpro y0 = ypro (5.17)
x1 = xcxa y1 = ycya (5.18)
x2 = x1 + (x3 − x1)xb y2 = ycyb (5.19)
x3 = xc − (1− xc)xd y3 = yc (5.20)
xc = xc yc = yc (5.21)
x4 = xc − (1− xc)xd y4 = yc (5.22)
x5 = x6 − (x6 − x4)xe y5 = y6 + (yc − y6)ye (5.23)
x6 = x6 y6 = y6 (5.24)

Equations (5.17) to (5.24) form the coefficient vector of the camber line B-Spline. Values denoted with
a letter will be fitted by the curve fit function using the initial condition and the bounds given in Table 5.1.

Table 5.1: The initial guess (X0) and the upper and lower bounds for the open variables of the Camber line B-Spline fit.

u_le xa xb xc xd xe ya yb yc ye y6
X0 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0.06 0.5 0
Lower bound 0 0.05 0.1 0 0.05 0.1 -1 -1 0 0.1 -1
Upper bound 1 1 0.9 1 0.9 0.9 1 1 1 1 1

This curve fit is placed in a loop that has 5 iterations. In the first iteration x6 is set to 1.2. This is the
guess of the chord of the profile before the final rotation.

The upper and lower surfaces of the profile are extracted using this camber line. The fit of the thickness
profile is explained in more detail in subsubsection 5.2.3. The B-Spline fit of the thickness profile
provides the x position of the trailing edge. The variable x6 is now updated to reflect the trailing edge.

Using the camber line fit, the (unfiltered) camber line data set is reduced. The root mean squared
distance is found in the y direction for each data point. Data points less than 5E-05 from the camber
line will be kept for the next iteration.

5.2.3. Data Smoothing

Error-calculation
To identify the accuracy of the filtered profiles, an error needs to be calculated between the original
shape and the new shape. This error is calculated as the minimum distance between the original
data set and the new curve. The error is calculated using Squared Distance Minimisation (SDM). The
method was conceived by Wang, Pottmann, and Liu [3]. The previous methods:Point Distance Min-
imisation (PDM) and Tangent distance Minimisation (TDM) functions did not provide the necessary
performance. The PDM error has a slow convergence, whereas the TDM tends to converge fast but
unstable, reducing the accuracy. SDM uses the formulation of both methods to provide an error term
based on ellipse-shaped iso-value curves.

PDM uses the Euclidean distance between two points as shown in Figure 5.16a. While TDM uses the
distance (d) of the curve tangent to the data point, shown in Figure 5.16b.

The squared distance formulation is given by Equation 5.25.

g(x, y) =
d

d− ρ
x2 + y2 (5.25)

Equation 5.25 is indefinite when 0 < d < ρ, the expression thus becomes Equation 5.26. The ĝ(x, y)
now becomes the first order approximation to the squared distance function to the curve C in a neigh-
bourhood of X0

ĝ(x, y) =
|d|

|d|+ ρ
x2 + y2 (5.26)
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(a) Point distance minimisation with d the
distance

(b) Tangent distance minimisation with d the
distance between the points

(c) Squared distance minimisation coordinate
system with ρ the local curve radius and X0 the
measurement point and d the distance between

the point and curve D.

Figure 5.16: Different distance minimisation methods visualised that are used for the error formulation of a B-spline by: Wang,
Pottmann, and Liu [3].

The local point on the fitting curve will be denoted by PD(uk). tk is the spline parameter, Tk is the unit
tangent vector, and Nk is the unit normal vector. The tangent and normal vectors of a curve are given
by equations (5.13) and (5.14), respectively. The distance from a point on the curve to the data point
is given by the Euclidean distance in Equation 5.6. For the vector notation, the formulation becomes
Equation 5.27.

|d| = ||PD(uk)−Xk|| (5.27)

The radius of a curve is equal to 1 over the curvature (κ). The curvature of a curve is given by Gray,
Abbena, and Salamon [63] to be Equation 5.28.

κ(uk) =
1

ρ(uk)
=

||P ′
D(uk)× PD”(uk)||
||P ′

D(uk)||3
(5.28)

x = (PD(uk)−Xk)
TTk (5.29)

y = (PD(uk)−Xk)
TNk (5.30)

eSD,k(D) =

{
|d|

|d|−ρx
2 + y2, if d<0,

y2, if 0<d<ρ,
(5.31)

However, this is not what was found to be working in the code. Using the code in Listing 5.10, the
problems with this method will be shown.

Listing 5.10: Code calculating the minimum distance between a curve and a data point.
1 tck_input , u_input = sci_i.splprep(Naca_points,s=0)
2

3 u = u_input
4 C = lambda u: np.array(sci_i.splev(u,tck_input)).T
5 T = lambda u: np.vstack((np.array(sci_i.splev(u,tck_input,der = 1)),np.zeros_like(u))).T
6 D = lambda u: np.vstack((np.array(sci_i.splev(u,tck_input,der = 2)),np.zeros_like(u))).T
7 B = lambda u: np.cross(T(u),D(u))/np.linalg.norm(np.cross(T(u),D(u)),axis = 1,keepdims = True

)
8

9 R = lambda u: np.squeeze(1/(np.linalg.norm(np.cross(T(u),D(u)),axis = 1,keepdims = True) / np
.linalg.norm(T(u),axis = 1,keepdims = True)**3))

10

11 Tangent = lambda u: (T(u)/np.linalg.norm(T(u),axis = 1,keepdims = True))[:,:2]
12 Normal = lambda u: np.cross(B(u),Tangent(u))[:,:2]
13

14 x1j = lambda u: np.sum(Tangent(u)*(point-C(u)),axis=1) #dot product for a longer set of
points old set
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15 x2j = lambda u: np.sum(Normal(u)*(point-C(u)),axis=1) #dot product for a longer set of
points old set

16 x1 = lambda u: np.sum(Tangent(u)*(point-C(u)),axis=1) #dot product for a longer set of points
17 x2 = lambda u: np.sum(Normal(u)*(point-C(u)),axis=1)*B(u)[:,2] #dot product for a longer set

of points
18 d = lambda u: np.linalg.norm(C(u)-point,axis = 1)

Figure 5.17 shows two different foil sections. These foil sections will be used to describe the problem
encountered with the formulation defined in Equation 5.31. The red offset curve is a 110% scaled
version of the blue curve and is translated to the right. This will cover the majority of scenarios that will
be found in the real data. These are crosses of the curves, errors inside the profile, and errors outside
the profile.
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Figure 5.17: Two foil sections where the red curve substitudes for the raw data and the blue curve for the new curve Pc(tk),
the corss a single data point and the arrow’s the Frenet frame of reference.

The first problem can already be observed in Figure 5.7b. The curvature graph shows a discontinuity
between u = 0.6 and u = 0.8. In a continuous function, these steps should not be present. These steps
can be an artefact of the 4 formulas that are used to calculate the NACA 4 series aerofoils.
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Figure 5.18: equations (5.15), (5.29) and (5.30) plotted over the variable u along the blue curve from Figure 5.17 and the point
Xk from the same figure.

The binomial vector jumps from positive 1 to negative 1. This affects the results of Equation 5.30 with
the same step. These steps influence the results due to the conditional formula. This is prevented by
taking the absolute of the binomial vector from Equation 5.15. The normal vector now is always pointed
inwards of the foil.

The condition set by Equation 5.31 sounds logical. When the y values cross the 0 axis, the squared
values approach zero. This means that this intersection will always produce the lowest error. This is
not the shortest distance between the profile and the data point, as shown by the distance line (|d(uk))
in Figure 5.19. This dependence on the normal distance from the curve should be reduced in order to
find the correct minimum distance. The x and y values of Equation 5.26 should be reversed. This will
find the point at which the distance to the normal axis is minimal. This changes Equation 5.26 to the
following:

ĝ(x, y) =
|d|

|d|+ ρ
y2 + x2 (5.32)
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Figure 5.19: Plot of the different SDM equations plotted over variable u with x (Equation 5.29), y (Equation 5.30), (|d(uk))
(Equation 5.27), g(x,y) (Equation 5.26) and eSD(D) (Equation 5.31) with the grey area showing the condition d<0.

The axis system in the paper was set with the y axis inward. With the equations for x and y, this will
not be the case. The right coordinate system is achieved with (Xk −PD(uk)). This will transform the x
and y equations into:

x = (Xk − PD(uk))
TTk (5.33)

y = (Xk − PD(uk))
TNk (5.34)

The final change is for the conditional formula for the error. With the x and y values now switched, the
results for d<0 follow the minimisation of the distance to the normal axis or the value of x. While the
case for the distance of points inside the profile is now inconclusive, as shown by the 3 different dips
of the x value in Figure 5.19. The equation for the error is now transformed to:

eSD,k(D) =

{
x2, if y<0,
|d|

|d|−ρy
2 + x2, if 0<y and |d|<ρ,

(5.35)

The results of these changes are shown in Figure 5.20. Theminimum error now aligns with theminimum
distance (d).
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Figure 5.20: Plot of the different SDM equations plotted over variable u with x (Equation 5.33), y (Equation 5.34), |d(uk)
(Equation 5.27), g(x,y) (Equation 5.32) and eSD(D) (Equation 5.35) with the grey area showing the condition y<0.

With the correct formulation for the minimum distance between a point and a curve. The final error
between the original data set and a new curve can be formulated. The minimum distance is found
using scipy’s minimize function 13. This function provides an accurate method of finding the global
minimum of eSD,k(D).

With the use of numpy’s ”apply_along_axis” function 14, the miminum distance is found for each data
point. The distance between the data points and the curve shows the local deviation. The sum of
the distances will give the total error between the curves. When the error is calculated correctly, the

13scipy.optimize.minimize:https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.minimize.html,
(visited on: 07/31/2023)

14numpy.apply_along_axis:https://numpy.org/doc/stable/reference/generated/numpy.apply_along_axis.html, (vis-
ited on: 07/31/2023)

https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.minimize.html
https://numpy.org/doc/stable/reference/generated/numpy.apply_along_axis.html
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distance between the data point and the curve is perpendicular on the curve. An example of a correct
error estimate can be seen in Figure 5.21. The function that will be used to calculate the error is found
in section B.1,Listing B.3. The response to the error in the example in Figure 5.17 can be seen in
Appendix B with Figure B.1 using the calculation method of the paper and Figure B.2 using the newly
formulated calculation method.
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Figure 5.21: The method of the error visualised on the NACA 4412 foil with the coloured lines showing the minimum distance
between the offset curve and the Reference curve. The method works when none of the lines intersect.

Filter using signal processing
It was noticed in paragraph ”First derivative or Curvature of the profile” in subsection 5.2.1, that there is
noise in the measurement data. In signal processing, noise is very common. Different methods have
been developed to reduce this noise from signals. The foil shape is not a signal. Geometries can be
expressed by Taylor series in the form of a large sum of sine and cosine functions. The parameteri-
sation of the foil shapes using Taylor series was successfully examined by Chen et al. [66]. Although
the parameterisation of the foil using Taylor series might not be useful to the current problem. The
representation of a foil shape by different frequencies is useful.

Signals are analysed in the frequency domain, but are measured in the time domain. The time domain
will present the time on the x-axis and the input signal on the y-axis. This transformation is performed
using a fast Fourier Transform. The numpy environment in Python provides a fast Fourier function15.
For the foil, there is no time domain. There is the spline variable u that spans the arc length of the foil.
This is now defined as the time domain. The foil is made up of both the x and y coordinates. For the
actual calculation the 2 dimensional Fast Fourier Transform is used16.

In the frequency domain, the frequency is placed on the x-axis and the amplitude is placed on the
y-axis. The results depend on the measurement frequency. The variable u is the distance between
the points and is equally spaced along the foil. The distance between u is thus the measurement time.
This results in a measurement frequency of 1

du . To increase the measurement frequency, the point
resolution is increased by a factor of 50. u_sample = np.linspace(0,1,len(u_reduced)*50), with
u_reduced the initial u vector and u_sample the sample set.

Listing 5.11: Transforming the foil to frequency domain.
1

2 tck_reduced, u_reduced = sci_i.splprep(data_dat_c1.T,s=0)
3 k = adj_func.curvature(data_dat_c1[:,0],data_dat_c1[:,1])
4 u_sample = np.linspace(0,1,len(u_reduced)*50)
5 time_step = u_sample[1]
6 x_spl,y_spl = sci_i.splev(u_sample,tck_reduced)
7 k = adj_func.curvature(x_spl,y_spl)
8

9 fhat = np.fft.rfft2([x_spl,y_spl],norm = 'ortho')
10 freq = np.fft.rfftfreq(len(x_spl),d = 1/len(x_spl))

The code in Listing 5.11 shows the steps in the transformation. The input data is data_dat_c1. The
frequency response of a NACA 4412 foil can be seen in Figure 5.22a. The frequencies are on the low
side due to the rounded corners of a foil. This slowly reduces to the final measurement frequency on
the right. The result of the noise can be seen in the Fast Fourier of an actual foil in Figure 5.22b.

15numpy.fft.fft:https://numpy.org/doc/stable/reference/generated/numpy.fft.fft.html,(visited on: 08/07/2023)
16numpy.fft.fft2:https://numpy.org/doc/stable/reference/generated/numpy.fft.fft2.html,(visited on: 08/07/2023)

https://numpy.org/doc/stable/reference/generated/numpy.fft.fft.html
https://numpy.org/doc/stable/reference/generated/numpy.fft.fft2.html
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(a) NACA 4412.

0 10000 20000 30000 40000
Frequency

10 7

10 5

10 3

10 1

101

Am
pl

itu
de

The ZS00531 frequency 
x-axis frequency response
y-axis frequency response

(b) ZS00544 at section 30.

Figure 5.22: The fast Fourier transform result foil sections.

From this point on, two simple methods can be applied: Low-pass frequency filter of high-pass ampli-
tude filter. As stated before, the major frequencies are on the low side of the foil, and thus the noise
will influence the higher frequencies. These high noise frequencies could be observed in the derivative
(Figure 5.7b) and curvature (Figure 5.7c) analyses. With the low-pass filter applied using the code
snippet from Listing 5.12:

fhat_cleaned1 = fhat*(abs(freq)<freqfilt)

The resulting x and y values need to be scaled to the correct chord length after this process by dividing
by the maximum x value.

Listing 5.12: Low pass Frequency filter test code
1 def Frequency_filteringerror(freqfilt):
2 fhat_cleaned1 = fhat*(abs(freq)<freqfilt)
3 x_f1,y_f1 = np.fft.irfft2(fhat_cleaned1)
4 x_f1,y_f1 = x_f1/max(x_f1), y_f1/max(x_f1)
5 k1 = adj_func.curvature(x_f1[1:],y_f1[1:])
6 data_dat_c1_fftf = np.array([x_f1,y_f1]).T
7

8 RMSerror_fftf,RMSerror_x_fftf, varif_fftf = RMS_error(data_dat_c1,data_dat_c1_fftf)
9 return [freqfilt,np.sum(np.abs(np.gradient(k1))),RMSerror_fftf]

The low pass filter The second method would filter all the low amplitude frequencies from the result.
This could work because the high-amplitude frequencies apply the greatest influence on the final result.
The high pass amplitude filter is applied using the following code snippet from Listing 5.13:

fhat_cleaned2 = fhat*(abs(np.conj(fhat))>amplfilt)

Listing 5.13: High pass amplitude filter test code
1 def Amplitude_filteringerror(amplfilt):
2

3 fhat_cleaned2 = fhat*(abs(np.conj(fhat))>amplfilt)
4 x_f2,y_f2 = np.fft.irfft2(fhat_cleaned2)
5 x_f2,y_f2 = x_f2/max(x_f2),y_f2/max(x_f2)
6

7 k2 = adj_func.curvature(x_f2,y_f2)
8
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9 data_dat_c1_ffta = np.array([x_f2,y_f2]).T
10

11 RMSerror_ffta,RMSerror_x_ffta, varif_ffta = RMS_error(data_dat_c1,data_dat_c1_ffta)
12 return [amplfilt,np.sum(np.abs(np.gradient(k2))),RMSerror_ffta]

To determine which method produces the best results, a test is envisioned that compares both methods.
The test compares the error between the filtered profile and the actual profile. This error was previously
described and is shown in the code as RMS_error. This error is compared to the potential of the curve.
The potential is described as the sum of the first derivative of the profile curvature. With a profile that
contains noise, the potential is high due to the large number of oscillations. While with a filtered profile,
these oscillations get reduced and thus the potential of the curve reduces.

B-spline fitting
A B-Spline fit can approximate an aerofoil. This is proven by different parameterisation methods, of
which the BP3333 [2] method is one. Most problems are not suitable for a non-aligned section. There-
fore, the current method is proposed to aid in this function.

The thickness profile first requires a data set. The thickness is extracted using the B-Spline fit of the
camber line. The thickness profile is perpendicular to the camber line. This is similar to the problem
of finding the minimum distance between a line and a point in subsubsection 5.2.3. The point in the
profile that corresponds to a position in the camber line is thus found by minimising Equation 5.36.

eSD = (PD(uk)−Xk)
TTk (5.36)

With PD(uk) a unfiltered spline of the profile data and Xk,Tk a point on the camber line and the local
tangent.

The upper surface is found when the minimisation is within the limits (ule > uk > 0) and the lower
surface (ule < uk < 1). Data points that are equal to the bounds must be removed. Using the following
data set, the thickness B-Spline can be fitted.

x0 = 0 y0 = 0 (5.37)
x1 = 0 y1 = yq (5.38)
x2 = xs y2 = yt (5.39)
x3 = xt y3 = yt (5.40)
x4 = 2xt − xs y4 = yt (5.41)
x5 = xu y5 = yu (5.42)
x6 = xv x6 = 0 (5.43)

The coordinates of the spline coefficients are given in equations (5.37) to (5.43) These are fitted using
the initial guess and bounds given in Table 5.2.

Table 5.2: The initial guess (X0) and the upper and lower bounds for the open variables of the Thickness B-Spline fit.

xs xt xu xv yq yt yu
X0 0.2 0.35 0.9 1.001 0.01 0.06 0.01
Lower bound 0 0 0.5 1 0 0 0
Upper bound xt 1 1 2 0.1 0.1 yt

The trailing edge is not fixed in the x direction, but is the variable xv. This variable is used to estimate the
profile with a closed trailing edge. Thus, it can be used to compare the Nacra sections with different foil
sections like the NACA series. The maximum thickness is now given by the variable yt at the location
xt.
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Figure 6.1: An overview of the Nacra hydrofoil
showing the location of the different sections that
need to be accurately orientated in a 2D reference

frame.

In the literature review, the manufacturing of the hydrofoils
was analysed. The chapter discussing the possible impact
of the different manufacturing processes is provided in Ap-
pendix E. It was found that, from the different processes,
moulding has a great impact on the final geometry.

The moulds of the hydrofoil could be slightly spaced apart,
creating a thicker profile. This spacing can affect the mis-
alignment of the mould halves. The offset of the moulds
allows for the run out of resin at the mould line. The lack
of resin causes the formation of voids (Figure 6.2a). The
fact that the mould halves are not completely closed can be
seen in Figure 6.2b. The leading edge of the hydrofoil can
be seen with a large plate of resin still attached. The impact
of especially the orientation of the mould will be analysed
using the digitised sections.

The different methods for the foil processing were validated
and verified. These methods can now be used to analyse
hydrofoils. The hydrofoils will be analysed for their differ-
ences using the profile parameters.

The assumption of geometric variations between the hydro-
foils is validated in chapter 12. The raw results of the 3D
scan were not accurate enough to make a clear comparison.
That is what is presented in ”Geometric deviation analysis”.
This chapter will discuss the final method for extracting pro-
file sections from the raw data obtained in Catia. The profile
sections are defined in the global coordinate system of the
hydrofoil shown in Figure 6.1.

The results of this method will be presented in chapter 10.
Geometric differences between hydrofoils will be expressed
in the various shape parameters of the profiles. The poly-

nomial fit will be analysed in these sections as well. In chapter 9, it was found that the polynomial
sometimes deviates upward. This is assumed to be caused by the misalignment of the mould halves
during production.

The results will be able to answer the hypothesis formed in the following. The hypothesis will finally be
tested in chapter 14.

53
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Hypothesis 3: Manufacturing defects can be identified by the differences
in the shape parameters of the different hydrofoil sections.

H. 3.1: The profile thickness can be an indicator for improper mould closure.
H. 3.2: The polynomial camber line can indicate a miss alignment of the mould halves
H. 3.3: A correlation can be found between the different parameters that could indicate improper

mould closure or miss alignment.

(a) Showing voids (white dots) and sanded carbon (change in pattern) at
the leading edge.

(b) A close-up of the leading edge during production showing the
pinched fibres and the resin run-out at the leading edge [67].

Figure 6.2: The different production errors that can be observed in the Nacra hydrofoils.

6.1. Theory
The literature identified that mould closure is a possible cause of geometric differences. Figure 6.2b
is showing that the hydrofoils do have additional material after consolidation, with the white part stick-
ing out. The maximum thickness is assumed to indicate the differences in mould closure between
hydrofoils. The polynomial camber line is assumed to be affected by slight changes in leading edge
placement due to mould misalignment.

6.1.1. Polynomial camber line fit as a indication for the mould misalignment

The polynomial camber line fit proposed in subsubsection 5.2.2 did not prove to be a good estimation of
the camber line. This was found because of the large divergence at the leading and trailing edges. The
polynomial showed a divergence upward at either the leading or trailing edge. This chapter assumes
that this divergence is due to mould misalignment.

The misalignment of the moulds only adds a small part of the final impact. Hydrofoils need to be post-
processed because of the run-out of the resin. The sanding and shaping of the leading edge is what
contributes to the eventual differences between the hydrofoil. The misalignment will affect how this
shaping is preformed, and thus the final shape of the hydrofoil.
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(a) Anti clockwise misalignment causing the trailing edge camber to
deviate upwards.

(b) Clockwise misalignment causing the leading edge camber to deviate
upwards.

Figure 6.3: Showing how the misalignment of the different mould halves could affect the fit of the polynomial camber line with
the mould halves shown below and above the profile.

6.2. Methodology

6.2.1. Importing the files in python

The files are exported in the 3D global coordinate frame of the Catia model. This needs to be converted
to a system that can be used by Xfoil. Xfoil needs the leading edge to be placed at the origin of the
coordinate system. The trailing edge should be placed on the x axis at x = 1. For comparison of
sections, this placement is critical. As the orientation will affect the profile parameter values.

Importing the Data The data from Catia is defined in the third-degree global Catia coordinate system.
There is, however, a file that contains the local coordinate system for each section, defined in the same
global coordinate system. This file will be used to transfer the coordinates from a 3D system to a 2D
system. A file named axissystems.txt contains the translation (R⃗A) and rotation (RA) of the section
reference frame defined in the global coordinate system (A). The transformation vector (R⃗A) has the
shape shown in Equation 6.3. The rotation matrix (RA) is given in the shape shown in Equation 6.2.
The translation vector in the section coordinate system (C) is calculated using Equation 6.1.

R⃗C = RA × R⃗A (6.1)

RA =

0 cos θ sin θ
0 − sin θ cos θ
1 0 0

 (6.2) R⃗A =

 Chord
Span

Thickness

 (6.3) R⃗C =

 Span
Thickness
Chord

 (6.4)

The global coordinate system for the sections is not equal to the global coordinates in which the profile
data (D) is defined. Equation 6.3 can be seen in a different order than the values in Equation 6.6. The
data only need to be rotated as the order of the axis in Equation 6.6 is equal to Equation 6.4. The rotation
matrix RA must be transformed to the correct coordinate system using the extra transformation matrix
(RB) given in Equation 6.7. The final transformation of the data DB to DC is shown in Equation 6.5.

DC = ((RA ×RB) ∗DT
B)

T − R⃗C (6.5)
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D =


Span1 Thickness1 Chord1
Span2 Thickness2 Chord2

...
...

...
Spanj−1 Thicknessj−1 Chordj−1

Spanj Thicknessj Chordj

 (6.6) RB =

0 1 0
0 0 1
1 0 0

 (6.7)

The data in the axis system file contains the solved matrix forRA. Combined with the floats of the data,
it is important that the number of digits of the Catia export is high. A reduction in digits from Catia will
directly result in errors within the Python code. The axis system file uses 14 significant digits, while the
profile coordinates are exported with a 12 digit significance. With this significance there are residual
values in the span-wise direction (for each section) of 1e − 5. This should be 0 in the ideal case, as it
is a 2D image that will be used in further analysis.

First orientation The set of coordinates obtained from Catia is now somewhere in a 2D space. They
need to be rotated in order for the leading edge to be placed at the origin, and the trailing edge on the
x-axis. To perform this rotation, a first guess of the leading and trailing edge needs to be made. This
guess is made using the method described in subsection 5.2.1, Sect.Max Radius from Centroid from
.5π to 1.5π”. This method uses the foil defined in polar coordinates to identify the extremes.

The origin of the polar coordinates is defined to be at the midpoint of the data set. After translating
the coordinates to the appropriate position. The Cartesian coordinates are transformed to the polar
coordinates. This transformation is performed with Equation 5.10 and 5.11.

The order of the coordinates is important for the import in Xfoil. Data should start at the upper surface
trailing edge and finish at the lower surface trailing edge. This is a counterclockwise rotation. Some
section coordinates follow a clockwise direction. This is corrected by checking if the values of theta
are decreasing in value. To remove the uncertainty of a non-constant increase or decrease theta value.
The fact that np.arctan2() presents values between π and −π is used. Due to this range, a large step
is observed in the data. If this step is negative, the values of theta are increasing. The following code
identifying this step and flips the data when the wrong direction is found.

Listing 6.1: Creating usable polar coordinates
1 transitionpoint = np.argmax(abs(np.diff(theta)))
2 if np.diff(theta)[transitionpoint] < 0:
3 print('works')
4 r = np.flip(r)
5 theta = np.flip(theta)
6

7 new_ids = (np.arange(len(r)) + np.argmin(r))%len(r)
8 theta = theta[new_ids]
9 r = r[new_ids]

The code will identify the leading and trailing edges by finding the peaks in the data. This peak function
is affected when the profile ends at the leading or trailing edges. To create a repeatable solution, the end
of the array is placed at the position where the distance to the origin is minimum. These points coincide
with the top or bottom of the profile. The last 3 lines of code in Listing 6.1 show this change in the theta
and r arrays. With the following data set, the leading edge and trailing edge are estimated using the
same principles as those described in subsection 5.2.1, Paragraph ”Max Radius from Centroid from
.5π to 1.5π”. With the leading and trailing edges defined, the section can be rotated to the correct
orientation. The profile needs to be mirrored around the y-axis because all leading edges are facing
away from the origin. The profile needs to be translated in order for the leading edge to be positioned
on the origin. Finally, the profile is rotated.

For the rotation and translation, the vector between the leading edge and trailing edge is used.
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(a) The coordinates in a Cartesian plot (b) The coordinates in a Polar plot

Figure 6.4: Showing how the leading edge and trailing edge can be found using the profile expressed in polar coordinates with
the wide peak showing the leading edge and the sharp peak showing the trailing edge.
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With the profile orientated correctly, it can be scaled in order for the chord length to equal 1. This will
form the normalised raw data. The following versions of the data are created:

data_dat_cr Orientated data from Catia

data_dat_c1 Orientated data and scaled to a chord length of 1

data_dat_c99 Orientated data and scaled to a chord length of 1 and shortened to 0.99c in order to
remove the trailing edge geometry.

6.2.2. Deriving the Camber Line from the data.

Camber line by offsetting top and bottom surfaces The method of creating the camber line by
using the offset of the profile surfaces is discussed in subsection 5.2.1, section ”Camber line Data:
Surface offset”.

This method finds the intersection between the offset of the upper and lower surface. This method has
proven to be a reasonable assumption for the camber line. The data obtained using this method are
combined with the data from the next step, which are the voronoi points.
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Figure 6.5: Showing the raw data from both the the Offset and Voronoi method.

Camber line by voronoi diagram The method of the voronoi point is explained in subsection 5.2.1,
Paragraph ”Camber line Data: Voronoi”. A voronoi diagram finds the largest area that each data point
can cover. This method is an analogy to cell growth. On the intersection of 3 voronoi area’s a voronoi
vertex is placed. For a data set that resembles a foil section, these vertex points are positioned on the
camber line.

Filtering the camber line data set The data resulting from both methods contain some outliers as
can be seen from Figure 6.5. Outliers are mostly located near the leading and trailing edges of the
profile. These outliers are filtered using two different methods. The first method calculates the gradient
to the next data point. If the points are placed far apart in the y direction, the gradient value will be high.
Gradients that are larger as the 99th percentile are removed from the data. This method is repeated
15 times to reduce the data set.

The second method will identify the offset of the data with respect to a fitted polynomial. Using the
reduced data to fit a 9 degree polynomial. It was found that a degree of 9 provided the best fit for the
camber line. What the polynomial fit provides is a continuation of the line. If the spline function from
scipy was used again, the last data points would influence the final result disproportionately.

Using this polynomial, the root-mean-squared distance on the y-axis is calculated for each data point.
Data points that deviated more than the 99.5th percentile are removed from the data set. This method
is repeated for 10 iterations.

After filtering the data, the values are similar enough to be fitted using the B-Spline method for the
camber line, as explained in subsubsection 5.2.3. The resulting camber line will be used to find the
thickness profile of the section. The thickness profile is a perpendicular distance from the camber line.
To find this distance, the error formulation code is revisited as discussed in subsubsection 5.2.3. The
point on the profile curve is on a vector perpendicular to the camber line when the tangent distance
is 0. This tangent distance is given by Equation 5.33. Where the profile is defined as a set of points
in subsubsection 5.2.3, it is a continuous curve in the current problem. The Camber line replaces the
fitted curve (PD(tk)) of Equation 5.33.

x = (P⃗D(uk)− C⃗k)
T T⃗k (6.10)

The matching locations are found using scipy’s least squares minimisation. With the upper surface
bounded by 0 ≤ tk ≤ ule and the lower surface by tle ≤ uk ≤ 1. The data from this minimisation



6.2. Methodology 59

0.00 0.01 0.02 0.03 0.04 0.05
Chord (.01c-.06c) [x/c]

0.02

0.01

0.00

0.01

0.02
Th

ick
ne

ss
 [y

/c
]

0.96 0.97 0.98 0.99 1.00
Chord (.93c-1c) [x/c]

0.010
0.005

0.000
0.005
0.010
0.015
0.020
0.025

0.0 0.2 0.4 0.6 0.8 1.0
Chord [x/c]

0.04

0.02

0.00

0.02

0.04

0.06

Th
ick

ne
ss

 [y
/c

]

ZS00696 at sec:30
B-Spline Thickness
Thickness Coeffcients
Camber Coeficients
B-Spline Camber

Figure 6.6: The fit of the B-spline camber line and Thickness on a Nacra hydrofoil section showing the B-spline coefficients
with the crosses. It can be seen that it is a reasonable fit to the actual data.

needs to exclude all values equal to the bounds and non-increasing values. The resulting list of spline
variables with matching camber positions follows the thickness profile.

The camber line should be the midpoint between the points on the top and bottom surfaces. The data
set for the camber line is now replaced by finding the middle of the thickness profile points. This method
is only possible now as it can be very unstable if the camber line used is not close to the final solution.

The data for the thickness profile will then be used to fit a B-spline to follow the thickness. The thickness
profile is fitted using the method described in subsubsection 5.2.3. The use of the thickness profile fit
is to estimate the profile with a closed leading edge. All sections have a finite trailing edge, as it is
impossible to make an infinitely small trailing edge. In comparisons, all foils start with a closed leading
edge in the analysis.

In order to comply with the design standard for profile sections, the same closed trailing edge foil needs
to be reverse-engineered. The last knot on the B-spline is only locked in the y direction and set to 0.
The x location of the thickness profile is fitted by the curve fit.

For the first iteration of fitting the camber line. The trailing edge is set at xTE = 1.2. Using the last knot
location of the thickness profile, this value is updated. The camber line and thickness profile are now
terminating at the same location. This improves the fit of the camber line. If the camber line is fitted to
be too long, the curve is too gentle and will deviate from the data set. With a short camber line, the last
two knots can create a sharp curve that will create an error in the estimation of the chord length and
trailing edge location.

The trailing edge location will be used for the final rotation of the profile. This error will impact the
analysis in all fluid dynamic analysis.

The iteration will be repeated for 5 iterations. After these iterations, the leading edge will be given by
the start of the camber line and the end of the camber line. Using Equation 6.8 and 6.9, the following
data will be transformed:

• Data normalised with chord 1

• Data normalised to a chord of 1 and shortened to 0.99c

• Spline coordinates for the camber line

• The unfiltered Camber line points from the Offset and Voronoi methods
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• The Final Camber line data set.

The spline coordinates for the thickness profile are divided by the length of the set thickness profile.
The thickness is related to the camber and it does not need to be rotated in this case.

The important parameters can now be extracted from the B-spline fit. The location and height of the
thickness are equal to the third B-spline coefficient. The camber B-spline consists of one more knot.
The maximum camber location and thickness are thus given by the fourth B-spline coefficient.

The final step is to reverse engineer the profile using the B-spline data. This step will be used to
calculate the accuracy of the fit in the following method and to validate the placement of both the
camber line and thickness profile (Figure 6.6).

6.2.3. Validation and Verification of the previous orientation.

Error estimation The data that is generated needs to be validated and verified. This is achieved by
calculating the error between the spline and the actual data set. The error is calculated with the method
described in subsubsection 5.2.3. The data set of the imported profiles will be used to create the points
Xk in equations (5.33) and (5.34). This method creates a distance between the B-spline profile and
the data set. The error of the complete profile is given by Equation 6.11.

eSD =

n∑
k=0

||ϵSDk
||

n
(6.11)

eSDk
was defined in Equation 5.35 to be the minimum error between a curve and a data point. The

sum of the absolute difference divided by the length of the data set (n) will give the final error.

6.2.4. Estimating Profile Parameters

The thickness and camber parameters are already identified by the B-Spline fits. The 3 coefficient of the
Thickness B-Spline is positioned on the maximum thickness location. The maximum thickness yt and
its location xt are given by the python code: cv\_thickness\_f[3,1] and cv\_thickness\_f[3,0].
The \_f is used for the values after rotation. These are the final normalised foil parameters. The
camber B-Spline added a extra coefficient before the maximum camber to provide a better fit. The
maximum camber yc and its location xc are thus found with the python variable: cv\_camber\_f[4,1]
and cv\_camber\_f[4,0].

The leading edge radius was identified to be an important parameter for the hydrofoil performance.
This variable is not found with the method described above. The leading edge radius is found using

Figure 6.7: The 6 thickness B-Spline coefficients shown on a profile and identifying the the profile parameters: xt,yt,rle,κt,βt

and dZte . With the figure modified from Tortora, Concilio, and Pecora [4].

the B-spline method proposed by Derksen and Rogalsky [2] (Figure 6.7). This method links the spline
coefficients to specific profile parameters, such as the radius of the leading edge, the location of the
thickness, and the angle of the trailing edge. Therefore, it is a good method for the parameterisation of
foil sections. This dependency on these parameters is also the reason why this method was not used
before.
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The previous B-spline method allowed for more flexibility between the coefficient locations. This was
important because the chord length was not yet equal to 1. The flexibility will add more room for a
better fit on a more complex profile like the 3D scanned surfaces. Due to this reason, the maximum
thickness yt and its location xt are not variables for the BP3333 optimisation. The equations for the
spline coefficients are given in equations (6.12) to (6.18), creating the coefficient matrix Equation 6.20.

x0 = 0 y0 = 0 (6.12)

x1 = 0 y1 =
3κt(xt − rt)

2

2
+ yt (6.13)

x2 = rt y2 = yt (6.14)
x3 = xt y3 = yt (6.15)
x4 = 2 ∗ xt − rt y4 = yt (6.16)

x5 = 1 + (dZte −
3κt(xt − rt)

2

2
+ yt) cotβte y5 =

3κt(xt − rt)
2

2
+ yt (6.17)

x6 = 1 y6 = dZte
(6.18)

There are now additional parameters that describe the profile. κt is the curvature at the top of the profile
and rle the radius of the curvature at the leading edge. dZte

is the thickness of the trailing edge. This
value is set to 0 as the data have been scaled to a chord of 1 with a closed trailing edge. The final
parameter is rt. This is a variable that depends on all other variables. A suitable value for rt is given
as the smallest root of Equation 6.19, within the limits max(0, xt −

√
−2yt

3κt
) < rt < xt

27κ2
t

4
r4t (6.19)
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(6.20)

Identify whether the method provided an accurate fit. An error is calculated between the thickness
profile data points and the new spline. Using the data points instead of the previously fitted spline
ensures that the error from one is not propagated to the next profile. With all values plotted on the x
axis, it is possible to define the error as the absolute difference in y divided by the number of points, as
shown in Equation 6.21.

eSB =

n∑
k=0

||yDk
− yBPk

||
n

(6.21)

The error will be defined as eSB . The thickness points are yDk
and the spline yBk

. The number of data
points is set to n.





7
2D section hydrodynamic analysis:

Method

The final step in this thesis would be to analyse the differences between the hydrofoils with the fluid
dynamic performance. Hydrofoils that are processed i section 6.2 can be used in the programme Xfoil.

Analysis of fluid dynamic performance will give the first indication of the impact of the differences. 2D
analysis is only the first step in identifying how manufacturing impacts hydrofoil performance. The 2D
analysis data can be used to estimate the performance of the complete lifting line method. With the
hydrofoils simulated as a complete wing, only then a good comparison can be made between each
hydrofoil.

In this step, the important areas will be analysed. What area of the hydrofoil is critical to the performance
and what shape parameter this might be affected by. This question is addressed by challenging the
following hypothesis.

Hypothesis 4: There is a difference in the hydrodynamic performance be-
tween the different hydrofoils.

H. 4.1: The difference in shape affect the location where ventilation can occur.
H. 4.2: The biggest impact on the performance is influenced by the leading edge radius.
H. 4.3: The high pressure side of the profile presents separated flow at positive angles of attack.

7.1. Theory
In order to understand the input of the analysis and the final result, a basis of understanding needs
to be established. A detailed explanation will be provided in the previously written literature review
(Appendix F).

7.1.1. Fluid dynamics

A foil needs to produce lift. Lift is created by the flow around the profile. If there is a difference in
pressure between the upper and lower surfaces of the profile, a resulting force is generated that points
upwards instead of backward (Figure 7.1a). When the resultant force is deconstructed in its compo-
nents, the lifting and pulling force can be found (Figure 7.1b). Drag around a profile is a combination
of the pressure acting on the profile and the shear friction of the flow and the surface (Figure 7.1c).

The different fluids in fluid dynamics can be compared using the Reynolds number. The Reynolds
number is a dimensionless value that predicts flow phenomena. Combining speed, object length, and
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(a) The fluid flowing over an foil shape
produces a moment and a resultant force in the

direction illustrated.
(b) The resultant force can be deconstructed

into its components lift and drag.

(c) The drag is a combination of the fluid
pressure (p) and the shear friction (τ ) on the

surface.

Figure 7.1: Different figures showing the components of lift and drag of a foil shape as explained by Anderson [5].

fluid properties to calculate a value. Using the Reynolds number, different sized parts can be compared
by matching the Reynolds number. The Reynolds number is given by Equation 7.1.

Re =
ρV l

µ
(7.1)

With flow speed (V ), chord length (l), density (ρ) and dynamic viscosity (µ). For the scaling of the profile
sections, the lift and drag force are defined as unit less coefficients. These coefficients are called the
lift coefficient (cl ,Equation 7.2) and the drag coefficient (cd ,Equation 7.3).

Cl =
L

1
2ρ∞V 2

∞c
(7.2)

Cd =
D

1
2ρ∞V 2

∞c
(7.3)

In fluid dynamics, there is laminar and turbulent flow. A flow is laminar when the fluid is flowing perpen-
dicular to itself. This is often found in the wick of a candle when the air in the room is still. Not far from
the wick, the smoke will start to form circles. This is the transition to turbulent flow, as can be seen in
Figure 7.2a.

(a) Airflow visualised with smoke starting as a laminar flow and
transitioning to a turbulent flow on the top. [68]

(b) The drag bucket shown as the small indentation in the middle with
the of this lift over drag curve with the curves on the side showing the

drag increase with turbulent flow. [69]

Figure 7.2: caption
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Turbulent flow has the fluid particles moving around much more. This movement is rotational and is
called vorticity. When laminar flow is flowing over a surface, the transition (boundary layer) to no speed
at the surface and air speed is relatively small. This does not produce as much resistance. However,
when the flow is turbulent, this transition is larger and the resistance of the flow greater. Therefore,
laminar flow is desired.

The homogeneous nature of the laminar flow does result in a less effective ability to follow a curve.
When it cannot follow the curve, it will separate. This separate flow creates a lot more drag than when
it would have stayed attached.

When analysing a profile in fluid dynamics, there is a region where the flow is laminar. This region is
called the drag bucket (Figure 7.2b). Outside the drag bucket the flow is fully turbulent.

The ability of the flow to remain attached to the surface is dependent on the Reynolds number. At
higher Reynolds numbers, the flow transitions are earlier and contain more ”Energy” which allows for
better attachment of the flow.

(a) Upper surface oil flow visualisation of major flow
features on the Wortmann FX 63-137 rectangular wing

with aspect ratio of 4 (α = 9 deg, Re = 90,000) by Ananda,
Sukumar, and Selig [6] (b) Ventilation induced by a lifting hydrofoil piercing the free surface [70].

Figure 7.3: Visualising the laminar separation bubble on a wing and the effect of ventilation caused by this laminar separation
bubble.

At low Reynolds numbers, it is common for the laminar flow to separate from the surface. Separation
causes the flow to transition to a turbulent flow. This turbulent flow has a larger boundary layer and can
still be attached to the surface. This causes a small region of separation called a laminar separation
bubble. The separation bubble can be seen in the middle of the wing in Figure 7.3a.

The laminar separation bubble can make the transition from laminar to turbulent flow more abrupt. This
results in a sudden increase in drag. The hydrofoil has a specific phenom that is related to this laminar
separation bubble. If the pressure in a separated region falls below the ambient air pressure and a
connection to the air is made, the hydrofoil will ventilate (Figure F.11). The pressure coefficient at
which ventilation can occur is given by Equation 7.4.

cpcr =
patm − hgρwater

1
2V

2ρwater
(7.4)

The dynamic pressure at the bottom of the fraction is calculated by the density of the fluid (ρwater, kg
m3 )

multiplied by the cubed speed (V , ms ). The static pressure of the water is given by the depth of immersion
(h), gravitational acceleration (9.81 m

s2 and the density of the water.
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A hydrofoil with ventilation produces significantly less lift than one without ventilation, leading to a de-
crease in the force of the sails. This can cause the boat to crash into the water, reducing its speed from
20 knots to 4 knots, or capsize the boat. Thus, this is a critical factor in hydrofoil performance.

7.1.2. Xfoil

Figure 7.4: Airfoil and wake paneling with vorticity γ and source distributions σ, with trailing edge details on the right [38].

The programme Xfoil is used to analyse the hydrofoil sections in 2D. The programme was designed by
Mark Drela in 1989[38]. The programme calculates the flow over the profile by reducing the shape in
a set of vertices. Each vortex is connected by a panel. The method is thus called panel method.

In this simplification, the effects of viscosity are not taken into account. The viscosity of the flow is
important when analysing laminar to turbulent transition and friction drag. The programme calculates
the boundary layer using an integral function. The results of this method are very close in accuracy to
the more complex models that are currently being used for this particular use case.

7.2. Methodology

7.2.1. Frequency optimisation

The optimal low pass frequency needs to be found before profile sections can be analysed in Xfoil. The
data set created in chapter 5 is retrieved. The raw data with a chord length of 1 (data_c1) is used for
the optimisation. These data are transformed into a periodic spline with no smoothing applied. The
data is then recreated but now with a uniformly distributed spline parameter with a length a 1000 times
longer. Multiplication is performed to make sure that the sampling frequency is high enough. The more
accurate method would be to
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(a) The point spacing of the real data shown above and the location of
set of points shown with the red dot in the profile below.

(b) Schematic representation of the profile sampling with the blue
crosses showing the real data points, the purple dashed line the non
smoothed spline and the small orange crosses the new data set. The
new data set better follows the curves of the profile and will be able to

find all the frequencies.

Figure 7.5: Showing the source of the noise in the data and how the increase of the sample size ensures that all the
frequencies are captured.

The Fast Fourier Transform (FFT) is performed using the numpy.rfft2 function 1. This function returns
2 dimensional FFT for a real array. The data used for the FFT is not imaginary in the mathematical
sense. By using the 2 dimensional data, the noise in the y-axis (up and down) and the x-axis (spacing)
can both be smoothed.

The FFT is calculated as orthogonal. The FFT can be calculated in the forward, backward, or orthogonal
direction. The orthogonal direction produces the best results because the profile is periodic. This
method does affect the scaling of the profile when transforming it back. The profile is scaled equally in

1Numpy.rfft2:https://numpy.org/doc/stable/reference/generated/numpy.fft.rfft2.html,(visited on: 09/07/2023)

https://numpy.org/doc/stable/reference/generated/numpy.fft.rfft2.html
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both the x and the y directions. As the leading edge is positioned on the origin of the axis system, the
profile can be scaled back to its original size by dividing by the maximum x value.

(a) The different steps in the optimisation of the low pass filter for each
profile section

(b) Showing the decrease of the error and the smaller range for each
iteration with the numbers showing the different iterations.

Figure 7.6: Showing how the optimisation of the low pass filter frequency is performed.

Optimisation of the low-pass filter frequency is shown in the schematic presented in Figure 7.6a. A op-
timisation function is calculated for 10 frequencies that are spaced logarithmically. For each frequency,
the orange block on the right is evaluated in the order presented. The corresponding code can be
found in Listing D.2. The low-pass filter is applied by multiplying, all values with a frequency past the
low-pass filter, by zero. The inverse FFT function from numpy can be applied to the data to return
them to normal coordinates. When these coordinates are scaled back, the curvature (Equation 5.9)
and the profile error (explained in subsubsection 5.2.3) can be estimated. The function used for the
optimisation is given in Equation 7.5.

eS =

(∑
t

= 1nκt

)eSD

(7.5)

The function uses both the potential and the error to find the best frequency. If only the error is used,
some frequencies would converge on the sample frequency because the small reduction was missed
by the frequency range. The curvature does not show an optimum throughout the curve, as can be
seen in Figure 9.12a. Using the increased potential with higher frequencies and the reduction of error,
the optimisation point is thus the lowest value on the curve, as can be seen in Figure 7.7.

Figure 7.7: Showing the used optimisation function verses the real error and potential curve.

The final results are saved in a file to be retrieved for the Xfoil analysis.

7.2.2. Xfoil analysis

The Xfoil analysis is performed for sections 15, 20, 24, 30, 35, and 40. These sections are chosen to
provide a good spread of the different shapes of the hydrofoil that are identified in chapter 10.

The range of Reynolds numbers was chosen to be linked to the different boat speeds. The minimum
liftoff was assumed to be around 10 knots. The maximum boat speed is assumed to be 35 knots. The
water is assumed to be fresh water at 20 degrees Celsius. five different speeds are used for the analysis
with an even spacing. The speeds used are: 10, 16.25, 22.5, 28.75, 35 knots. The units of knots are
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not compatible with Equation 7.1. A knot is about 0.51444 m/s. The speed used for the analysis is
therefore 5.14, 3.36, 11.57, 14.79, and 18.01 metre per second.

Table 7.1: The Reynolds number in different water conditions for a minimum boat speed of 10 knots and a maximum of 35
knots.

Temperature
degree [°C]

Density
[kg/m3]

Dynamic viscosity
[N s/m2] Re min Re max

Fresh water [71] 10 999.7 1.31E-03 7.87E+05 2.75E+06
20 998.2 9.79E-04 1.05E+06 3.67E+06

Salt water [72] 10 1027 1.41E-03 7.49E+05 2.62E+06
20 1025 1.09E-03 9.68E+05 3.39E+06

The water conditions also affect the final results. In Table 7.1 the Reynolds numbers for 10 and 20
degree water temperature in fresh and salt water. The water temperature of 10 degrees is around the
minimum for safe operation of the boat. While 20 degrees is a very common water temperature to go
sailing at. The sailors observe more ventilation on fresh water compared to salt water. Fresh water at
20 degrees Celsius is chosen to be used for the analysis.

The settings used to configure the Xfoil analysis are shown in the appendix (section D.2). The settings
for the flow conditions are given in Table D.1. The settings used for the foil paneling are given in
Table D.2.

An important setting for flow is the critical amplification factor (Ncrit). The location of the transition
point is defined by the point where N reaches the user specified Ncrit Drela [38]. With a lower Ncrit the
separation bubble forms closer to the leading edge and the transition point will move up the chord.

In the paper presented by Patterson and Binns [73], the Ncrit was estimated at 7 for the America’s cup
hydrofoiling boats. It is hard to validate this number to be correct for the America’s cub boats. The
question of whether this value would work for the Nacra 17 is still unsure. For this reason, the more
common number of 9 was chosen as Ncrit.

In the analysis, every section is evaluated for angle of attack between -20 and 20 degrees. The angle
is changed with a step of 0.1 degree. The programme uses the previous boundary layer for the start of
the analysis of the next angle. This would affect the results if the hydrofoil starts at stall with an AOA of
-20. The angle is thus calculated from 0 to -20 and 0 to 20 degrees, with the boundary layer reinitialised
between each analysis.

From each analysis the the following values are saved:

• Lift coefficient (cl)
• Drag coefficient (cd)
• Top transition point (xtrtop )
• Bottom transition point (xtrbot )
• Pressure coefficient along the chord (cp)
• Friction coefficient along the chord (cf )

The friction coefficient is used to visualise the separated flow on the foil. When the coefficient is negative,
the flow is in the opposite direction. When the flow separates, the flow starts to rotate in this region
locally, changing the flow direction.

It is important to know the pressure coefficient in these separated regions. These are the regions where
ventilation can occur. Using Equation 7.4, the critical region will be highlighted in the friction coefficient
graph. The height of 0.4 m was chosen as the immersion depth. At this depth, the surface no longer
influences the flow.

Using this information in Xfoil results in the analysis presented in chapter 11.
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8
Digitisation of the Nacra 17 Hydrofoil:

Results

The results of the digitisation of the Nacra 17 will be discussed in the following chapter. The section 8.1
will discuss the deviations observed between the hydrofoils using the programme VXelements. This
comparison is used for the initial identification of the geometric variations. The VXelement comparison
will be used to discuss the observed differences compared to the accuracy stated by the 3D scanner
in chapter 12. The data was transferred to Catia. section 8.2 will discuss the results of this process.
It will present the absolute differences. These can be used to identify the success of the processing
performed in Catia in chapter 12. The final section (8.3) will present the differences between a flat
metal plate and the corresponding measurement. This can show the real accuracy of the scanner
when scanning a thin object. The differences found between the hydrofoils will be the validations that
there are indeed differences in the shape of the hydrofoils. The following chapters will analyse in detail
what these differences actually are.

8.1. VXelement results

Table 8.1: The maximum variations that are found in VXelements by calculated by adding up the values from both sides.

Reference Foil Comparison Foil Highest Value [mm] Lowest Value [mm]

ZS00696 ZS00544 0.297 Between daggerboard
casing supports -0.127 Above Elbow

ZS00696 ZS00664 0.131 In Elbow -0.321 70% of the chord at
70% of the span

ZS00531 ZS00691 0.271 Trailing edge above Elbow -0.389 At bottom clamping location boat
ZS00531 ZS00663 0.124 Trailing edge below elbow -0.369 Mid chord above tip

The hydrofoils could be compared within the programme VXelement. The visual results of these com-
parisons are shown in figures A.9 and A.8 in the appendix, and one set is shown in Figure 8.1. Using
these comparisons, the maximum values for each comparison could be determined. These values are
summarised in Table 8.1. These values seem to vary between 0.1 and 0.3 mm for thicker variations.
The spots that are less thick are around -0.3 and -0.4 mm, with the ZS00544 hydrofoil being the outlier
with only -0.127 at the thinnest point.

When observing the Hydrofoil figures, it is important to realise that the wide part is the root of the
hydrofoil with a small chord at the tip. The leading edge of the hydrofoil can be identified by the curved
side. In all pictures, the trailing edge is relatively straight along the span. The leading edge is curved,
especially when approaching the tip.
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Looking at figures 8.1a and A.9c a thicker part can be observed at the elbow of the hydrofoil. The other
side of the hydrofoils does not show a thinner part: ZS00544 (figure 8.1b),and ZS00664 (figure A.9d).
This shows that there is some difference in shape around the elbow that affects the entire chord.

There is a variation along the chord that is visible in most hydrofoils. Figure 8.1a shows an increased
thickness of the leading edge up to 50% of the chord length below the elbow on the low pressure side.
The opposite side (figure 8.1b shows a good fit with the ZS00531 foil it is compared with and is mostly
thinner after 50% chord near the elbow.

The ZS00664 hydrofoil is comparable to the reference foil at the leading edge in figures A.9c and A.9d.
For this foil, the trailing edge thickness seems to be less thick compared to the reference along the
majority of the span. The ZS00691 is different again by showing a thinner profile at mid chord along
the span. The leading and trailing edge are comparable to the reference foil ZS00531 in figures A.8c
and A.8d.

The hydrofoil ZS00663 shows a high area in the elbow at the low pressure side and high areas at the
tip and root on the high pressure side (figures A.8a and A.8b). This could indicate a different angle
at the elbow or a slight bend along the span. This can also be observed in the hydrofoils ZS00544
(figures 8.1a and 8.1b) and ZS00664 (figures A.9c and A.9d) to a lesser extend.

(a) Hydrofoil ZS00544 compared with ZS00696, low pressure side.

(b) Hydrofoil ZS00544 compared with ZS00696, high pressure side.

Figure 8.1: Nacra 17 Port Hydrofoil compared using VXelement
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Table 8.2: The maximum absolute variations found using Catia according to the Catia deviation analysis.

Reference Foil Compared Foil Boat side Max value [mm] Location
ZS00531 ZS00544 SB 2.220 Tip, extending the lenght
ZS00531 ZS00664 SB 39.919 Bend Point Tip
ZS00531 ZS00691 BB 4.616 Bend Point Tip
ZS00531 ZS00663 BB 4.330 Trailing edge .8 span
ZS00531 ZS00696 SB 1.995 Tip and root extending the length

(a) ZS00664: High pressure side (b) ZS00664: Low pressure side

Figure 8.2: The deviation analysis of the hydrofoils using Catia and compared with ZS00531

8.2. Catia Results
The results in Catia show less detail compared to VXelements. The full set of comparison figures are
shown in Figure A.10. The bending of the hydrofoil along the span, discussed in section 8.1, can be
seen again in figures A.10g and A.10i. ZS00664 (figure 8.2a) shows some twist of the hydrofoil at the
root trailing edge. The sensitivity on the deviation is not sensitive enough to make more distinctions
between the hydrofoils.

The deviation analysis for all hydrofoils in Figure A.10 shows that the hydrofoils are aligned with a
minimal deviation. The maximum deviation from the original hydrofoil ZS00531 given in Table 8.2. The
hydrofoils show a general deviation between 2 and 5 mm. This deviation is mostly located at the tip
and root of the hydrofoil. Hydrofoil ZS0664 is the outlier with 39.9 mm maximum deviation.

8.3. 3D scanner accuracy test results

(a) Thickness measurements (b)Width measurements

Figure 8.3: Digital measurements of the metal strip used for accuracy validation of the HandySCAN 3D scanner

A metal strip was used to test the accuracy of the 3D scanner results. Digital measurements of the
plate are shown in Figure 8.3.

The width measurements of the plate as shown in Table 8.3, are relatively accurate. The error between
the physical mean (40.08 mm) and the digital mean (40.07) variate by 0.01 mm. This is an error of
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Table 8.3: The manual and digital measurements of the metal plate shown in Figure 8.3 as compiled by Alex Ashworth Briggs.

Measured dimensions [mm] Mesh dimensions [mm]
Thickness Width Thickness Width
2.04 40.05 2.06 40.06
2.04 40.1 2.06 40.06
2.04 40.1 2.07 40.08
2.06 40.05 2.05 40.09
2.06 40.05 2.07 40.06
2.06 40.1 2.09 40.07
2.06 2.19
2.06 2.10
2.06 2.10

Mean 2.05 40.08 2.09 40.07
ST Dev 0.01 0.03 0.04 0.01

-0.01%. The thickness deviated a bit more. The physical mean thickness (2.05 mm) and digital mean
thickness (2.09 mm) vary by 0.04. This is with the scanner accuracy stated to be 0.02 mm and the
volumetric accuracy estimated to be 0.026 mm. The error between the physical and digital thicknesses
is thus 1.68% according to the measurements.
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Research Method Validation for 2D

Section Processing: Results

This chapter will present the results of the methods proposed in chapter 5. Table 9.1 shows a summary
of the different methods that are assessed in this chapter. Highlight if a method passes past the first
validation. If this is the case, the error of the chord is given to assess the method. This chapter will be
structured summarily as to how the methods are presented in the methods.

Table 9.1: The success of the different methods described in chapter 5

Method Validation Verification
Error of chord length % Applied in code

Furthest points method ✓ 0.131% X
X and Y axis intersections X X X
First derivative or Curvature of the profile X X X
Max Radius from Centroid from .5π to 1.5π ✓ -0.0201% ✓
Polynomial fitted Camber line X X X
B-Spline fitted Camber line ✓ -1.588e-6% ✓

9.1. Alignment using the Profile data: Result

9.1.1. Furthest points method: Result
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Figure 9.1: Showing the maximum distance compared between all points

The furthest points are calculated using themethod described in paragraph ”Furthest pointsmethod”.Figure 5.5
showed that the method can estimate the approximate location of the leading and trailing edge. When
the method is applied to a known aerofoil shape, the limitations of the method become apparent. To
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test the robustness of the method, the NACA 4412 section was shorted to 0.9 chord length as shown
in Figure 9.1.

Validation The Naca 4412 aerofoil in Figure 9.1 has a finite trailing edge. That means that there
is a small gap between the upper and lower surfaces. The chord line is now estimated between the
lowest-most point of the trailing edge and the corresponding furthest point on the leading edge. The
deviation of the estimated and real leading edge location can be seen by the offset of the red plus and
the blue cross in Figure 9.1.

Verification The distance over chord (d/c) to the actual trailing edge is 0.014 d/c or 1.401e-02 d/c.
The leading edge is closer with 0.00314 d/c or 3.144e-03. The resulting chord length was 0.8988 x/c.
The difference in length in the estimation of the chord length is thus 1.181e-03 x/c. This results in an
error of 0.131% of the chord.

Although the actual numbers will not be significant, the magnitude of the error will be an important
parameter to compare the different methods.

9.1.2. X and Y axis intersections: Result
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(b) The effect of rotation using the x values
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Figure 9.2: The estimation of the leading edge using the x and y axis of the NACA 4412 profile

Validating the x-coordinate method The x values of the foil coordinates could be used to identify
the leading edge. Figure 9.2b shows that thee x coordinates show a valley at 0.5 u. This u is an
independent variable that spans the curve of the profile. The x coordinates are very sensitive to the
rotation of the foil. This dependency can be seen by the second orange line that is shifted to the left.
This moves the minimum x-value and thus the leading edge estimation. Figure 9.2a visualises the
magnitude of this change. The orange cross is the new leading edge estimation and it is located far
above the actual leading edge.

Validating the y-coordinate method The y coordinates could also be used for leading edge esti-
mation. The y coordinate change sign at the leading edge. When the profile is translated into the y
axis, this point moves. The red curve and the circle in Figure 9.2c visualises this change. The same
red circle is placed on the actual profile in Figure 9.2a. The circle is now offset to the left of the foil
coordinates. This method is only valid if the foil coordinates are already perfectly aligned. This is not
the case for the Nacra sections.

9.1.3. First derivative or Curvature of the profile

The derivative of the curve at the leading edge should approach infinity as the line approaches vertical.
This point should also show the highest curvature of the foil. The validation of this theory was already
given in Figure 5.7b for the derivative and Figure 5.7c for the curvature.

The problem with the 3D scanned surfaces is the addition of noise. The sections are defined by around
2000 points. These points are not perfectly spaced and located on the exact profile. This is the limitation
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Figure 9.3: A comparison between a normal and noisy data set for using the derivatives to find the leading edge

of measurements, in general. But the result is that noise is added to the data. A exaggerated version
of this noise is applied to the NACA foil in Figure 9.3a.

Validating the derivative method When observing the derivative of this profile. The peak at the
leading edge is completely disappeared. The noise derivative is plotted above the original derivative.
From this data it is impossible to determine the leading edge.

Validating the Curvature method The curvature is given in Figure 9.3c. The clean response is
changed in a very noisy line from which no distinct peak at the leading edge can be observed.

9.1.4. Max Radius from Centroid from .5π to 1.5π: Result
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(a) Polar coordinates expressed in a Cartesian plot
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Figure 9.4: The profile defined in polar coordinates comparing the reference profile with a noisy variant

Validation The shape of an aerofoil is very curved. This makes it suited to be plotted in a polar
coordinate frame. The polar coordinates plotted in a Cartesian plot are used to determine the leading
and trailing edges. The leading edge is clearly visible by the peak in the middle of the graph. While
the trailing edge is located at the two ends on either side of the plot in Figure 9.4a.This method is
independent of the rotation and translation of the profile. It can even be used to automatically identify
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what the leading and trailing edge would be. The leading edge is usually a lower and wider peak. The
trailing edge can be a higher and more narrow peak.

Verification The difference in distance over chord (d/c) between the actual leading edge and the peak
found in Figure 9.4a is 0.00393 d/c.

In order to test the robustness of this method, the same noise is added as observed in the method
using the derivative and curvature. The distance to the actual leading edge when noise is applied to
the profile is 0.00848 d/c. Both values seem close to the actual leading edge. When extending the
analysis to the final chord length. The chord length for the noise-free profile is found to be 1.0002c.
When the noise is added to the profile, the chord length changes slightly to 1.0074c. Thus, the error for
this method without noise is found to be -0.0201%. The error for the profile with noise is less significant.
The addition of noise will affect the chord length in addition to the fit of the leading edge.

9.2. Camber line Estimation: Results

9.2.1. Camber line Data: Surface offset: Result
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(a) The offset intersection points and camber line estimation polynomial
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Figure 9.5: The results of the offset method on the NACA 4412 profile

Validation The offset of the surface created a set of points. These points are located at the camber
line. This could already be observed in Figure 5.9. When this surface offset is applied several times
at increasing distances, a set of points is created. This set of points can be seen as red circles behind
the two lines in Figure 9.5a. The points are hidden behind the two camber lines. This is a very good
sign. When a polynomial of degree 9, is fitted through these points. This line also follows the camber
line. This polynomial estimation is shown as the green line in Figure 9.5a. The actual camber line of
the profile is given as the dashed orange line.

Verification That the lines are similar is evident. But the degree of similarity is shown in Figure 9.5b.
That figure shows the normalised distance in y between the actual camber line and the estimation. The
largest error between the lines is 0.0003 % of the chord at around 0.35 of the chord length. Looking
at the points in Figure 9.5a, the spacing between the points increases at the same location. The offset
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method is thus accurate at the leading and trailing edge and decreases in accuracy at the highest
camber location.

9.2.2. Camber line Data: Voronoi: Result
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(a) The voronoi points and camber line estimation polynomial
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Figure 9.6: The results of the voronoi method on the NACA 4412 profile

Validation The set of voronoi points are shown to follow the camber line in Figure 5.14. The same
image is again given in Figure 9.6a. When comparing the spacing of the red data points with those in
Figure 9.5a. It is clear that the spacing at the maximum camber is more dense. However, the number
of points at the trailing edge is very minimal. All points do seem to follow the camber line.

Verification When comparing the fitted polynomial with the actual camber line, the error shown in
Figure 9.6b is found. The lack of points at the trailing edge resulted in a larger error. This has the effect
that the error is magnitude higher compared to Figure 9.5b. The results seem to accurately follow the
camber line apart from the trailing edge.

9.2.3. Polynomial fitted Camber line: Result

A polynomial fit is used to filter the camber line data points. It would be logical that this fit would
accurately represent the entire camber line.

Validation In Figure 9.7, the polynomial fit (red) is fitted using the camber line points estimated with
the previous tested methods. This method provided accurate results for the NACA 4412. As this
method is used to calculate the error in sections 9.2.1 and 9.2.2. When the polynomial is used on the
Nacra Hydrofoil data, the polynomial deviates significantly. With the green markers (x) indicating the
leading and trailing edge, a difference can be seen in the top two images in Figure 9.7. In the bottom
image, the deviation is seen more clearly. The current section is not the worst deviation observed using
the polynomial fit.

Due to this deviation, this method cannot be used to estimate the full camber line and thus can be used
for the final orientation.
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Figure 9.7: The fit of the Polynomial camber line (red) curves away from the camber line when extrapolating beyond the data
set.

9.2.4. B-Spline fitted Camber line

The B-spline method is tested by applying the method on the NACA 4412 foil.
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Figure 9.8: The B-spline camber line control points fitted to a NACA 4412

Validation: Camber line Spline The resulting B-spline fit can be seen in Figure 9.8. The control
points follow the profile of the camber line. The red dashed camber line seems to match the camber
line exactly. It does look like the B-spline can be fitted over the camber line.

Verification: Camber line Spline When subtracting the B-spline camber Y values from those of the
actual camber line, the error shown in Figure 9.9 is obtained. The largest deviation is found at the
leading edge of the profile. The error oscillates along the camber line between 3.0E-05. The error of
the leading edge is given in Table 9.2 below.

The largest error is found in the estimation of the maximum camber position of a half-percent of the
chord. The estimated camber location was determined to be 0.399 x/c while the actual point is set at
0.4 x/c.
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Figure 9.9: The B-spline camber line fit error for the NACA 4412

Table 9.2: The Camber B-spline error for the NACA 4412

Variable Difference [d/c] error in % chord
Leading edge 1.639e-04 -
Trailing edge -3.579e-05 -
Chord Length -1.588e-08 -1.588e-06 %
Maximum Camber -1.093e-05 6.029e-03 %
Maximum Camber location -9.452e-04 0.236 %
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9.3. Data Smoothing

9.3.1. Error-calculation: Result
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Figure 9.10: The error calculated on a curve that is offset by 0.02 in order to validate that no lines overlap and to calculate the
accuracy of the method.

The error is calculated as the sum of all the lines shown in Figure 9.10. The red curve is off-set by
0.02% of the chord from the surface of the blue curve. This problem is comparable to the integral of the
two surfaces. The result of the error should therefore be 0.02. The actual error is 0.02. When taking
into account the whole value, the error of this method is 0.03323%.

9.3.2. Filter using signal processing: Result

0.00 0.01 0.02 0.03 0.04 0.05
Chord (.01c-.06c) [x/c]

0.02

0.01

0.00

0.01

0.02

Th
ick

ne
ss

 [y
/c

]

0.96 0.97 0.98 0.99 1.00
Chord (.93c-1c) [x/c]

0.010
0.005

0.000
0.005
0.010
0.015
0.020
0.025

0.0 0.2 0.4 0.6 0.8 1.0
Chord [x/c]

0.04

0.02

0.00

0.02

0.04

0.06

Th
ick

ne
ss

 [y
/c

]

ZS00696 at sec:30
Frequency filtered Profile

Figure 9.11: A Nacra Hydrofoil filtered with the low-pass filter (dash dot line) compared with the actual profile. With only a
small deviation visible at the trailing edge.

Validation The profile data can be filtered by transforming the data to the frequency domain and filter
by frequency or amplitude. That this is possible can be seen in Figure 9.11. The orange enclosed
profile is filtered at a frequency of 197 Hz. The data in the frequency domain for this profile were shown
in Figure 5.22b. The maximum frequency of the data was 46 kHz. The low pass filter at 197 Hz is
placed just before the amplitude changes significantly. The filtered profile does seem to fit the actual
profile fairly well.

Verification The filter location is a variable that needs to be optimised. If the filter is too aggressive,
there is no data left to produce the foil section. If only a small part is filtered, the noise is still present
and will affect the results of the solution. To show that there is an ideal filter frequency, the error and
potential of the profile are plotted at different filter locations. The results of this analysis can be seen in
Figure 9.12. For both the amplitude and the frequency filter a dip in the error result can be observed.
For the frequency, the error of the profile dips to 0.0208 at 197 Hz. The error of the amplitude is lower
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(a) low pass frequency filter
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(b) high pass amplitude filter

Figure 9.12: The error and the curvature potential plotted over the low pass frequency and high pass amplitude filter

with 0.0204 at an amplitude of 2.407e-04. The potential of the curve at the optimum frequency filter
location is 1389 while the amplitude reaches 1575 at this point.

It should be noted that the frequency,amplitude, error, and potential values are all arbitrary values
that are highly dependent on the number of points and data locations in the profile. But for this one
profile they can be compared. Thus, it seems that the frequency filter produces the smoothest profile
with a small variation in the error. The results from the amplitude filter showed residual oscillations in
the results. This can be the reason for the stepped results in both the error and the potential of the
amplitude filter results in Figure 9.12b. The reduction of frequencies removed sharp corners from the
results. This is likely the cause of the smooth curve seen in Figure 9.12a and the lower potential value.

9.3.3. B-spline fitting: Result

The profile can be estimated with B-spline interpolation. A small set of control points will be placed to
form an equation that fits the data. The B-spline is first applied to the camber line.

0.0 0.2 0.4 0.6 0.8 1.0
Chord [x/c]

0.050

0.025

0.000

0.025

0.050

Th
ick

ne
s [

t/c
]

The NACA 4412 B-spline

NACA 0012
Thickness control points
B-spline thickness

Figure 9.13: The B-spline Thickness profile control points fitted to a NACA 4412

Validation: Thickness Spline The B-spline can also be implemented for the thickness profile. The
resulting fit of the B-spline to the extracted thickness of NACA 4412 can be seen in Figure 9.13. The
symmetric version of the NACA 4412 foil is the NACA 0012 foil. This version is thus plotted in Fig-
ure 9.13 and will be used to further evaluate this spline fit.

At first site, the fit seems to follow the curve of the reference foil. The trailing edge point is used to fit
the chord length in the Nacra Hydrofoils. This point seems to be positioned short of the actual chord
length. The maximum thickness does seem to fit the actual point.
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Figure 9.14: The error of the B-spline thickness fit plotted over the chord length showing small oscillation indicating a small
reduction in complex shape, and a larger deviation at the trailing edge showing a reduction in fit accuracy.

Verification: Thickness Spline .0008When normalising the y values, like the previous comparisons,
the error is a bit higher compared to the other fits. The error oscillates around 8.0e-4 with a large
increase at the trailing edge of 2.0e-3.

The control points are fitted to the shape variables. The X position of the last control point is free and
will fit the chord length. While the control point at the maximum thickness point is fitted using the data
extrapolated from the camber line. The error of these variables to the reference foil are given below
(Table 9.3).

Table 9.3: The Thickness B-spline error for the NACA 4412

Variable Difference [d/c] error in % chord
Trailing edge -3.579e-05 -
Chord Length -2.220e-16 -2.220e-14 %
Maximum Thickness 6.166e-07 1.028e-03 %
Maximum Thickness location 0.0232 -7.740 %

These values are larger than those found before. The estimated chord length was found to be approxi-
mately 1 x/c. While the actual chord length is exactly 1. The maximum thickness for the reference was
set to be 0.06 t/c or 0.12 t/c for both sides. The maximum thickness found for the reference foil was
0.06 t/c. While the spline found the maximum thickness of 0.06001. The maximum thickness location
for the NACA foils is approximately 0.3 x/c. The maximum thickness location found for the reference
foil was 0.302. The maximum thickness location fitted with the B-spline was 0.322.

The B-spline seems to provide accurate estimations of the NACA 4 series profile.
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Geometric deviation analysis: Results

Figure 10.1: An overview of the Nacra hydrofoil
showing the location of the different sections
combined with the terminology that is used to
describe the different parts of the Hydrofoil.

This chapter will evaluate the results obtained using the
methods described in section 6.2. The goal of the chapters
describing the ”Geometric deviation analysis” is to identify
the magnitude of the differences in shape between the hy-
drofoils. Before a comparison can be made. The method
needs to be validated if the output is obtained. This valida-
tion is described in section 10.1. section 10.2 identifies if
the methods produced accurate results by means of verifi-
cation. The methods are confirmed to provide good results,
so they can be compared in the next steps.

In order to compare the hydrofoils, the shape is decon-
structed into different parameters. These parameters are
the maximum camber (yc) and its location (xc), the maxi-
mum thickness (yt) and its location (xt), and the leading
edge radius (rle). After comparing each parameter, the cor-
relation between the parameters is evaluated.

Finally, the theory that the polynomial camber line fit can
identify mould misalignment is analysed in the final section
(10.4).

85
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10.1. Validation
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Figure 10.2: Macro validation of the foil placement to identify large placement errors, plotting the profile data in blue and the
camber line in orange.

The first validation of the processing is shown in Figure 10.2. The figure shows all the hydrofoil sections
plotted in the same plot. If there was a foil that did not align properly, it would show up in this graph. All
camber lines properly intersect the t/c = 0 line at the 0 and 1 x/c points. All leading edges are positioned
on the origin with the trailing edge at the right-hand side. This indicates that the process performed
correctly.
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Figure 10.3: The profile ZS00691 at section 26 with the mean camber B-Spline (orange) and the B-Spline profile (green)
overlaid of the profile data extracted from Catia.

When observing the B-Spline fit of the profile ZS00691, section 35. The fit of the B-spline produced a
relatively good approximation of the profile. There is a slight shift visible at the trailing edge in the top
right image. The trailing edge is more rounded compared to the B-Spline fit. The two curves match
when observing the complete profile in the bottom image. Even the fit at the leading edge (top left)
seems to follow the curve accurately. The B-Spline fit seems to fit the profile. Especially since this is a
profile is the outlier with respect to accuracy according to Figure 10.4a.
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(a) Error of the B-spline fit plotted along the chord, identifying the the
accuracy of the fit and possible outliers.
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(b) Error of the BP3333 B-spline fit along the span showing the accuracy
and precision of the fit.

10.2. Verification
For a better understanding of the accuracy of the program, the B-spline fit error is plotted in Figure 10.4a
along the span. The plot shows that the accuracy of the fit seems to be good. With the average error
not exceeding 0.0004c. When converting this accuracy to the actual profile. The fit error is (0.0004c
* 200mm =) 0.08 mm. There are two sections that produced an error that exceeded 4e-4c. These
are ZS00691, Section 26 and ZS00664, Section 50. When observing the ZS00691 foil section, in
Figure 10.3 the error seems to be located primarily at the trailing edge. This area is not as critical
compared to the leading edge for the alignment and fluid dynamic analysis.

A distinct step in the produced errors can be observed in Section 12. This step in error is likely caused
by the change in shape in Section 12. Before this section, the trailing edge is widened to provide good
support against the casing of the boat that holds the hydrofoil in place. The sections above are hard to
fit as the trailing edge widens and distorts the results of the thickness profile fit.

Figure 10.4a show’s the 25th percentile range in dark grey and the 1.5 quartile range in light grey. The
line indicating this range is smoothed to provide an understanding of how it progresses along the pan.
The quartile and 1.5 quartile ranges for the following comparisons are not filtered as a comparison. The
error can be seen to be stable after Section 12 up to Section 40. After Section 40 the error starts to
increase again. The increase in error seems to follow the reduction in the chord length that starts at
Section 35. The chord length slowly reduces from 200 mm at Section 35 to 80 at Section 50. This
reduction in chord length could increase the impact of the accuracy of the scanner. The same increase
in uncertainty can be seen in the error of the BP3333 spline fit (Figure 10.4b).

The leading edge is fitted with a separate spline using the B-Spline parameterisation method BP3333.
The resulting error from this method is shown in Figure 10.4b. The resulting error is slightly higher
compared to the fit shown in Figure 10.4a. The method for calculating the error is also different. The
difference cannot be directly compared. The spread of the error appears to be higher with the BP3333
spline, indicating a reduced precision.

The accuracy and precision of the results are found to be good for further analysis.
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10.3. Results of the Shape Parameters
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Figure 10.5: A picture showing all 6 different hydrofoils at section 35. It visualises the differences in shape at the leading edge
(top-left), trailing edge (top-right), and the general shape (bottom).

With the foil sections correctly aligned, the differences between the sections can be seen in Figure 10.5.
The leading edges differ in curvature as can be seen in the top left image. A variation in trailing edge
thickness resulted in a slight change of the length from the leading edge to the end of the profile data
(top right image). The sections themselves are very similar when compared in the overview image
(bottom). A slight shift in the camber line can, however, be observed (bottom).

For a better comparison between the hydrofoils. The maximum thickness (yt) and its location (xt),
the maximum camber (yc) and its location (xc), and the leading edge radius are compared between
the hydrofoils along the span in the following sections. This is followed by checking if there is any
correlation between a set of shape parameters of the hydrofoils.

10.3.1. Maximum Thickness location

0 10 20 30 40 50
Section

0.30

0.35

0.40

0.45

Ch
or

d 
[x

/c
]

Casing Elbow

Xt

Tip

Foil: ZS00531 Foil: ZS00691 Foil: ZS00663 Foil: ZS00544 Foil: ZS00696 Foil: ZS00664 1.5 IQR Mean

Figure 10.6: The variability of the Maximum thickness location (xt) along the span showing that different shapes are used
above the elbow (0.36/c), at the elbow (0.32/c) and below the elbow (0.37/c)

The variation in thickness along the hydrofoil span is plotted in Figure 10.6. The thickness location on
the chord varies along the profile span. The part above the elbow is located at around 0.36 x/c. While
this moves forward after Section 20. The most forward position of the thickness location is around 0.32
x/c. After Section 30 the location stabilises again at around 0.37 x/c. The standard deviation does
start to increase after Section 28. The results finally start to deviate significantly at the last 2 sections
(49-50).
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Figure 10.7: The difference between the Maximum thickness location (xt) of each hydrofoil highlighted by normalising the data
around the mean and plotted over the span by the sections.

Table 10.1: The sum of the deviation of the thickness location between section 13 (bottom of the boat) and 47 (start of tip) as
shown in Figure 10.7. Highlighting the trend of a given hydrofoil.

Foil code Plot colour Side Deviation as % of the chord [x/c]
ZS00531 Starboard 0.0940
ZS00691 Starboard -0.0848
ZS00663 Starboard 0.0705
ZS00544 Port -0.180
ZS00696 Port 0.0792
ZS00664 Port 0.0333

The comparison of the different hydrofoils over the span is better visualised in Figure 10.7. The first 13
sections are removed from the visualisation. These sections are located in the boat and do not affect
overall performance. The location of each foil is normalised with the mean thickness location that was
found in Figure 10.6. The increase in the standard deviation is now even more prevalent after Section
28. The interquantile range (light grey) seems to increase in area after section 28.

Observation of different hydrofoils, the ZS500544 (in red) hydrofoil can be seen deviating from the
set at section 28. After this point, the thickness locations are more forward compared to the other
hydrofoils. The thickness remains more forward along the span. The other hydrofoil that deviates
forward is ZS00691 (in orange). This deviation is mostly between sections 31 and 44. After 44, the
locations start to oscillate around the mean.

The hydrofoils ZS00664 and ZS00696 seem to be positioned closest to the mean along the span. The
ZS00664 (in brown) results are more stable along the span. It starts to deviate significantly at the tip
from Section 46. ZS00696 (in purple) fits in the interquantile range for most of the span. After Section
41 the thickness moves more aft over the chord compared to the mean. The hydrofoil ZS00531 (in
blue) presents a less stable position compared to the mean. It is mostly positioned in the interquantile
range along the span. It does tend to show a more aft location, especially after Section 32.

The position of ZS00663 (in green) seems to be the least stable of the set. This is mostly true up to
Section 28. After this section, the location steadily moves aft compared to the mean.

If the sum of the deviations for each hydrofoil is taken between Sections 13 and 47, the following results
can be observed (Table 10.1). The data contribute to the observation from Figure 10.7. The hydrofoils
ZS00531 and ZS00664 are located more aft compared to the mean. The foil ZS00696 reports an even
higher number, while this is not observed by visual inspection of Figure 10.7. The hydrofoil deviates
backward after Section 42. This might be enough to skew the results. The ZS00544 and ZS00691 foils
are normally lower compared to the mean. This can be observed in Figure 10.7.

10.3.2. Maximum Thickness

The results of the maximum thickness are multiplied by 2. This will make the results comply with the
measurement scheme used to identify the foil parameters. For the maximum thickness in Figure 10.8,
the same step can be seen as found in Figure 10.6. After section 20, the thickness decreases from
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Figure 10.8: The variability of the Maximum thickness (yt) along the span showing that different shapes are used above the
elbow (0.142/c), at the elbow (0.119/c) and below the elbow (0.113/c)

around 14.2 % to 11.3 %. A small step can be observed between Sections 24 and 26. The thickness
stabilises here around 11. 9%. The last two sections, at the tip, are more slender, as all hydrofoils
decrease in thickness percentage. This is expected as a winglet like the tip of the Nacra Hydrofoil is
usually a slender symmetric section. Its purpose is to reduce the tip vortex. This is created by the
generation of lift.
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Figure 10.9: The difference between the Maximum thickness (yt) of each hydrofoil highlighted by normalising the data around
the mean and plotted over the span by the sections.

When normalising the data around the mean, the results look as shown in Figure 10.9. The widening
of the interquantile range after section 28 is even more noticeable in this view. The results for the
thickness are more stable for the individual hydrofoil compared to the thickness location in Figure 10.7.
There is some variability before Section 28. But after this point, the different lines are more clearly
separated.

The hydrofoil with the greatest thickness is found to be ZS00531. This is closely followed by ZS00544.
They are approximately 0. 00175% thicker compared to the mean at sections 30 and 31. The thickness
of the mean at Section 31 is approximately 11.29 % of the chord. Therefore, these hydrofoils are
11.29175 % of the chord length thick. The chord length is approximately 200 mm of the sections. That
means that the variation in thickness is 0.35 mm. Thus, these differences are very small on the actual
hydrofoils.

The hydrofoils ZS00663 and ZS00696 are shown to be on the thinner side compared to the set of
hydrofoils. When observing the results in Table 10.2. This difference is confirmed. The ZS00664 and
ZS00691 are neatly in the middle of the range. The ZS00691 shows a higher value in Table 10.2, but
this could be explained by the large deviation at the tip.

It is interesting to note that the hydrofoil ZS00544 showed the location of the thickness to be the most
forward of the set of hydrofoils. While ZS00531 showed the location of the thickness to be moved
more aft compared to the mean. This seems to indicate that there is no correlation with thickness and
thickness location.
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Table 10.2: The sum of the deviation of the thickness between section 13 (bottom of the boat) and 47 (start of tip) as shown in
Figure 10.9. Highlighting the trend of a given hydrofoil.

Foil code Plot color Side Deviation as % of the chord [t/c]
ZS00531 Starboard 0.0370
ZS00691 Starboard 0.0021
ZS00663 Starboard -0.0293
ZS00544 Port 0.0305
ZS00696 Port -0.0225
ZS00664 Port -0.0101

0 10 20 30 40 50
Section

0.50

0.55

0.60

0.65

0.70

0.75

0.80

Ch
or

d 
x/

c

Casing Elbow

Xc

Tip

Foil: ZS00531 Foil: ZS00691 Foil: ZS00663 Foil: ZS00544 Foil: ZS00696 Foil: ZS00664 1.5 IQR Mean

Figure 10.10: The variability of the Maximum camber location (xc) along the span showing that different shapes are used
above the elbow (0.66/c), at the elbow (0.72 x/c) and below the elbow (0.63/c)

10.3.3. Maximum Camber location

The same trends can again be observed in the location of the maximum camber plotted in Figure 10.10.
There is a change in values between Section 20 and 28 (the elbow). The values in the top part between
sections 14 and 20 stabilise at a chord location of 0.67 x/c. The value stabilises again after the elbow
in Section 28. With uncertainty increasing at the tip. After Section 21 this increases in an arc up to
0.0.73 x/c at Section 25. After section 25 the arc continues downward up to section 32. After Section
32, the location of the hydrofoil varies between 0.62 x/c and 0.64 x/c.
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Figure 10.11: The difference between the Maximum camber location (xc) of each hydrofoil highlighted by normalising the data
around the mean and plotted over the span by the sections.

For the more detailed plot in Figure 10.11, the same increase in the IQR area can be observed. Unlike
the data that were shown before, the camber location is very unstable and the differences are relatively
small. According to Table 10.3, ZS00531 and ZS00696 are following the mean. The ZS00531 seems to
follow the mean line along the entire span. ZS00696 does show the camber moving forward at section
47 (the tip) and onwards. These observations are verified by the results in Table 10.3.

ZS00664 and ZS00663 both show larger negative (forward) values in Table 10.3. When comparing
these results with those shown in Figure 10.11. ZS00664 appears to follow the mean of the hydrofoils
well along the span. It deviates forward at Sections 17 to 20, and 29 to 33. The ZS00663 hydrofoil
appears to follow the mean along the span in Figure 10.11. The value in Table 10.3 shows a larger
offset to the front. This deviation is generally observed in Figure 10.11 between Sections 35 to 47.



92 Chapter 10. Geometric deviation analysis: Results

Table 10.3: The sum of the deviation of the thickness between section 13 (bottom of the boat) and 47 (start of tip) as shown in
Figure 10.11. Highlighting the trend of a given hydrofoil.

Foil code Plot colour Side Deviation as % of the chord
ZS00531 Starboard -0.0263
ZS00691 Starboard 0.174
ZS00663 Starboard -0.278
ZS00544 Port 0.214
ZS00696 Port -0.084
ZS00664 Port -0.179

However, this is the majority of the lower part of the hydrofoil. It is in part the section of the hydrofoil
that is always providing the lift.

There are two hydrofoils that tend to have the camber located more aft on the sections. These are
ZS00691 and ZS00544. The results of the ZS00544 follow the mean line for the first part along the
span. The results tend to move aft between sections 30 and 40. The results of the ZS00691 hydrofoil
show some significant outliers at sections 33, 44, 45 and after 49. The results apart from those values
follow the mean relatively well. The values move slightly aft between Sections 34 to 43.

10.3.4. Maximum Camber
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Figure 10.12: The variability of the Maximum camber (yc) along the span showing that different shapes are used above the
elbow (0.014/c), at the elbow (0.018/c) and below the elbow (0.02/c)

For the maximum camber, two distinct regions are visible in Figure 10.12. The camber before the elbow
and after. Before the elbow the camber thickness is 0.013 t/c or 1.3%. While the camber thickness
after the elbow variate between 0.021 t/c and 0.017 t/c. A larger camber is observed at the tip. This is
surprising as wing tips are usually more symmetric in shape resulting in a lower camber thickness. It is
clear that the uncertainty of the camber thickness starts to increase after the elbow, as was observed
in all other metrics.
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Figure 10.13: he difference between the Maximum camber (yc) of each hydrofoil highlighted by normalising the data around
the mean and plotted over the span by the sections.

When observing the normalised data in Figure 10.13. The hydrofoil ZS00544 stands out below the
mean. This is influenced by the summarised data shown in Table 10.4. The highest maximum camber
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Table 10.4: The sum of the deviation of the camber location as shown in Figure 10.13.

Foil code Plot colour Side Deviation as % of the chord
ZS00531 Starboard 0.0151
ZS00691 Starboard 0.0582
ZS00663 Starboard 0.00965
ZS00544 Port -0.0384
ZS00696 Port -0.00744
ZS00664 Port 0.000246

can be seen in the hydrofoil ZS00691. This hydrofoil is significantly above the mean between sections
27 to 48. This results in a higher value in Table 10.4. The second foil with a higher maximum camber,
according to Table 10.4, would be ZS00531. This hydrofoil can be seen mainly above the mean at the
elbow. During most of the span, the maximum camber is around the mean value.

ZS00696 can be seen increasing in camber after section section 36 until section 45. Due to the lower
camber at the root of the hydrofoil, the value in Table 10.4 is relatively small. The last two hydrofoils
are all similar to the mean camber along the span of the hydrofoil.

10.3.5. Leading edge radius
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Figure 10.14: The variability of the leading edge radius (rle) along the span showing that different shapes are used above the
elbow (0.0124/c), at the elbow (0.0101/c) and below the elbow (0.0073/c)

The leading edge radius variability is shown in Figure 10.14. With every part the leading edge becomes
sharper. As a smaller radius indicates a sharper leading edge. The radius starts at 0.0124 r/c and
decreases to 0.0073 r/c. The uncertainty does not seem to increase as much as with the previous
parameters. Although a larger spike of variability can be seen around section 26 in the elbow.
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Figure 10.15: The normalised variability in the leading edge radius (r_le) along the hydrofoil span

For normalised data, ZS00554 and ZS00531 stand out as having a larger radius leading edge. This
larger radius is particularly seen after Section 30 for the Hydrofoil ZS0544. The leading edge of the
hydrofoil ZS00531 is more round at the elbow. These observations are complemented by the larger
comparative negative values in Table 10.5.
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Table 10.5: The sum of the deviation of the leading edge radius as shown in Figure 10.15.

Foil code Plot colour Side Deviation as % of the chord
ZS00531 Starboard -0.0107
ZS00691 Starboard 0.00610
ZS00663 Starboard 0.00993
ZS00544 Port -0.0231
ZS00696 Port -0.00664
ZS00664 Port 0.0283

The sharpest average leading edge, according to Table 10.5, should be ZS00664. The leading edge
can be seen above the mean from the root to section 30 just past the elbow. The hydrofoils ZS00691
shows the same sharper leading edge at the root, but these differences are less distinct.

The subsequent hydrofoils are all similar to the mean leading edge values along the span.

10.3.6. Shape parameters Correlation
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Figure 10.16: Different plots showing if a correlation between one of profile parameters exists.

When comparing each of the previously described shape parameters with each other. The scatter plots
shown in Figure 10.16 are obtained.

In the comparison between the maximum thickness (yt) and the maximum thickness location (xt) a v
shape can be observed. The maximum thickness (yt) and the location of the camber (xc) are formed
into two curved lines. There could be a linear correlation between the radius of the leading edge (rle)
and the maximum thickness (yt). In this plot, the data seems to be located on three different lines. The
plots that are not yet mentioned, all seem to show one big cloud of points.

The three lines of the leading edge and maximum thickness plot seem to suggest that these shapes
are a result of the 3 different profiles that are used in the hydrofoil design.

10.4. Results of polynomial camber line fit as an indicator for mould
miss-alignment.

The polynomial fit was not found to be a good approximation of the camber line in subsection 9.2.3.
When validating this approach, it was noticed that either the leading or trailing edge extended upwards.
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(a) Denoted by -1 (b) Denoted by 0 (c) Denoted by 1

Figure 10.17: Showing how the polynomial Camber line can deviate upwards at the leading edge (Marked by -1), upwards at
the trailing edge (Marked by 1), or both extend downwards (Marked by 0).

Never did both extend upwards. Due to the positive camber, the camber line is expected to extend
downwards at both ends.

With only one end that extends upward, this could be an indication of the misalignment of the moulds.
The polynomial camber line was given a number using the method shown in Figure 10.17. When
applying this to all sections, the table (Table C.1) shown in Appendix C. The first 13 sections, which
are located in the boat, mostly show the trailing edge extending upwards. This could be explained by
the thickened trailing edge that provides good support in the hydrofoil casing.

This tendency to move upward can be seen in the first row of Table 10.6. When averaging the data
past Section 13, the data is approaching 0.

Table 10.6: The sum of the sections sections shown on the right with a section given (-1) with the leading edge extending
upwards, (1) with the trailing edge upwards, and (0) with both extending downwards.

Section ZS00531 ZS00544 ZS00663 ZS00664 ZS00691 ZS00696
0 - 13 0.92307692 1 1 0.84615385 0.38461538 1
13 - 50 0.02702703 -0.1081081 -0.1891892 0.18918919 -0.2702703 0.02702703

However, the data in section 13 is showing an interesting result. Both ZS00696 and ZS00531 show
values close to 0. For hydrofoil ZS00531 most of the values are equal to 0 as well. The hydrofoil
ZS00696 starts with a larger number of (1)’s, followed by an almost equal number of (-1)’s. While most
values for ZS00691 are (0), all deviating camber lines deviate up at the leading edge.

It can be seen that the data do not show a clear trend. But it seems to be a slight indication that there
are differences in this area between the hydrofoils.





11
2D section hydrodynamic analysis:

Results

11.1. Results of the Friction Coefficient Analysis

(a) Showing it Plotted on a foil section
(b) Showing it plotted in 2D with x starting from the bottom surface on

the left.

Figure 11.1: The friction coefficient plotted for the Nacra hydrofoil ZS00544 at section 35. With the friction coefficient offset
below zero, highlighting the location of the flow separation on the surface.

The friction coefficient (cf ) on top of a 3D profile is shown in Figure 11.1. The dark blue area’s show
the location where the friction coefficient is negative. This corresponds to the area of separated flow.
Figure 11.1a shows how the separation at the leading edge moves forward when the angel of attack
increases (right to left). The dark part on the bottom right shows the stall of the section at negative 20
AOA. The leading edge experiences high friction as the air curves past the leading edge. This would
also be the area where the pressure coefficient is high.

The 3D representation helps to gain an intuitive understanding of where the separation of flow is occur-
ring. It covers a large part of the section. This prevents one from observing the whole surface to see
how the separation develops. The surface of the profile can be plotted on a flat plane using the same

97
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colours. This representation is shown in Figure 11.1b. The angle of attack is now located on the y-axis
and spans 20 degrees (top) to -20 degrees (bottom). The profile is not as clear in this representation.
The bottom surface starts at the trailing edge at chord -1 (left). With the leading edge in the middle at
chord 0 and finally the top trailing edge at 1 (right). In this representation, the development of the stall
can be clearly seen as the separated flow moves from the trailing edge towards the tip at (alpha<-13 ,
lower surface)(alpha <12, upper surface).

Small areas of laminar separation visualised by the thin blue strips near the leading edge. The flow
separates in the dark blue area and attaches to the surface again afterward. A small region of laminar
separation can be seen on the top trailing edge surface after -4 AOA.
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(b) The critical pressure with the flow transition plotted on top

Figure 11.2: The Friction coefficient for ZS00531, Section:35 at Reynolds number 1.03e06 shown with the critical pressure for
the onset of ventilation plotted in the red encircled area. The flow transition is plotted on top to show how the turbulent

transition develops over different AOA

The figure can be enhanced with the addition of the critical ventilation pressure coefficient Figure 11.2.
As ventilation requires both a separated flow and a pressure below ambient air pressure, this is the
only area where the pressure is plotted. The area is highlighted by a red line (Figure 11.2a).

The flow region separated at the leading edge is critical. Pressure is always below ambient pressure,
allowing ventilation. A small section of the separation at the trailing edge can also be seen. At 0 angle
of attack, the section might ventilate at this Reynolds number linked to 10 knots of boat speed.

That these area’s are laminar flow separation can be seen in Figure 11.2b. In this plot, the flow transition
from laminar to turbulent is shown by the orange (lower surface) and blue (upper surface) lines. The
lines are behind the separated region when looking from the leading edge. Therefore, the laminar flow
separates, transitions to turbulent, and reattaches to the surface.

The figures 11.3a to 11.3c shows the surface at the different Reynolds numbers. The speed of the flow
does affect the separation significantly.

When observing the stall of the foil, shown by the large separated regions on the top and bottom of the
figures in Figure 11.3, the region decreases in size with increasing Reynolds numbers. Higher speed
flow can adhere better to the surface. The same observation can be seen in the thin strips of separated
flow at the leading edge. The width (along the chord) of this region decreases with increasing Reynolds
numbers. However, the initial AOA of initiation does not change with the Reynolds number. It can only
be seen to move away from 0 AOA by approximately a degree.

The separated flow at the trailing edge almost disappears at the highest Reynolds number. The region
moves more aft on the chord. The initiation of the separated region only appears at higher angles of
attack with increasing Reynolds numbers.
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(a) Reynolds number: 1.03 e6
or a speed of 10 knots
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ZS00531, Sec: 35, Re: 2.31e+06
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(b) Re of: 2.31e6
or 22.5 knots
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(c) Re of: 3.59e6
or 35 knots

Figure 11.3: The friction coefficient plotted for ZS00531, Section: 35 at different Reynolds numbers with the critical ventilation
pressure highlighted in the red enclosed area and the laminar to turbulent flow transition shown with the blue (upper surface)

and orange (lower surface).
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Figure 11.4: The angle of attack over the drag coefficient (cd) for section 35, plotted at 3 different Reynolds numbers.

11.2. Results of the Drag Bucket analysis
The location of the regions of separation will affect the drag of the profile. A turbulent flow results in
a higher resistance compared to a laminar flow. The presence of separated flow increases the profile
drag. These effects can be seen in the drag bucket of the profile (Figure 11.4).

The size of the drag bucket can be seen to decrease with increasing speed. Mean while the drag itself
decreases. The minimum drag can be seen in the right most image, just below zero AOA. The result
from ZS00691 stands out from the data. The section of this profile presents more drag at negative
angles of attack. The drag bucket is significantly smaller at these negative angels. Although ZS00691
starts to deviate at 2.5 degrees, most sections only do so between 3 and 3.5 degrees.

Comparing the friction coefficient distribution for both ZS00531 and ZS00691 identifies the reason for
this decrease in the drag bucket size. The separation bubble at the leading edge starts closer to 0 for the
ZS00691 hydrofoil section (Figure 11.5). The laminar flow transition line in orange (Figure 11.5b) starts
to curve to the leading edge at approximately 0 degree of AOA. When the drag curve (Figure 11.4 far
right) is observed at the same angle, the drag can be seen to increase. The sharp corner at -2 degrees
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(a) ZS00531 section with the laminar separation bubble at angles
smaller than -4 degrees and bigger than 5 degrees
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ZS00691, Sec: 35, Re: 3.59e+06

0.02

0.00

0.02

0.04

0.06

0.08

0.10

Fr
ict

io
n 

Co
ef

fic
ie

nt

2.5

5.0

7.5

10.0

12.5

15.0

17.5

Pr
es

su
re

 c
oe

ffi
cie

nt
 b

el
ow

 c
rit

ica
l v

en
til

at
io

n 
pr

es
su

re

(b) ZS00691 section with the laminar separation bubble at angles
smaller than -2 degrees and bigger than 3.5 degrees

Figure 11.5: The Friction coefficient for ZS00531 compared to ZS00691 at section 35 and Reynolds number 3.59e 6

(Figure 11.4) corresponds to the start of the separation bubble on the lower surface of the ZS00691
section (Figure 11.5b).

The same connection can be made with the other profiles that deviated from the group. The AOA over
drag graphs for the different span-wise sections are given in section D.3. From the sections that were
analysed, the following outliers were detected with their corresponding section in the appendix.

• Section 15, ZS00663: Early separation at negative angles of attack
(AOA over cd, Figure D.1)(cf graphs, Figure D.2)

• Section 24, ZS00664: Early separation at positive angles of attack
(AOA over cd, Figure D.3)(cf graphs, Figure D.4)

• Section 30, ZS00544: Early separation at positive angles of attack
(AOA over cd, Figure D.5)(cf graphs, Figure D.6)

• Section 35, ZS00691: Early separation at negative angles of attack
(AOA over cd, Figure D.7)(cf graphs, Figure D.8)

• Section 40, ZS00691, ZS00696, ZS00664: Early separation at negative angles of attack
(AOA over cd, Figure D.9)(cf graphs, Figure D.10)

11.3. Results of the performance impact on lift over drag
The impact of ventilation will probably be limited to the profiles with early separation at positive angles
of attack. Negative angles of attack are found at the upwind hydrofoil. This hydrofoil needs to be
in the water due to how the boat is constructed. It is common for hydro foiling sailboats to lift the
upwind hydrofoil out of the water. The hydrofoil is producing upward and side-ways lift. The side-ways
component is used to counteract the side-ways component of the wind. This balance is what makes a
sailboat move forward.

When the downwind side ventilates, the loss of lift also results in the loss of sail pressure. This has the
effect that the boat drops into the water and loses most of the speed.

Separation on the lower surface affects drag. For Figure 11.4, the increase in drag due to the separate
flow is 0.0025 or 38% compared to 0.006 (cd). The same magnitude of difference can be seen in the
lift-versus-drag comparison (Figure 11.6).

The minimum drag between the different sections is practically the same. There is a slight difference in
the size of the drag bucket and the rate of increasing the drag at the edges. Both ZS00531 (blue) and
ZS00663 (green) show a slightly larger drag bucket. This results in a decrease in drag, at Reynolds
number 2.31e 6, of 0.0006 cd or 9% compared to the other profiles with a lift coefficient of -0.1. On the
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Figure 11.6: The lift coefficient (cl) over the drag coefficient (cd) for section 35

positive lift coefficients the difference is distributed more evenly. At a lift coefficient of 0.6 the difference
between ZS00531 (0.0066 cd) and ZS00544 (0.0075 cd) is 0.0009 or 12 %. The drag can be calculated
from the drag coefficient. The Reynolds number of 2.31e6 was calculated for an equivalent boat speed
of 22.5 knots. The water was estimated to be fresh water at 20 degrees Celsius with a density of 998 kg

m3 .
With the chord length of this section assumed to be 200 mm, the difference in drag can be calculated
to be 13.4 Newton. This is equal to 1.4 kg.

The difference in the lift coefficient, with a drag coefficient of 0.0066, for ZS00531 (0.6 cl) and ZS00544
(0.55 cl) is a loss of.05 or 8% of lift for ZS00544. Using the same calculation as shown for the resonance.
The loss of lift is 668 N or 68 kg. It should be noted that the differences for the full hydrofoil will likely
cancel each other out and result in smaller differences.
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Figure 11.7: The lift coefficient (cl) over the drag coefficient (cd) for section 35 for the full range of lift coefficients

The complete range of the lift coefficient for the lift over drag comparison can be observed in Figure 11.7.
When comparing the maximum lift coefficient with the maximum thickness identified in Figure 10.9, no



102 Chapter 11. 2D section hydrodynamic analysis: Results

correlation can be found between the two. This is clear as both ZS00531 and ZS00663 are seen to have
the highest maximum lift coefficient. While the ZS00531 hydrofoil has the largest maximum thickness,
ZS00663 has the lowest.

The absence of a relationship between the maximum thickness or any of the shape parameters shown
in chapter 10 is more evident when looking at the lift-to-drag ratio of the other sections in section D.4.



IV
Discussion

103





12
Digitisation of the Nacra 17 Hydrofoil:

Discussion

12.1. Result discussion
There are a number of clarifications that need to be made after observing the results. These are the
use of different measurement settings, apparent span-wise bending in the hydrofoil, and the use of
Catia.

Different testing settings are used for the hydrofoils as shown in table 4.2. The shutter speed and
resolution show a variation between the different hydrofoils. The variation in the shutter speed resulted
due to different surface finish and room lighting. With glossy surfaces finishes, the shutter speed needs
to be increased in order for the scanner to measure the surface. At lower shutter speeds, the scanner
does not measure the surface correctly. This requires slower movements by the operator to achieve
full scan coverage. With this difficulty to scan the surface, holes in the covered area could occur. This
would result in measurement errors. The brightness of the surrounding light affected the shutter speed
as well. A brighter room reduced the ability of the scanner to detect the lasers, and thus resulted in
lower quality scans.

The shutter speed does not directly affect the accuracy of the scan and does not affect the final result.
A lower shutter speed allows for higher resolution. The scan data rate is related to the shutter speed
and resolution. At a very high resolution and/or shutter speed, the 16GB video memory of the laptop
filled up and caused the programmeme to crash. This resulted in a loss of the complete scan. The
0.5 mm resolution was a suggestion by the support staff working with the 3D scanner. The resolution
of 0.4 mm was found to be sufficient to produce a scan. A lower resolution would fill up the video
memory. The author expects that the scans increase in quality with each successive scan. This results
from the increase in the skill of operating on the hydrofoils. Combing the increase in resolution and the
improvement of the operators skill does affect the final result. The effect of quality is mostly focused
at the leading and trailing edges. This quality should be taken into account for further analysis. It is
assumed that the hydrofoils can still be compared despite this change in accuracy.

The measurement setup chosen for the digitisation of the hydrofoils allowed for easy access to all sides
of the hydrofoil. During the measurements, it was observed that the pressure of the foil on the wooden
post varied between the hydrofoils. Combining this observation with those made in the results about
the difference in span wise bending, one can conclude that this setup deformed the hydrofoils slightly.
This difference in bending could distort the results in further investigations. For the current analysis
made within this report, this difference is not noticeable. The hydrofoils are compared as 2D sections.
These sections need to be aligned individually, thus removing effects of this bending on the final results.

The results obtained from Catia showed less detail compared to the comparison made using VXele-
ments. For further analysis, VXelements would be the preferred program. The reason for the use of
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Catia was mostly due to the limited availability of the required computer and licence usb. Without this
usb, the programme did not allow for the necessary modifications needed for the processing of the foil.
The PC and USB licence are part of the measurement setup. This made acquiring the computer and
processing a timely process. Combined with the lack of experience with the program, resulted in the
use of Catia for further processing of the hydrofoils.

12.2. Hypotheses
H. 1.1: The differences between the hydrofoil are greater than 0.1226 mm as calculated in equa-
tion (4.2) The difference in thickness observed in Catia, presented in Table 8.2, shows much higher
numbers compared to the calculated volumetric accuracy. The values in Catia showed a range between
1.9 and 4.6 mm of absolute difference. The largest deviations observed in VXelemenets, presented in
Table 8.1, are significantly smaller. That comparison showed a difference in thickness between 0.125
and 0.39 mm. The comparison in VXelements allowed the distinction between thinner and thicker parts
of the hydrofoil. The deviation in thicker compared to reference hydrofoil was smaller (0.124 mm - 0.297
mm) compared to the deviation in thinner hydrofoils (-0.127 mm - -0.389 mm). These values are very
close to the volumetric accuracy.

When comparing a 3D scan to an actual object in section 8.3. The problem becomes even more difficult.
The test compared the width and thickness of a small metal plate with the 3D scan results. The width
measurements showed a deviation of only 0.01 mm. Although the thickness deviated by 0.04, while
the volumetric accuracy was estimated to be 0.026mm. This is a relatively large difference of 1.68%.

However, there was a problem with this measurement. On the scan of the plate, the position markers
can still be seen. These remnants of the markers could also be seen in some of the hydrofoil scans.
The current assumption is that these could not be removed by VXelements due to large curvatures.
These bumps are only visible on the very leading and trailing edges of the hydrofoil. All the markers
on the metal strip are located near a sharp edge. This could have easily changed the measurement by
the 0.03 mm difference seen in the thickness.

The 3D scanner does seem to produce high detail that can be used to make objective conclusions from
the data. It can still be the case that the hydrofoils vary in thickness due to the scanning method. This
should be taken into account when drawing conclusions from the data.

H. 1.2: The hydrofoil varies in shape along the span, requiring a scan of the complete surface

The changes in geometry were best visualised by the comparison made in VXelements. The vxelement
comparisons are shown in figures A.8 and A.9 in section A.3. The results noted the difference in thick-
ness at the elbow of the hydrofoil. The magnitude of this difference varied with each hydrofoil. Using
the colours of the deviation analysis, a difference in leading or trailing edge thickness was observed.
These differences did not span the entire hydrofoil but changed along the span. This validates 1.2 and
in turn the use of a noncontact reverse engineering solution.

H. 1.3: The sanded resin layer provides a good measurement surface without the need for extra pre-
processing for the scan

The carbon wave pattern was slightly visible in the scan as highlighted in Figure 12.1. This can be
due to the scanner looking through the resin surface. Or it could be due to insufficient post-processing
by DNA composites. This pattern will show up, unless the surface is sufficiently sanded and coated
multiple times. The pattern seems absent from the leading edge of the profile.

H. 1. The Creaform HandyScan Black provides the necessary accuracy at high measurement speeds
in order to digitise all hydrofoils in a timely matter.

The Creaform HandyScan Black is suitable for measuring hydrofoils. Non-contact measurement tech-
niques seem to be the better option due to the variations along the foil. The foil itself is tapered, changing
sections, and there are definitely differences along the hydrofoil. The accuracy of the scanner is very
close to the actual variations. The accuracy of the new 3D scanners will improve with time.
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Figure 12.1: Showing the top of an Nacra 17 Hydrofoil scan, with the visible carbon weave highlighted by the black lines. A
clear line is seen at the (presumed) boat support point showing a more detailed surface on the right side (below the boat)

underneath the red line.

12.3. Conclusion
The hydrofoils seemed to be identical when observed with the naked eye. This required the use of
reverse engineering to identify potential differences between the hydrofoil geometries. Using the liter-
ature, different reverse engineering options were identified. These were (as available for this project)
optical and contact probing measurements. It was assumed that the deviations in shape were not con-
stant along the hydrofoil. Therefore, this requires the measurement of the profile at different locations
along the span. When using a contact method, this would take a significant amount of time. The re-
sults would only be of slightly higher accuracy. With the requirement for the most accurate method for
scanning multiple sets of the complete hydrofoil, the Handy Scan Black was chosen to be the most
suitable option.

After digitising the hydrofoils. It was found that the differences between the hydrofoils changed along
the span. Although optical scanners are less reliable on mirror or transparent surfaces. It is concluded
that the possible differences are insignificant to the final result.

Using a small plate as the reference geometry. A scan error of 1.68% was found for the thickness or
the plate. This error is 50% higher than the stated accuracy of 0.02mm. The width of the plate was
digitised with a standard error of only 0.01 mm. It seems that this error does not scale the size of the
part. The difference in thickness could be contributed to the error introduced by the position markers
close to the edge. As these markers could not be removed by the software in the post-processing.

The differences between the hydrofoils were found to be between 0.1 and 0.4 mm using VXelements
and up to 4.6 mm in Catia. Differences between the different modelling programmes can be attributed
to unfriendliness. The programme VXelement was, however, not able to extract the cross sections
and thus Catia needed to be used. The differences in Catia validate the positioning of the different
Hydrofoils along the same axis.

The hydrofoils are thus successfully digitised using the 3D scan programme VXelements and orientated
using Catia. The 2D sections exported from Catia can now be used to analyse the Hydrofoils in detail.





13
Research Method Validation for 2D

Section Processing: Discussion

13.1. Result Discussion
With the results of the hydrofoil processing shown in section 6.2. Some observation should be dis-
cussed.

The voronoi method (section 5.2.2) is limited to data sets that contain a large number of points. The
voronoi vertex points are calculated with 3 data points. This results in a data set that resembles a saw
tooth. These tooth are two points located very close to each other, one higher than its neighbour. When
only a small number of points are used (100), the difference between these points becomes noticeable.
When the number of points increases, the distance between these points decreases as well. With the
500 points used for the NACA 4412 foil, offset was no longer a problem. But it should be taken into
account when applying this method to find the mean Camber.

The low-pass frequency filter on the profile data was found to be the optimum solution to reduce small
variations in the surface while maintaining the actual shape of the profile. The method showed a high
degree of accuracy for the ZS00696 foil at section 30. The creation of the data shown in Figure 9.6
needed to run for 14 hours. Therefore, it is not an optimised method of processing the data.

13.2. Hypothesis
Using the results presented in chapter 9, the hypothesis presented in chapter 5 can be answered.

The first step was to identify whether the profile itself could be used for accurate alignment, forming the
hypothesis:
H. 2.1: The Leading and trailing edges can be found consistently by using the raw data set.
From the methods suggested that are capable of identifying the leading and trailing edge, hypothe-
ses 2.1.2 to 2.1.5 did not provide a repeatable solution for the Nacra hydrofoils. There were two meth-
ods that were able to approximate the profile extreme points. These are the method based on the
farthest distance between two points (hypothesis 2.1.1 in sec: section 5.2.1) and by using the polar
coordinates (hypothesis 2.1.6 in sec: section 5.2.1). The method based on the furthest points showed
a high sensitivity to the spacing and placement of the data points. In the provided example, the error
in the chord length was calculated to be 0.131% (section 9.1.1). While the error for the method using
polar coordinates estimated the chord length with an error of -0.0201% (section 9.1.4).

The polar method provided the extra benefit of the independence in orienting the profile and ordering
the coordinates ([x,y] or [y,x]). These are both important characteristics. The coordinates are ([y,x]) after
the first rotation to the local coordinate system as highlighted in subsection 6.2.1. The initial profile data
are shown with the leading edge in the positive x direction (Figure 13.1). Using the angle theta, the
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Figure 13.1: A Profile section as it is exported from Catia, showing that the leading edge is in the wrong direction

direction of the coordinates could be reversed to obtain the requirement that the data start at the top
trailing edge and finish at the bottom trailing edge.

After the methods using just the profile itself. Methods using the camber line combined with the esti-
mation of the camber line are presented. The question is if the camber line can be extracted from the
raw data and thus evaluating the hypothesis:
H. 2.2: The camber line can be extracted from the profile data
Two methods are proposed that could create data that estimate the camber line. These methods are
using the offset of the profile (hypothesis 2.2.1 at section 5.2.2) and using voronoi vertex points (hy-
pothesis 2.2.2 at section 5.2.2). Both methods provided accurate data that followed the camber line
of a NACA 4412 foil in section 9.2.1 (Offset) and section 9.2.2 (voronoi). The data for the offset of the
surface lacked detail at the top of the camber line. The voronoi data did not extend to the leading and
trailing edges.

The methods thus show a lack of accuracy in different areas. While the accuracy of the overall solution
is very similar. This led to the use of both methods to estimate the camber line.

The camber line curve could be approximated using a polynomial (hypothesis 2.2.3 at section 5.2.2)
or a B-Spline fit (hypothesis 2.2.4 at section 5.2.2). The polynomial fit was a promising option when
applied to the NACA 4412 data. But when applied to the actual data. The extrapolated portion of the
line curved significantly and missed the leading and trailing edge.

The B-splinemethod provided an accuratemethod of estimating the camber line using the data obtained
with the offset and voronoi methods. The good performance of the B-Spline is likely due to the nature
of how foil profiles are constructed. For the NACA four series, the camber line is split in a formula for
before the maximum camber and a formula after the maximum camber. Therefore, the resulting curve
might be too complex to be fitted by one polynomial. In order to fit both curves, the maximum camber
point needs to be known. This is not the case in the Nacra hydrofoil sections.

The B-Spline will be used to estimate the camber line of the Nacra hydrofoils. This leads to the use of
a B-Spline fit to estimate the thickness profile of the sections.
H. 2.3: The Profile can be accurately approximated by applying a low pass filter on the data.
Extraction of the thickness profile using the estimated camber line. Combined with the B-Spline fit
through the data, this provided an accurate method of estimating the thickness profile. The B-spline
fit could thus be used to estimate profile parameters such as the maximum thickness and maximum
camber. The resulting profile allowed for an accurate method of aligning the different sections of the
coordinate system.

The method did not fit the profile perfectly. The data were reduced to a less complex curve. This could
be a problem in further fluid dynamic research. The curvature of the leading edge is a critical shape for
the speeds at which the Nacra operates. So, while the hypothesis is technically invalid. The method is
still used to obtain the profile parameters and to align the profiles in the same orientation.

The method of using a low-pass frequency filter was proposed to solve the problem with noise without
losing the shape.
H. 2.4: The profile can be accurately approximated using a B-spline function for the Camber line and
the thickness profile.
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The method of filtering the profile data using a low-pass filter, proposed in subsubsection 5.2.3, showed
great promise in subsection 9.3.2. A clear optimum was observed when filtering the profile data. When
applying this optimal frequency as a low-pass filter on the profile. A good approximation of the profile
was obtained. This profile followed the curve well at the leading edge. This method will be used to
profile data to any further Fluid dynamic research.

13.3. Conclusion
This sections covering ”Research Method Validation for 2D Section Processing” attempted to find a
good approach to process the raw data from Catia, in order for the sections to be compared to each
other, published foil sections, and to be used in fluid dynamic analysis. For the programme Xfoil, the
leading edge must be placed at the origin ([x=0,y=0]), the trailing edge on the x-axis with a length of 1
([x=1,y=0]), and the data should start at the top trailing edge following the contour of the section to the
bottom trailing edge.

It started with identifying methods for finding the leading and trailing edge of the section. This could
thus be used to orient the foils in the correct orientation. The best method was found to be by analysing
the profile in polar coordinates. Both the leading edge and the trailing could be found with the foil placed
in any orientation. However, this method was not accurate enough for the final orientation.

For the final orientation, the leading edge and trailing edge are estimated with the use of the camber
line. This camber line is approximated by using voronoi and the offset of the surface to create a data
set. The actual camber line is created with a B-Spline fit through that data set. This camber line could
then be used to extract the top and bottom surfaces of the profile. These are subsequently fitted with a
B-Spline representing the thickness profile. With these two B-Spline fits, the maximum thickness and
camber could accurately be extracted of the profile.

Although the B-spline approximation provided an accurate representation of the profile. A lack of detail
was found in the curve of the leading edge. For this reason, the last method was proposed. It attempts
to filter the measurement noise from the data using a low-pass filter. This provided very promising
results. The low-pass filtered data will be used for the analysis with fluid dynamics.
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Geometric deviation analysis:

Discussion

14.1. Result Discussion
The fit of the profiles on the boat casing produced some varying results. This was attributed to the
increased trailing edge at sections 1 to 12. This thick trailing edge is used to create a good support
against the boat. This part affected the thickness profile. The trailing edge will never converge at this
part of the hydrofoil. While the fit of the thickness profile did assume that the top and bottom surfaces
converge in a point. Because of this, the chord length was estimated to be much further away as to
where it should be. This scaled the complete profile down. The camber line fit is less precise at larger
distances from the last data point. This resulted in the camber line curving more. Combining both
effects, rotated the foil more as it should have been. All data above Section 12 will thus not be useful
for any analysis. It also does not affect the flow of water and thus will not affect the boat’s performance.

The results of the maximum camber and its location are affected by the initial fit with the current method.
The mean camber will be fitted on the orientation made with the polar coordinates. This was not the
most accurate method. Because of this, the profile is rotated again after finding the leading and trailing
edges with the B-Spline fit. After the rotation, the maximum location could change as a new spot is the
highest point. The spline knots at the maximum are no longer horizontal. During the project, this was
assumed to be acceptable. The rotations are very small, and thus the shift in location will be relatively
small. This shift is assumed to be lower as the degree of accuracy is used in the plots. But the results
are technically skewed because of the rotation.

Table 14.1: The different mean of the shape parameters of the hydrofoil at the sections above the elbow, at the elbow and
below the elbow of the hydrofoil showing the different foil designs that are used.

xt yt xc yc
Above
Elbow 0.36 0.14 0.66 0.14

At
Elbow 0.32 0.12 0.72 0.018

Below
Elbow 0.37 0.11 0.63 0.020

When observing the results of the different parameters. It is clear that the hydrofoil is designed using
3 different cross sections. The values of these sections can be seen in Table 14.1. There are three
distinct sections. When observing the hydrofoil on the Nacra, all three sections fulfil different roles.
The top of the board prevents the boat from drifting sideways. The elbow needs to connect the top and
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bottom while experiencing an accelerated flow due to the curve. The bottom part of the hydrofoil lifts
the boat out of the water.

14.2. Hypothesis 1
The hypothesis formulated for ”Geometric deviation analysis” and set out in section 6.2.

H. 3. Manufacturing defects can be identified by the differences in the shape parameters of the different
hydrofoil sections.

With the shape analysed in detail in these sections, the hypothesis stated in ”Digitisation of the Nacra
17 Hydrofoil” (section 4.2), regarding the measurement accuracy should be re-evaluated. Therefore,
the hypothesis related to the measurements will be evaluated before the interpretation of the geometric
results. The important hypotheses related to accuracy and shape are hypotheses 1.1 and 1.2.

The first hypothesis (hypothesis 1.1) stated that the differences in the hydrofoils are greater as the vol-
umetric accuracy is 0.1226 mm. When multiplying the results of the average deviation of the maximum
thickness (table 10.2) by the average chord length of 200 mm. The largest value is 0.212 mm and the
closest value to 0: 0.0120 mm. These are around the volumetric accuracy. The largest and smallest
deviation for the other parameters are shown in Table 14.2

Table 14.2: Showing the maximum average Deviation for each hydrofoil in millimetres.

Maximum average Deviation [mm] Minimum average Deviation [mm]
xt -1.03 ZS00544 -0.19 ZS00664
yt 0.212 ZS00531 0.012 ZS00691
xc 1.22 ZS00544 -0.482 ZS00696
yc 0.333 ZS00691 0.00141 ZS00664
rle 0.171 ZS00664 -0.0174 ZS00696

The results are barley above the calculated volumetric accuracy. The actual accuracy of the hydrofoils
could be better, as shown with the width measurements of a small plate in section 8.3. It does show
that definitive conclusions cannot be made from the results of the hydrofoils.

The second hypothesis (hypothesis 1.2) stated that the shape varied along the span of the hydrofoil.
This hypothesis can be confirmed using the plots in section 10.3. All parameters showed a variability
in shape along the span. Three different shapes could be observed before the elbow, at the elbow, and
after the elbow with some changes at the tip of the hydrofoil. When the data were normalised, some
variability along the span between hydrofoils could also be observed. It is clear that the hydrofoils differ
in shape and that this difference is variable at different points along the span.

With the accuracy of the measurements identified. The subhypothesis supporting hypothesis 3 can be
evaluated. The first hypothesis is related to the closure of the mould, stating:

H. 3.1: The profile thickness can be an indicator for improper mould closure.

The results for the maximum thickness for each hydrofoil were relatively stable. The results (figure 10.9)
after the elbow (section 28) were relatively linear. This supports the assumption that there is definitely
a difference. If accuracy would affect the results. The thickness should change more as noise is added
to the data.

The maximum thickness is located between 30 and 40 % of the chord. The camber line is relatively
linear at this part of the section as can be seen in Figure 14.1. This was the reason why an additional
knot location was needed for the B-Spline to create an accurate fit. The thickness is measured perpen-
dicular to this camber line. This reduces any effect of sanding or mould misalignment on the thickness
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Figure 14.1: Showing that the camber line is approximately linear within the range of the Maximum thickness location (xt).

value. Therefore, the thickness should be mostly affected by the spacing of the two mould halves. The
maximum thickness is therefore likely an indication of the degree of closure of the two mould halves.

The second sub-hypothesis (hypothesis 3.2) was related to mould misalignment. The upward deviating
polynomial camber line fit was hypothesised to be an indication of the moulds missing alignment. The
camber line that points up at the leading edge indicates that the top halve shifted aft, and the trailing
edge that points up indicates that the top mould shifted forward.

The data resulting in the fit of this polynomial did show a slight indication that this theory might be
correct. The direction did not seem to be completely random for a single hydrofoil along the span. The
deviations were seen in groupings. This indicates that the geometry did affect the fit and not outliers in
the camber line data. However, with the current set of data, no conclusive results can be deduced from
this metric. It could be worth investigating with a higher resolution data set for the camber line, or a foil
where the production process was controlled in the same study. But with current data, hypothesis 3.2
is assumed to be incorrect.

The final sub hypothesis (hypothesis 3.3) theorised that a correlation between or more of the profile
shape parameters that could indicate production variability with the mould closure. This could reinforce
observations made using the polynomial camber line theory discussed before.

When comparing the different parameters, no discernible correlation could be found. The data did show
distinct regions. These are attributed to the different foil shapes used in the hydrofoil. A clear difference
was observed with the shape above the elbow, at the elbow itself, and below the elbow.

The hypothesis stated before that differences in shape can be used to identify manufacturing deviations
is thus valid for the mould separation. It can be valid for mould alignment using the polynomial fit. This
area needs more analysis to confirm the theory. No other set of variables was found to be an indication
of manufacturing defects.

14.3. Conclusion
In Research Method Validation for 2D Section Processing, the best methods were identified to post-
process the hydrofoils to compare them. Actual post-processing of the hydrofoil sections is discussed
in the Geometric deviation analysis.

The post-processing produced results with high accuracy according to the validation and verification.
Analysis of the different sections revealed that there are three different foil designs throughout the
span. Differences between the hydrofoils could be observed when normalising the data. The thickness
showed the most clear separation of the different hydrofoils. The other parameters varied more over
the span. Although they varied more, a difference could still be observed.

An attempt was made to identify a correlation between the different parameters. This did not show
a clear correlation between any of the parameters. The correlation graphs showed different shapes.
These shapes are attributed to the three different profile shapes used in the hydrofoil design.

Due to the clear separation of the maximum thickness, this parameter can be assumed to be a good
indication of the mould closure. The use of the polynomial camber line fit was identified as a possible
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indication of mould misalignment. Although there is an indication that this is correct. It cannot be
concluded using the current data set.

There are definitely differences between the different hydrofoils that are analysed. However, only the
profile thickness can be identified to connect to a specific production process.
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2D section hydrodynamic analysis:

Discussion

15.1. Result Discussion
Correlation between the polynomial camber line and flow separation. From the results in chap-
ter 11 no correlation was found between flow separation and one of the profile shape parameters. When
comparing the separated foils with the result of the polynomial camber line fit Appendix C, explained
in section 10.4. All foils with a different visible flow separation behaviour are shown to have the value
-1. The -1 identified that the leading edge is pointing up to the leading edge. This was assumed to be
caused by the top mould being shifted aft during production.

Table 15.1: The values for the polynomial camber line with the profiles that exhibited early separation highlighted in light grey.

Section Hydrofoil
ZS00531 ZS00691 ZS00663 ZS00544 ZS00696 ZS00664

15 0 0 -1 1 1 1
20 0 0 0 0 0 1
24 -1 0 -1 -1 -1 -1
30 0 0 -1 -1 -1 1
35 0 -1 0 0 0 0
40 0 0 0 0 0 0

It is not the case that when the polynomial is pointed upward, the laminar separation bubble initiates
at a lower angle of attack. There is also no distinction between the laminar separation bubble on the
lower or upper surface related to this parameter.

It is evident from Table 15.1, the abbreviated form of Appendix C, that the likelihood of it being coinci-
dental is not significant. There are two hydrofoils where it is the only negative value. It can be argued
that all foils in section 24 show earlier separation.

In order to prove or disprove this finding. The polynomial method needs to be improved to produce
reliable results. This will probably be achieved by increasing the number of sections. For each of these
sections, the fluid dynamic analysis should be compared with the polynomial value. With the current
data it is still inconclusive.

Designed Foil shape At most sections that were analysed, there was a profile that was significantly
different from the group. This was always due to the laminar separation at the leading edge starting
closer to an angle of attack of 0. This indicates that the shape of the leading edge is critical to the final
performance of the profile.
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(a) NASA/Langley MS(1)-0313 general aviation airfoil
Maximum thickness 13% at 37% chord
Maximum camber 1.8% at 68% chord
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(b) (e817-il) Eppler817 Hydrofoil
Maximum thickness 11% at 32.9% chord
Maximum camber 1.8% at 67% chord
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(c) NACA 2412, Used on the Cessna 172
Maximum thickness 12% at 30% chord
Maximum camber 2% at 40% chord
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(d) (e374-il) Eppler 374 Low Reynolds number aerofoil
Maximum thickness 11% at 34% chord
Maximum camber 2% at 39% chord

Figure 15.1: Two aerofoils comparible to the Nacra 17 hydrofoil shape and designed for transsonic speed or cavitating flow,
with the camber behind 60% while the two foil shapes operating in the Nacra 17 reynolds number range have the camber

before 35% of the chord.

The shape of the nacra 17 hydrofoil seems off when taking into account the range of Reynolds numbers
that the hydrofoils operate. In chapter 10 it was identified that the maximum thickness is located at 35%
of the chord and the maximum camber at 65% to 70%. Figure 15.1 shows different profiles, with the
first two comparable to the Nacra 17 hydrofoil.

The MS(1)-0313 aerofoil is designed for a mach number of 0.72 according to McGhee, Beasley, and
Somers [74]. The mach number indicates the speed of sound, and the aerofoil is designed for 72% of
the speed of sound. The main challenge for the profile is the formation of shock waves at the top of the
profile. These shock waves are created because the flow speed surpasses the speed of sound. These
profiles are very flat on top to prevent the flow from reaching the speed of sound.

Although the speed of sound is not a problem in water, the same principle is the cause of ventilation.
Ventilation is the phase change of water due to the pressure dropping below the triple point. The water
starts to boil, and most of the lift is lost. By creating a flat upper surface, the pressure does not drop
as low, allowing for higher speeds. The Eppler hydrofoil is relatively flat on top as can be seen in
Figure 15.1b. Cavitation is usually reached at 50 knots. Therefore, this is not applicable to the Nacra
17.

”The Eppler E817 was not intended for use at low Reynolds numbers”-Speer [75]. The Naca 2412
(Figure 15.1c) and Eppler 374 (Figure 15.1d) are designed for low Reynolds numbers. The biggest
difference between the sections is the location of the maximum camber. The two bottom profiles have
the camber in the first 40% of the chord, whereas the two top profiles have the camber past 60%.

M. Selig conducted research on the formation of laminar separation bubbles. His research helps design
an aerofoil section for the low Reynolds number range, with a good complete explanation found in his
lecture notes [9]. In his lecture notes he describes the use of design angles such that there is a region
where the velocity is constant. When these are too small for a given angle, the flow will separate. This
theory is visualised in Figure 15.2. The left profile can be seen to exhibit laminar separation. while the
right profile does not. The bottom set of pictures highlights the design angle. The red line symbolises
the point at which the pressure becomes negative. If this region is very small, like the left profile, the
laminar flow will separate. If this curve is more gentle, the region will be bigger and the laminar flow
can remain attached to the surface.

15.2. Hypothesis
At the beginning of chapter 7, a set of hypotheses was presented. The main hypothesis of the 2D
section hydrodynamic analysis research was:

H. 4. There is a difference in the hydrodynamic performance between the different hydrofoils.
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Figure 15.2: Showing the schematic flow around an aerofoil with the Nacra 17 on the left and a improved version on the right,
the bottom pictures showing the design angle as explained by M. Selig in his lecture notes [9]

This hypothesis was divided into 3 sub-hypotheses, the first was defined as:
H. 4.1: The difference in shape affect the location where ventilation can occur.
This hypothesis has been proven to be correct. There are large differences in the critical angle at which
the laminar separation bubble forms for the different profiles in the various span-wise sections. This is
the effect of the curvature of the first part of the hydrofoil. Differences in the laminar to turbulent transition
can be seen for the different sections. This transition is highly influenced by the geometry of the profile.
It can be concluded that the difference in the shape of the hydrofoil influences the performance of the
hydrofoils.

The second hypothesis (4.2) states that the greatest impact on performance is due to the radius of
the leading edge. This is not the case, however, how likely this may seem given the previous con-
clusion. When comparing the radius of the leading edge with the separation of the different profiles,
there are often contradictory results. For the observed separation bubble found at ZS00691, Section
35 (Figure 11.6), the radius of the leading edge was the median value.

The radius of the leading edge should be an indication of the performance, it should identify an outlier
when the performance is an outlier. It is logical that the radius is not an indication for the separation
and in turn the performance. It is the section of the profile between the leading edge and the maximum
thickness that is affected.

The final subhypothesis (4.3) assumed that the concave trailing edge would show separation at small
positive angles of attack. When observing the friction plots, one can see that there is indeed a small
region of separated flow up to 70 % of the chord in Figure 11.3a. For the plots in the appendix, this
separated region is visible between 30% and 60% of the chord for sections 15 (Figure D.2) and 24
(Figure D.4). It should be noted that these plots show the flow at a higher Reynolds number. This
indicates that the region is larger at lower speeds. The resulting drag is only minimal due to this region,
according to the drag over angle of attack graphs.

This validates the hypothesis ”H. 4.3: The high pressure side of the profile presents separated flow at
positive angles of attack.” although the impact on performance is not seen as significant.

Returning to the original hypothesis (4) of this research step, there is in fact a difference in performance
between the different hydrofoils. This difference can be best observed by the variation at which angle
the laminar separation bubble initiates. Smaller differences, like the minimum drag and the maximum
angle of attack, were not yet identified. This was mainly due to the small differences between the
hydrofoils.



120 Chapter 15. 2D section hydrodynamic analysis: Discussion

15.3. conclusion
The 2D section hydrodynamic analysis attempted to identify the impact of geometric variations on the
hydrodynamic performance for the two-dimensional case. Profile sections obtained in Geometric devi-
ation analysis needed to be smoothed for the fluid dynamic results to be reliable. This smoothing step
is performed with the use of a low-pass filter applied to the fast Fourier transform of the profile data.
Therefore, these sections could be used in the Xfoil programme.

The Xfoil analysis looked at speeds between 10 and 35 knots for a fresh water temperature of 20
degrees. The speed range covers the assumed flight speeds of the Nacra 17.

From the results, the main focus was on the causation of ventilation. It was found that there is a
significant difference at what angle the laminar separation bubble is initiated. This has the result of a
significant increase in drag. The laminar separation bubble would facilitate the flow to ventilate. The
possible impact of this phenomenon would be much greater than a small increase in drag would be.

The differences in profile shape, in fact, influence the performance of the Nacra 17 hydrofoils. There
are significant differences in the possible start of ventilation. Minor variations in the lift and drag of the
profile are observed. A more thorough investigation is necessary to determine the implications of these
differences.
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Outlook

The Dutch Olympic Nacra 17 team sought help from TU Delft to gain understanding of what could influ-
ence the hydrofoils of a Nacra 17. They found that a foil that is stiff in the spanwise bending direction
yields higher performance. To make the most of the hydrofoils in the 2024 Olympics, it is essential
to comprehend their function. The team discovered that there is a disparity in stiffness, and thus per-
formance, between the hydrofoils. Measurements conducted by the Nacra 17 class organisation [17]
showed a difference in thickness between different hydrofoils.

Identifying the impact of different geometric variations and their resulting production process can help
design and manufacture better hydrofoils. Focusing on the areas that have the greatest impact on
performance will create a more uniform production. For the Olympic team, it will help identify which
area of the hydrofoil needs to be maintained well to maintain a high performing hydrofoil.

16.1. Digitisation of the Nacra 17 Hydrofoil: Conclusion
The hydrofoils were observed to be identical with the naked eye, so reverse engineering was used
to detect any potential discrepancies between the geometries. Literature was consulted to determine
the available reverse engineering options, which were optical and contact probing measurements. It
was assumed that the shape deviations were not uniform along the hydrofoil, so measurements had
to be taken at various points along the span. Contact measurements would take a long time and the
accuracy of the results would only be slightly higher. Differences between hydrofoils were found to be
between 0.1 and 0.4 mm using VXelements.

There is still some uncertainty about the real accuracy of the 3D scanner. It was found that an optical 3D
scanner like what was used is necessary for the digitisation of the hydrofoils. The difference between
the hydrofoils vary along the hydrofoils. These differences will not be captured when using a contact
method for the digitisation step. It is finally concluded that the data from the 3D scan were of high
enough detail to continue with the analysis.

16.2. Research Method Validation for 2D Section Processing: Con-
clusion

This section attempted to find a suitable approach to process the raw data from Catia, so that the
sections could be compared to each other, published foil sections, and used in fluid dynamic analysis.
To do this, the leading edge was placed at the origin ([x=0,y=0]), the trailing edge on the x-axis with a
length of 1 ([x=1,y=0]), and the data started at the top trailing edge following the contour of the section
to the bottom trailing edge.
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The leading edge and trailing edge were estimated with the use of the camber line, which was approx-
imated by using voronoi points and the offset of the surface to create a data set. The camber line and
the thickness profile were accurately fitted separately with the use of B-Spline curves.

This B-Spline allowed the maximum thickness and camber to be accurately extracted from the profile.
However, a lack of detail was found in the curve of the leading edge. To address this, a low-pass filter
was used to filter the measurement noise from the raw data set. This provided very promising results,
and the low-pass filtered data will be used for the analysis with fluid dynamics.

16.3. Geometric deviation analysis: Conclusion
In Research Method Validation for 2D Section Processing, the best methods were identified to post-
process the hydrofoils to compare them. The actual post-processing of the hydrofoil sections is dis-
cussed in the Geometric deviation analysis. The post-processing yielded results with great accuracy
according to the validation and verification. Examining the various sections revealed that there are
three distinct foil designs across the span.

When normalising the data, differences between the hydrofoils could be observed. The thickness
showed the most obvious distinction for the different hydrofoils. The other parameters varied more over
the span, yet a difference was still noticeable. An effort was made to identify a correlation between the
different parameters, but this did not show a clear relationship between any of them. The correlation
between the different parameters displayed various shapes. These shapes are attributed to the three
different profile shapes used in the hydrofoil design.

Because of the clear separation of the maximum thickness between the hydrofoils, this parameter can
be assumed to be a good indication of the mould closure. The use of the polynomial camber line fit
was identified as a potential indication of mould misalignment. Although there is an indication that this
might be a valid assumption, it cannot be concluded with the current data set.

It is evident that there are differences between the different hydrofoils that were analysed. However,
only the profile thickness can be linked to a specific production process.

16.4. 2D section hydrodynamic analysis: Conclusion
The 2D section hydrodynamic analysis aimed to determine the effect of geometric changes on the
hydrodynamic performance for the two-dimensional case.

To ensure the accuracy of the fluid dynamic results, the profile sections obtained inGeometric deviation
analysis were successfully smoothed. This was done by applying a low-pass filter to the fast Fourier
transform of the profile data.

The smoothed sections were then used in Xfoil. The Xfoil analysis was conducted at speeds between
10 and 35 knots, with a water temperature of 20 degrees. This speed range covers the assumed flight
speeds of the Nacra 17.

The main focus of the results was on the cause of ventilation. It was found that there is a significant
difference in the angle at which the laminar separation bubble is initiated. This can have the effect of
an unstable hydrofoil due to ventilation. In the results, this created a significant increase in drag. This
laminar separation bubble would facilitate the flow to ventilate, which would have a greater impact than
a small increase in drag.

In fact, variations in profile shape influence the performance of the Nacra 17 hydrofoils. There are
significant differences in the potential start of ventilation, with minor variations in the lift and drag of the
profile observed. Further investigation needs to be conducted to determine the implications of these
differences.
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16.5. Final Conclusion
The results of the different sections support the conclusion that this research provides a good basis
for continued research on (Nacra 17) hydrofoils. The loss of information from the digitisation of the
hydrofoils and the processing of the sections was found to be minimal. A difference in the shape of the
different hydrofoils and their hydrodynamic performance has been observed.

Hydrodynamic analysis can identify the leading edge that is critical for the performance of the Nacra
17 hydrofoil. For the design of a hydrofoil, it is critical to keep the leading edge as accurate as possible.
Small deviations that even after detailed analysis where not yet observed significantly affect the perfor-
mance. The Olympic teams can use the results of this research to focus their maintenance efforts on
the leading edge of the hydrofoil.
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Revision and Perspective for future

research

With the research finalised, there are several things that could be interesting for further research. There
are certain steps that could be adjusted for an even better result.

17.1. Digitisation
With respect to the digitisation of the hydrofoil. The measurement setup can be significantly improved
in usability. The hydrofoil was now loosely supported between a metal beam and a wooden post. This
was considered to be the best method for full accessibility. A better method would have been to mount
the hydrofoil bearings that support the hydrofoil in the boat, in an open structure. The hydrofoil can
be placed in these bearings, providing a repeatable setup. The bearing could add a flat surface to
the scan that can be used for the preliminary alignment. This will significantly speed up the process.
The parts of the hydrofoil that are not yet digitised can be covered by starting a second scan using the
same markers. The scanner will be able to fill in the missed area without loss of accuracy. This is only
possible with the scanning technology used by the Creaform scanner.

17.2. 2D section analysis
The section analysis could be improved with a more complex B-Spline. Xfoil analysis showed a signif-
icant impact due to small variations in the leading edge. The shape parameters that were extracted
from the profile did not capture the cause of these differences in hydrodynamic performance. A knot on
the profile, in between the leading edge and the maximum thickness, might show a better conclusion.

Fixing the distance between the first two variables of the camber line B-Spline might provide a good
solution as well. By fixing the distance between the spline coordinates the same, the result might be
more sensitive to changes in the mean camber line data set. Thus, it could form a more reliable method
of identifying the variations shown in the polynomial camber line fit.

17.3. Xfoil analysis
There are a large number of different tests that can be performed on the current Xfoil results. The first
step would be to show the impact of tripping the flow at 50% of the chord.

On both the upper and lower surfaces of the different sections, laminar separation could be observed. It
would be very interesting for the Olympic sailing team to know if tripping the flow before these separate
regions results in an increase in performance.
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The B-Spline version of the hydrofoils can be used to perform a parametric study of what affects the
laminar separation bubble at the leading edge. This would provide a better understanding of what
parameter influences this phenomenon.

The next step in the research was already outlined in the Research Scope. The xfoil data need to be
used to construct a vortex lattice method. This method transforms the 2D data into a finite wing. The
results from the vortex-lattice method can give a better insight in the impact of small differences in the
analysed sections.
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Digitisation of the Nacra 17

HydrofoilAppendices

A.1. VXelement Output files
File types explained that can be exported by VXelements.

.dea ADAE file is a 3D interchange file used for exchanging digital assets between a variety of graphics
programs. It may contain an image, textures, or most likely, a 3D model. The DAE format is
based on the COLLADA (COLLAborative Design Activity) XML schema, which is now owned and
developed by Autodesk. https://fileinfo.com/extension/dae

.fbx Developed by Kaydara and owned by Autodesk since 2006. It is used to provide interoperability
between digital content creation applications. FBX is also part of Autodesk Gameware, a series
of video game middleware. https://en.wikipedia.org/wiki/FBX

.ma Animation file type

.obj The OBJ file format is an open data-format that represents 3D geometry alone — namely, the
position of each vertex, the position of each vertex in a coordinate system. OBJ coordinates have
no units, but OBJ files can contain scale information in a readable comment line. As this format is
widely used by 3D modeling programs, it can be transferred between programs and interpreted
on its own by some slicing and host softwares for 3D printing without exporting as an STL file.
https://www.core77.com/posts/67499/Understanding-the-Different-Types-of-3D-Files

.ply Ply is a computer file format known as the Polygon File Format or the Stanford Triangle Format.
The format was principally designed by the Stanford Graphics Lab to store three dimensional
data from 3D scanners. In some cases this can be used as alternative to STL files. https:
//www.core77.com/posts/67499/Understanding-the-Different-Types-of-3D-Files

.stl STL (STereoLithography) is a file format native to the stereolithography CAD software created by
3D Systems. STL is also known as Standard Tessellation Language. This file format is supported
by many other software packages; it is widely used for rapid prototyping and computer-aided man-
ufacturing. STL files describe only the surface geometry of a three-dimensional object without any
representation of color, texture or other common CAD model attributes. An STL file describes a
raw unstructured triangulated surface by geometries located within a standard Cartesian coordi-
nate system. STL coordinates must be positive numbers, there is no scale information, and the
units are arbitrary. https://www.core77.com/posts/67499/Understanding-the-Different-Types-of-3D-Files

.txt A very broad file format and it is not clear how vxelement would use this.

.wrl As we described earlier, VRML helps translate 3D objects and image sequences into language that
websites can understand and interpret. This helps enable interactive web experiences, where
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users can view, move, and rotate objects around to get an accurate picture of how they might
render in real life. https://blog.spatial.com/wrl-file

.x3d Used chiefly by printing service bureaus, X3D files can store a vast amount of information re-
lated to 3D graphics and scenery. The format is XML-based, supporting complex renderings and
visualizations across software platforms. X3D strives to become the 3D graphics standard for
web-based content, as it is robust enough for viewing objects—whereas most other formats are
largely useful only for modeling parts and interpreting surface data. https://www.core77.com/
posts/67499/Understanding-the-Different-Types-of-3D-Files

.x3dz Compressed x3d file

.zpr No information

.3mf The 3D with other 3D file formats. The 3MF Consortium came into being to deliver to the additive
manufacturing industry a file format that is. https://3mf.io/specification/

.IGES Old 3D modelling software file standard

.STEP New more modern 3D modelling software. Best fidality for the full model.

https://blog.spatial.com/wrl-file
https://www.core77.com/posts/67499/Understanding-the-Different-Types-of-3D-Files
https://www.core77.com/posts/67499/Understanding-the-Different-Types-of-3D-Files
https://3mf.io/specification/
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A.2. Catia Fuctions
These images show the different functions used in
Catia for hydrofoil processing. The environment
of the function is given in the caption of each im-
age. The steps taken for the foil processing are
explained in subsection 4.2.4.

Figure A.1: Mesh pathologies in: Digitize shape preparation

Figure A.2: 3D primative Recognitoin in: Digitize shape to
surface

Figure A.3: Fast alignment: all named environments

Figure A.4: 3D curve: Digitize shape to surface

Figure A.5: Planer section in: Digitize shape preparation

Figure A.6: Geometrical set in: all named environments

Figure A.7: Export digitised file in: all named environments
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A.3. VXelement Comparison Figures

(a) Hydrofoil ZS00663 compared with ZS00531, low pressure side (b) Hydrofoil ZS00663 compared with ZS00531, high pressure side

(c) Hydrofoil ZS00691 compared with ZS00531, low pressure side (d) Hydrofoil ZS00691 compared with ZS00531, high pressure side

(e) gradient scale

Figure A.8: Nacra 17 Starboard Hydrofoils compared using VXelement
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(a) Hydrofoil ZS00544 compared with ZS00696, low pressure side.

(b) Hydrofoil ZS00544 compared with ZS00696, high pressure side.

(c) Hydrofoil ZS00664 compared with ZS00696, low pressure side.

(d) Hydrofoil ZS00664 compared with ZS00696, high pressure side.
(e) gradient

scale

Figure A.9: Nacra 17 Port Hydrofoils compared using VXelement
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A.4. Catia Comparison Figures

(a) ZS00544: High pressure side (b) ZS00544: Low pressure side

(c) ZS00663: High pressure side (d) ZS00663: Low pressure side

(e) ZS00664: High pressure side (f) ZS00664: Low pressure side

(g) ZS00691: High pressure side (h) ZS00691: Low pressure side

(i) ZS00696: High pressure side (j) ZS00696: Low pressure side

Figure A.10: The deviation analysis of the hydrofoils using Catia and compared with ZS00531
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Research Method Validation for 2D

Section ProcessingAppendices

B.1. Code blocks

Listing B.1: intersection of two curves
1 def interpolated_intercepts(x, y1, y2):
2 """ TAKEN FROM THE INTERNET https://stackoverflow.com/questions/42464334/find-the-

intersection-of-two-curves-given-by-x-y-data-with-high-precision-in"""
3 """Find the intercepts of two curves, given by the same x data"""
4

5 def intercept(point1, point2, point3, point4):
6 """find the intersection between two lines
7 the first line is defined by the line between point1 and point2
8 the first line is defined by the line between point3 and point4
9 each point is an (x,y) tuple.
10

11 So, for example, you can find the intersection between
12 intercept((0,0), (1,1), (0,1), (1,0)) = (0.5, 0.5)
13

14 Returns: the intercept, in (x,y) format
15 """
16

17 def line(p1, p2):
18 A = (p1[1] - p2[1])
19 B = (p2[0] - p1[0])
20 C = (p1[0]*p2[1] - p2[0]*p1[1])
21 return A, B, -C
22

23 def intersection(L1, L2):
24 D = L1[0] * L2[1] - L1[1] * L2[0]
25 Dx = L1[2] * L2[1] - L1[1] * L2[2]
26 Dy = L1[0] * L2[2] - L1[2] * L2[0]
27

28 x = Dx / D
29 y = Dy / D
30 return x,y
31

32 L1 = line([point1[0],point1[1]], [point2[0],point2[1]])
33 L2 = line([point3[0],point3[1]], [point4[0],point4[1]])
34

35 R = intersection(L1, L2)
36

37 return R
38

39 idxs = np.where(np.diff(np.sign(y1 - y2)) != 0)
40

41 xcs = []
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42 ycs = []
43

44 for idx in idxs:
45 xc, yc = intercept((x[idx], y1[idx]),((x[idx+1], y1[idx+1])), ((x[idx], y2[idx])), ((

x[idx+1], y2[idx+1])))
46 xcs.append(xc)
47 ycs.append(yc)
48 return np.array(xcs), np.array(ycs)

Listing B.2: Camberline from offset of the curve
1 offset_line, _,_,_ = adj_func.off_set(Naca_points[0],Naca_points[1],-np.max(Naca_points[1])

/3)
2 n_offsets = 101
3 n_curve_resolution = 1001
4 cos_spacing = True
5

6 LE_offset = int(n_curve_resolution/(2/3 *100))
7

8 x_up,y_up = Naca_points[:,:int((npoints-1)/2)]
9 x_low,y_low = Naca_points[:,int((npoints-1)/2):]
10

11 x_spacing = np.quantile([min(x_up),max(x_up)],df_Naca.half_spacing(n_curve_resolution,
cos_spacing))

12 x_camber = []
13 y_camber = []
14 for d_off in np.linspace(0,(max(y_up)-min(y_low))/2,n_offsets):
15 x_spacing = np.quantile([min(x_up)+d_off,max(x_up)-d_off],df_Naca.half_spacing(

n_curve_resolution,cos_spacing = True))
16

17 y_upper_offset = adj_func.off_set_line(x_up,y_up,x_spacing,-1*d_off)
18 y_lower_offset = adj_func.off_set_line(x_low,y_low,x_spacing,-1*d_off)
19 #finding the intersect points, Offset by a factor of LE_offset with respect to the

resolution in order to avoid the incompatibility at the leading edge
20 xcs,ycs = adj_func.interpolated_intercepts(x_spacing, y_upper_offset, y_lower_offset)
21 x_camber.append(xcs[0])
22 y_camber.append(ycs[0])
23

24

25

26 points_camber = np.array([np.concatenate(x_camber),np.concatenate(y_camber)])
27 points_camber = points_camber[:,np.unique(points_camber[0],return_index = True)[1]].T
28

29

30 #The points at the leading edge are not accurate thus these are removed by checking if they
are deviate more than .0005 from a spline fitted through the points.

31 update_camber = points_camber
32 for itera in range(10):
33

34 test_curve = update_camber
35 test_poly_curve_offset = np.poly1d(np.polyfit(test_curve[:,0],test_curve[:,1],9))
36 diff_array = abs(np.diff(np.vstack((update_camber[:,1],test_poly_curve_offset(

update_camber[:,0]))),axis = 0))
37 no_error_id = np.where(np.percentile(diff_array ,99.5)>diff_array)[1]
38 update_camber = update_camber[no_error_id]
39

40 """ Find a new value for .05 for a general solution"""
41 """ add filtering for gradient?"""
42 result_offset = update_camber
43 test_poly_curve_offset = np.poly1d(np.polyfit(result_offset[:,0],result_offset[:,1],9)) #

final camber line
44

45 camberfunc = df_Naca.TwoPointCamberFormulation_Yc(M,P) #camberline function
46 XC = np.linspace(0,1,101) #camberline x coordinates
47 YC = camberfunc(XC) #camberline y coordinates
48

49 error_camber1 = YC - test_poly_curve_offset(XC) #camberline error

Listing B.3: RSMerror function
1 def RMS_error(Data_Original,Data_New):
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2 tck_input , u_input = sci_i.splprep(Data_New.T,s=0)
3 tck_original ,u_original = sci_i.splprep(Data_Original.T,s=0)
4

5 def SDM_value(u, point):
6

7 u = u[0]
8 C = lambda u: np.array(sci_i.splev(u,tck_input))
9 T = lambda u: np.array(sci_i.splev(u,tck_input,der = 1))
10 D = lambda u: np.array(sci_i.splev(u,tck_input,der = 2))
11 B = lambda u: np.cross(T(u),D(u))/np.linalg.norm(np.cross(T(u),D(u)))
12

13 R = lambda u: 1/(np.linalg.norm(np.cross(T(u),D(u))) / np.linalg.norm(T(u))**3)
14

15 Tangent = lambda u: T(u)/np.linalg.norm(T(u))
16 Normal = lambda u: np.cross([0,0,B(u)],Tangent(u))[:2]
17

18 # print(f'u = {u}\npoint = {point}\nTangent = {Tangent(u)}\nRu = {R(u)}\nNormal = {
Normal(u)}')

19

20 x1 = lambda u: np.dot(Tangent(u),(point - C(u)).T)
21 x2 = lambda u: np.dot(Normal(u),(point - C(u)))
22 d = lambda u: np.linalg.norm(point - C(u))
23

24 # if x2(u) > 0:
25 # return d(u)**2
26 # else:
27 return (d(u)/(d(u)+R(u))*x2(u)**2)*(x2(u)>0) + x1(u)**2
28

29

30 def minfunction(input_var):
31 u = input_var[0]
32 point = [input_var[1],input_var[2]]
33

34 min_u = sci_o.minimize(SDM_value,u, args=(point))
35

36 return min_u.x[0]
37

38 input_arr = np.vstack((u_original,Data_Original.T)).T
39 u_opt = np.apply_along_axis(minfunction,1,input_arr).T
40

41 Data_New_fitted = np.array(sci_i.splev(u_opt,tck_input)).T
42 RMSerror_x = np.linalg.norm(Data_Original-Data_New_fitted,axis = 1 )
43 RMSerror = np.sum(RMSerror_x)
44

45 verification_data = np.hstack((Data_Original,Data_New_fitted))
46

47 return RMSerror, RMSerror_x, verification_data
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B.2. Showing how the error formulation can go wrong
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Figure B.1: The error visualised on the example shown in Figure 5.17 with: x (Equation 5.29), y (Equation 5.30), |d(tk)
(Equation 5.27), and eSD(D) (Equation 5.31)
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Figure B.2: The error visualised on the example shown in Figure 5.17 with: x (Equation 5.33), y (Equation 5.34), |d(tk)
(Equation 5.27), and eSD(D) (Equation 5.35)
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Table C.1: Showing if the polynomial camber line fit deviates upwards at the leading edge (white and -1), at the Trailing edge
(dark grey and 1), or both down (light grey and 0). An attempt of identifying the miss alignment of the two mould halves as both

ends should point downwards.

Section ZS00531 ZS00544 ZS00663 ZS00664 ZS00691 ZS00696
1 1 1 1 1 0 1
2 1 1 1 1 0 1
3 1 1 1 1 1 1
4 1 1 1 1 0 1
5 1 1 1 1 0 1
6 1 1 1 1 0 1
7 1 1 1 1 1 1
8 1 1 1 0 0 1
9 1 1 1 1 1 1
10 1 1 1 1 1 1
11 1 1 1 1 1 1
12 1 1 1 0 1 1
13 0 1 1 1 -1 1
14 1 0 -1 1 -1 1
15 0 1 -1 1 0 1
16 1 0 1 1 -1 1
17 1 0 -1 1 0 1
18 0 0 -1 1 0 1
19 0 0 0 1 -1 1
20 0 0 0 1 0 0
21 0 1 -1 0 0 1
22 -1 0 1 1 -1 1
23 -1 0 -1 0 -1 0
24 -1 -1 -1 -1 0 -1
25 -1 -1 -1 -1 0 -1
26 -1 0 -1 1 0 -1
27 0 -1 1 -1 0 -1
28 0 0 -1 0 -1 -1
29 0 -1 -1 1 0 1
30 0 -1 -1 1 0 -1
31 0 -1 -1 0 0 -1
32 0 0 -1 0 0 -1
33 0 0 0 0 0 0
34 0 0 -1 0 0 0
35 0 0 0 0 -1 0
36 1 0 0 0 0 0
37 1 0 1 1 0 -1
38 0 0 0 1 0 0
39 0 0 1 0 0 0
40 0 0 0 0 0 0
41 0 0 1 0 0 0
42 0 0 1 0 0 -1
43 0 0 1 0 -1 0
44 1 0 1 -1 0 0
45 1 0 1 -1 -1 0
46 0 0 0 -1 -1 0
47 0 0 0 1 -1 0
48 -1 0 0 0 0 1
49 0 1 -1 0 1 1
50 0 -1 -1 -1 0 0
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2D section hydrodynamic analysis:

Appendix

D.1. Fast Fourier Transform: Code

Listing D.1: Applying the Fast Fourier Transform
1 foil_code = data['Foilcode']
2 sectionnumber = data['SecNumber']
3 data_dat_c1 = data['data_c1']
4 tck_reduced, u_reduced = sci_i.splprep(data_dat_c1.T,s=0,per=1)
5

6 u_sample = np.linspace(0,1,len(u_reduced)*1000)
7 x_spl,y_spl = sci_i.splev(u_sample,tck_reduced)
8

9 fhat = np.fft.rfft2([x_spl,y_spl],norm = 'ortho')
10 freq = np.fft.rfftfreq(len(x_spl),d = 1/len(x_spl))

Listing D.2: Calculating the Fast Fourier Transform Optimisation function
1 def Frequency_filteringerror(freqfilt):
2 pointsreduction = int(len(data_dat_c1)/100)
3

4 fhat_cleaned1 = fhat*(abs(freq)<freqfilt)
5 x_f1,y_f1 = np.fft.irfft2(fhat_cleaned1)
6 x_f1,y_f1 = x_f1/max(x_f1), y_f1/max(x_f1)
7

8 k1 = adj_func.curvature(x_f1[1:],y_f1[1:])
9 data_dat_c1_fftf = np.array([x_f1,y_f1]).T
10

11 RMSerror_fftf,RMSerror_x_fftf, varif_fftf = RMS_error(data_dat_c1[::pointsreduction],
data_dat_c1_fftf[::int(len(x_f1)/500)])

12

13 potential = np.sum(np.abs(np.gradient(k1)))
14 # print(f'tested filter {freqfilt} giving the error {RMSerror_fftf}')
15 return [abs(potential**(RMSerror_fftf)),RMSerror_fftf]

Listing D.3: The Optimisation loop for the Fast Fourier Transform
1 # Setting Up Pramaters
2 minval = 0.5 #frequency in base log 10
3 maxval = np.log10(freq.max())*.8 #frequency in base log 10 80% sample frequency
4 MinRMSerror = 10
5 minfreq = minval
6 lastfreq = minfreq
7 RMSvalues= []
8

9 for i in range(10):
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10 # print(f'iteration {i}')
11 # print(f'iteration {i} minval:{minval:.3g}, maxval:{maxval:.3g} RMSmin error:{

minfreq:.3g}')
12 freqfilters = np.logspace(minval,maxval,12) #logspaced frequency range
13

14 MinRMSerror = 10
15 minfreq = lastfreq
16 RMSerror = []
17 for j in range(11):
18 RMSerror_j,RMSeror_i = Frequency_filteringerror(freqfilters[j])
19 RMSvalues.append([freqfilters[j],RMSerror_j,RMSeror_i])
20 RMSerror.append(RMSerror_j)
21 # print(f'RMSerror:{RMSerror[-1]:.4e}, current:{freqfilters[j

]:.4e}')
22 minfreq = freqfilters[np.argmin(RMSerror)]
23 minval = np.log10(freqfilters[np.argmin(RMSerror)-1])
24 maxval = np.log10(freqfilters[np.argmin(RMSerror)+1])
25

26 if (maxval-minval)<0.001:
27 break

D.2. Xfoil Settings

Table D.1: The Xfoil analysis settings that are used for the analysis of the different hydrofoil sections

Variable Input Explanation
ncrit 9 The
xtript 1 x/c location of tripping point to turbulent flow on the top surface
xtripb 1 x/c location of tripping point to turbulent flow on the bottom surface

viscous_mode True Adds viscosity effects to the flow.
Necessary for modelling drag and flow separation

silent_mode True Blocks print statements from the original Xfoil code
maxit 2000 Maximum number of iterations for a converging solution

vaccel 0 Velocity acceleration, affects the convergence speed
but should be 0 for best results

Table D.2: Xfoil geometry paneling settings used for the analysis of the different hydrofoil sections.

Variable Range Input Explanation
npan 0-300 300 Number of panels to approximate the profile
cvpar 0-1 1 panel bunching parameter
cterat 0-10 0.2 Refined area/LE panel density ratio
ctrrat 0-10 .15 TE/LE panel density ratio
xsref1 0-1 1 Forward of the top refinement area
xsref2 xsref1-1 1 Aft of the top refinement area
xpref1 0-1 1 Froward of the bottom refinement area
xpref2 xpref1-1 1 Aft of the bottom refinement area

D.3. Identification of the cause of early separation
The following figures show the lift over drag for the different sections that are analysed using Xfoil and
that showed one or more profiles with early separation. The corresponding friction coefficient graphs
are attached to identify why the profile behaves differently from the majority.
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D.3.1. Section 15
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Figure D.1: The angle of attack over drag showing the early separation of section 15
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(a) Foil: ZS00531
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(b) Foil: ZS00691
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(c) Foil: ZS00663
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(d) Foil: ZS00544
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(e) Foil: ZS00696
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(f) Foil: ZS00664

Figure D.2: These are the friction coefficient graphs for section 15 at Reynolds number: 2.31e6 equivalent to 22.5 knots of
boat speed
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D.3.2. Section 24
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Figure D.3: The angle of attack over drag showing the early separation of section 24
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(a) Foil: ZS00531
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(b) Foil: ZS00691
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(c) Foil: ZS00663
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(d) Foil: ZS00544
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(e) Foil: ZS00696
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(f) Foil: ZS00664

Figure D.4: These are the friction coefficient graphs for section 24 at Reynolds number: 2.31e6 equivalent to 22.5 knots of
boat speed
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D.3.3. Section 30
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Figure D.5: The angle of attack over drag showing the early separation of section 30
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(a) Foil: ZS00531
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(b) Foil: ZS00691
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(c) Foil: ZS00663
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(d) Foil: ZS00544
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(e) Foil: ZS00696
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(f) Foil: ZS00664

Figure D.6: These are the friction coefficient graphs for section 30 at Reynolds number: 2.31e6 equivalent to 22.5 knots of
boat speed
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D.3.4. Section 35
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Figure D.7: The angle of attack over drag showing the early separation of section 35
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(a) Foil: ZS00531

-0.9 -0.6 -0.3 -0.0 0.3 0.6 0.9
Chord from bottom to top [x/c]

-16.0

-12.0

-8.0

-4.0

0.0

4.0

8.0

12.0

16.0

An
gl

e 
of

 A
tta

ck
 [d

eg
]

ZS00691, Sec: 35, Re: 2.31e+06

0.02

0.00

0.02

0.04

0.06

0.08

0.10

Fr
ict

io
n 

Co
ef

fic
ie

nt

2

4

6

8

10

12

14

Pr
es

su
re

 c
oe

ffi
cie

nt
 b

el
ow

 c
rit

ica
l v

en
til

at
io

n 
pr

es
su

re

(b) Foil: ZS00691
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(c) Foil: ZS00663
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(d) Foil: ZS00544
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(e) Foil: ZS00696
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(f) Foil: ZS00664

Figure D.8: These are the friction coefficient graphs for section 35 at Reynolds number: 2.31e6 equivalent to 22.5 knots of
boat speed
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D.3.5. Section 40
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Figure D.9: The angle of attack over drag showing the early separation of section 40
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(a) Foil: ZS00531
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ZS00691, Sec: 40, Re: 2.31e+06
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(b) Foil: ZS00691
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ZS00663, Sec: 40, Re: 2.31e+06
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(c) Foil: ZS00663
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ZS00544, Sec: 40, Re: 2.31e+06
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(d) Foil: ZS00544
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ZS00696, Sec: 40, Re: 2.31e+06
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(e) Foil: ZS00696
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ZS00664, Sec: 40, Re: 2.31e+06
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(f) Foil: ZS00664

Figure D.10: These are the friction coefficient graphs for section 40 at Reynolds number: 2.31e6 equivalent to 22.5 knots of
boat speed
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D.4. Lift over drag coefficient graphs
This section presents the lift-over-drag graphs for the analysed sections.

D.4.1. Lift over drag coefficient graphs for the full range of the lift coefficient.

0.02 0.04 0.06 0.08 0.10
Drag Coefficient cd

1.5

1.0

0.5

0.0

0.5

1.0

1.5

Lif
t C

oe
ffi

cie
nt

 c
l

Re: 1.03e+06

0.02 0.04 0.06 0.08 0.10
Drag Coefficient cd

Re: 2.31e+06

0.02 0.04 0.06 0.08 0.10
Drag Coefficient cd

Re: 3.59e+06

ZS00531
ZS00691
ZS00663
ZS00544
ZS00696
ZS00664

Figure D.11: The Lift over drag graphs at different Reynolds numbers for section 15
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Figure D.12: The Lift over drag graphs at different Reynolds numbers for section 20
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Figure D.13: The Lift over drag graphs at different Reynolds numbers for section 24
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Figure D.14: The Lift over drag graphs at different Reynolds numbers for section 30
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Figure D.15: The Lift over drag graphs at different Reynolds numbers for section 35
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Figure D.16: The Lift over drag graphs at different Reynolds numbers for section 40
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D.4.2. Lift over drag coefficient graphs for a reduced range of the lift coefficient
showing the drag bucket.
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Figure D.17: Focused Lift over drag graphs at different Reynolds numbers for section 15
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Figure D.18: Focused Lift over drag graphs at different Reynolds numbers for section 20
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Figure D.19: Focused Lift over drag graphs at different Reynolds numbers for section 24
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Figure D.20: Focused Lift over drag graphs at different Reynolds numbers for section 30
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Figure D.21: Focused Lift over drag graphs at different Reynolds numbers for section 35
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Figure D.22: Focused Lift over drag graphs at different Reynolds numbers for section 40





E
Defects in composite Hydrofoil

Manufacturing

The NACRA 17 class adheres to a strict one-design rule, which requires all equipment to be identi-
cal. This rule aims to minimise development costs and emphasise the skill gap among the sailors. To
ensure uniformity between parts, a single manufacturer, namely &DNA Composites, is assigned to pro-
duce the hydrofoils. Despite these measures, teams have reported discrepancies between hydrofoils,
particularly in terms of bending stiffness. The differences in geometry have been found to be up to 0.31
mm, at an official measurement conducted by the class society [17]1. The suggested class tolerances
where stated to be 0.25 mm for the shape, -1 mm in thickness and the trailing edge ranging from 1.6 to
2.1 mm. During this test, the 3 brand new boards showed the biggest deviations from the measurement
tools. This highlights the influence of the manufacturing process on the variation in shape. It further
more shows that it is not caused by the sailors themselves.

Therefore, before delving into, quantification of hydrodynamic performance differences, it is crucial to
explore the specific manufacturing factors of NACRA 17 hydrofoils by &DNA Composites that may
contribute to variations in geometry and potentially impact hydrodynamic performance.

E.1. Nacra 17 Hydrofoil production techniques.
The Nacra 17 Hydrofoils have been produced by &DNA composites from when the Nacra 17 started
flying in 2017 up to 2021. The hydrofoils are made using a carbon fibre reinforced polymer. The
production is comparable to all combinations of (continuous) fibre reinforced polymers or FRP’s. The
production of FRP’s can be summarised in the steps: impregnation,layup,consolidation, and solidifica-
tion [76]. Combining the fibres and the polymer is called impregnation. Layup defines the placement
of the fibres in specific orientations in/on a mould. This combination of fibre and polymer needs to be
formed into one single structure using pressure in the process called consolidation. Concurrently as
the consolidation the polymer is solidified while the pressure is maintained. This results in a mechanical
structure that might need some removal of material after which it is suitable for use.

Impregnation and the method of production depend greatly on the length of the fibres and the type of
polymer. The most common type of polymer for FRP structures is a thermoset polymer. A thermoset
polymer starts as two different fluids that react with each other when combined and/or heat is added.
The presence of the reactions makes the curing of the polymer non reversible. The second type of
polymer is a thermo-plastic, that is solid at room temperature and melts at higher temperatures. The
liquid state at room temperature of the thermosetting polymers makes it very easy to shape the material
in a desired shape.

1Measurement of Daggerboards for Nacra 17. URL: https://nacra17.org/wp-content/uploads/2019/04/Palma-2019-
Report.pdf (visited on 05/10/2023)
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Figure E.1: Flow diagram showing different material options and processing routes for manufacturing structural
fibre-reinforced composites [77].

The fibres in FRP are defined by size. It starts with small particles and chopped fibres that are added
to the polymer. These types are usually orientated in random directions and add some support to the
material. The third type is continuous fibres. These need to be applied in a certain direction adding
significant improvements in the material properties in that direction . The continuous fibres can be
woven into a cloth allowing to improvements into multiple directions.

(a) Two technicians laying up the fibres for a
MOD 70 hydrofoil that is produced using the
same production process as the Nacra foils

(b) The Nacra foils in different stages during the
manufacturing process showing mould lines and

resin that escaped the mould

(c) Aluminium moulds that could be used to
produce the nacra hydrofoils.

Figure E.2: Pictures showing different steps of production at &DNA composites as shown on their website [67].

On the website of &DNA it is mentioned that they use a carbon prepreg for the production of the hydro-
foils [67]. The word ’prepreg’ means that the carbon fibres are already impregnated with the polymer.
This is used for continuous fibre sheets with a thermoset polymer. The sheets of prepreg are cut using
a pre-preg cutting machine [67] of the brand ”Zund”. The sheets of pre-preg are stacked on top of each
other in a mould to create the rough shape of the product. The stacking of the fibre sheets can be seen
in Figure E.2a.

The hydrofoils are buildup in two aluminium moulds with the mould on the outside, this is also called
a female mould. The intersection between the two moulds is located at the leading and trailing edge.
These aluminium moulds are aligned using small spherical alignment pins as seen in Figure E.2c.

In order to consolidate the plies of composite material, two plastic bags are placed on the inside of the
hydrofoil with a composite spar separating the bags. The composite laminate is put under a vacuum
in order to consolidate the plies. The Laminate is then placed in an autoclave to increase the pressure
even further. A typical autoclave can reach 3-5 bar of pressure [78]. In the autoclave the part is cured.

The final product is a Nacra 17 hydrofoil with extruded resin and pinched fibres at the leading and
trailing edges. These need to be removed by hand creating the final product. There is no assembly
needed as the whole foil is made at once using &DNA unique ”one-shot” technique [18].
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E.2. Manufacturing Defects and their origin

Figure E.3: Common defects that can occur in Fibre reinforced polymers visualised [79].

In the field of composite hydrofoil manufacturing, achieving consistent and high-quality products is es-
sential for ensuring optimal performance. However, the manufacturing process itself can introduce
variations that significantly impact the final performance of the hydrofoil. This chapter aims to explore
the sources of manufacturing variations and their effects on the hydrofoil’s performance using the tech-
nologies used by &DNA. Two notable studies, Grabow et al. [80] and Brient et al. [21], shed light on
different aspects of this topic, emphasising the impact of manufacturing defects, machining quality, and
shape deformations.

Brient et al. [21],tested the impact of milling direction and surface finish on the lift and drag performance.
The surface roughness was found to increase drag and decrease lift. A bigger difference was found
due to the direction of the tool path. The spanwise direction increased the drag coefficient from .01 to
0.015 compared to the chordwise direction.

During the production process, various types of product defects can occur. Defects that occur in com-
posited parts can be: Voids, Delamination, Fibre misalignment and spring in or residual stress. Trough
thickness defects like: voids, delamination and fibre wrinkling are shown in Figure E.3. These defects
can appear on their own or be caused by a process related error like lay-up errors and curing errors.
Potter [20] made an extensive summery on the different defects and errors that can occur in composite
is found in ?? and Table ??.

Layup errors, which occur during the layup stage of manufacturing, are typically caused by incorrect
procedures. Examples of layup errors include using the wrong prepreg or layer count, incorrect ply size,
and poor mould preparation or release. Most of these errors can lead to the formation of voids and
delamination. Delamination refers to the separation of two connected plies, which significantly affects
the stiffness and strength of a composite part, rendering it unusable. Delaminations can be caused
by factors such as resin shrinkage, contamination, voids, and impact, as well as out-of-plane stresses
resulting from demoulding or handling.

Voids are small air pockets within the material that can reduce the stiffness and failure strength of a
part. They can be introduced by trapped air, volatiles in the resin or preform, bridging, resin shrinkage,
and loss of resin due to excessive bleed or composite tool leakage. Preventing voids within a struc-
ture is challenging, but efforts should be made to minimize them through good tool design and proper
manufacturing steps.

Cure errors occur when the curing process goes awry. The cure cycle involves specific pressure, tem-
perature profiles, and duration necessary for the consolidation and solidification phases of production.
If the specified values are not followed correctly, the properties of the resin deviate from the desired
ones. Faults in the cure processes have a significant impact on the mechanical properties and can
result in the rejection of the product for use.

”Springback” and Residual Stresses cause the part to deform and deviate from the design parame-
ters, reducing its strength. When a part is not geometrically constrained, it is likely to warp or ”spring
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Figure E.4: Effect of tool–part interaction on distortion. a Flat parts. b Parts that have corner sections [81]

in”, shown in Figure E.4. On the other hand, when a part is geometrically constrained, such as in a
box shape, it experiences residual stresses that diminish its failure strength. These effects can be at-
tributed in part to the interaction between the part and the tool. Large differences in thermal expansion
coefficients between the part and tool or improper use of release agents can introduce stresses that
lead to warping. Thickness defects like corner bridging and fibre wrinkling/misalignment, resulting from
small bend radii and double curved surfaces, also introduce residual stresses and warping to the part.

(a) In plane wavy fibre caused by consolidation [20].

(b) Photograph of out-of-plane waviness in a Resin Transfer
Moulding(RTM) component, showing waviness length λ, amplitude δ

and misalignment angle θ as seen in Wang [82]

Figure E.5: Fibre wrinkling and waviness for in/out of plane waves

fibre Misalignment refers to errors in the direction of the fibres, including wrinkled and wavy fibres as
shown in Figure E.5. Fibre direction errors typically arise from manufacturing processes where fibres
are not aligned properly. Wrinkled and wavy fibres can be caused by layup errors, incorrect draping
of double curved surfaces, ply drops or overlapping tape/plies, bridging, residual stress, or displaced
fibres due to hydraulic compression. fibre waviness and wrinkling can occur in-plane or out of plane.

(a) The Nacra 17 hydorfoil showing the resin loss including lose fibres at the leading edge [67].

(b) A representation of the two female
moulds that are not fully closed allowing
the resin to flow from the leading edge in

green.

Figure E.6: Mould induced defects for the Nacra 17.
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Lastly, defects arising from the mould line can result in resin run-out or an incorrect shape. If the
part is too thick, the mould may be misaligned (Figure E.6b) or fail to seal properly, leading to resin
loss (Figure E.6a). Weakly constructed moulds can also deform under consolidation pressure, thereby
distorting the part. Resin runout caused by defects in the mould-line requires post-processing that
needs to be performed manually. These defects can result in improper resin distribution or an incorrect
shape of the final product. When resin runout occurs, additional steps must be taken by hand to
address and correct the issue. This post-processing is necessary to ensure the quality and integrity of
the hydrofoils, requiring careful attention and manual intervention.

The product defects that influence the shape are voids, springback, and mould defects. When voids
are located at the tool surface, in the case of the hydrofoil, it forms a dip that can affect the flow over the
surface. Springback will make the geometry deviate form the intended shape and thus again affecting
the hydrodynamic response. The defects related to the mould-line affect the shape as well. Using the
aluminium moulds from Figure E.2c as an example. When the part is to thick, the mould will not be
able to close completely, this might affect the alignment of the top and bottom mould, shifting the top
and bottom shape from each other. The part will also change the overall shape as the hydrofoil has a
greater thickness. The separation of the moulds allows for resin to flow out of the part and between
the two moulds. That this happens can be observed in Figure E.2b. The flow of resin necessitates the
post processing of the hydrofoils to shape the leading and trailing edge back into the original shape. It
also means that with a reduction of resin, voids are likely to occur.

The strength of the part is influenced by all the given product defects. Stiffness is mainly affected
by: Delamination, fibre misalignment, lay-up errors, cure errors, springback, residual stresses, and
thickness variations. Especially the fibre misalignment affects the performance of an hydrofoil. Due to
fibre misalignment, the coupling behaviour of the hydrofoil can be changed. This could create a bend-
twist coupling that might lead to an unstable flight by twisting the foil to stall at an increased bending
load.

In order to reduce the number of defects, it is important at what stage of the product life that the defects
are introduced. Springback and residual stresses are controlled in the design stage. The removal of
sharp corners and minimisation of double curved surfaces helps reduce these effects. When double
curved surfaces are needed, like in a hydrofoil, the right type of weave can be chosen that is better
equipped in following the complex shape. Choosing the right mould material to reduce the thermal
coefficient variation has to be done during the design process. The mould design can help with resin
run out and mould miss-alignment. These parameters are hard to change when production is set
up. It should be noted that double curved surfaces form problems for open structures (hydrofoils when
produced in two halves) and not closed structures like the one shot production of the Nacra 17 Hydrofoil.
The weave type would still be an important parameter in order to follow the shape and prevent wrinkles.

The formation of voids is very dependent on the production itself. With a higher consolidation pressure,
the voids can avoid being formed or pushed out of the part. The use of vacuum can pull gasses out of
the part, thus reducing the voids or let resin flow to open regions that can become voids. This is the
reason for the use of vacuum pumps and an autoclave. Grabow et al. [80] did research in the impact on
manufacture techniques on the formation of voids with a special interest in hydrofoils. The many curves
in a hydrofoil make the production of composites relatively difficult. They found that Automatic tape
laying produced much higher quality parts with respect to hand layup. During hand layup, a much lower
pressure is applied on the composite ply that reduces the compaction. Combining the lower precision
of even skilled workers, small thickness variations, waviness and misalignment are introduced. This is
supposed to be solved by applying a vacuum to the part for every 2 to 10 layers. Due to the nature of
pressure, the force was applied normal to the material instead of normal to the mould. This error grows
with an increase in plies. The effect of the variations only became clear after consolidation resulting
in more variations of thickness. These irregularities during curing where interpreted as uncontrolled
resin flow generated by a heterogeneous compaction. Although the porosity level where similar, larger
areas of porosity’s where observed.

The main impact on the geometry variations in composite hydrofoils are created by the mould design.
Taking into account production steps that can improve the accuracy of the lay-up of a composite part.
Minimising complex lay-up procedures and the need for post-processing while creating precise shapes
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should be strived for. Adding fibre cutting machines, as is shown by &DNA, is an example of minimising
variability within production parameters.



F
Hydrodynamic Analysis

The hydrodynamic performance be divided in two area’s. The first area is the ultimate possible speed
a hydrofoil can achieve at each wind speed and direction and the second is the ability of the sailors to
get the most out of the foils. The drag is ultimately preventing the boat to go faster, but if the boat is
unstable and it often crashes the sailors will still not win the race.

The reason for a foiling boat is to reduce the water resistance of the hull in order to increase the speed.
The efficiency of foiling is best visualised by Artemis Racing when they sailed up the Amazon river
without any wind [83]. They used their AC45 (flying sailing catamaran) on the amazon with a 10 knot
current and no wind. The current generated enough airflow for the boat to move, lift-off and start sailing
up the river. While sailing in displacement mode, with a hull in the water, boats barely surpass the
wind speed and if they do it is almost always while moving away from the direction of the wind. This
highlights the efficiency of the hydrofoils and the sails of the AC45 that allows the boat to move up wind
at a higher speed as the current.

While a boat can be theoretically fast, it is up to the sailors to get the boat up to speed. To quote the
formula 1 car designer Gary Anderson ”I always tried to produce a consistent and useable car that
wasn’t too peaky aerodynamically to allow drivers to be confident” [84]. The same holds true for a
sailor. If the optimal range for a boat is very small or close to crashing, it will be difficulty for the sailors
to reach this point. There is thus a need to understand the impacts on the flow by small geometric
deviations of the hydrofoils.

F.1. Hydrodynamic Theoretical Background
The section will explore the different concepts that are treated within hydrodynamics. In the following
sections it will be discussed:

sec: F.1.1 Who provide the base for our hydrodynamics understanding?
sec: F.1.2 What flow is.
sec: F.1.3 Why for water we assume incompressible flow.
sec: F.1.4 Why viscosity is important.
sec: F.5 What the effect of the boundary layer is.
sec: F.1.6 What effects the 2D profile Drag.
sec: F.1.7 What effects the 2D profile Lift.
sec: F.1.8 What happens when the flow is not ideal.
sec: F.1.9 How the water surface influences the hydrofoil.
sec: F.1.10 What the impact of a structure can be on the Hydrodynamics.

171
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F.1.1. Background

The study of wings emerged in parallel with the first controlled flights in the early 20th century. However,
the understanding of flow principles was limited during this time, resulting in a significant gap between
theoretical hydrodynamics, hydraulics, and aerodynamics around 1900 [85]. It took the publication of
boundary layer theory by Prandtl to combine the different fields of fluid dynamics. ”It is the great merit
of L. Prandtl, to have shown a way how both diverging trends of fluid mechanics could be combined
again”Schlichting and Riegels [86].

In the late 1920s and into the 1930s the National Advisory committee for aeronautics (Now NASA),
developed a series of aerofoils denoted by 4 numbers. Together with the findings of Schrenk [27] that
identified the correlation between curvature and thickness in the lift and drag, allowed a conceptual
understanding of the shape of the aerofoil. The resulting graphs of these experiments were published
and allowed engineers to quickly see the peculiarities of each shape [28]. These series were comple-
mented by the 5, 6 and 7 series aerofoils. A large overview of the aerofoil data and the effect of different
geometry/assumptions is presented by Abbott and Von Doenhoff [87]. This type of research was also
performed by Richard Eppler [88] and Michael Seilg [35]. Using the collection of data, the effect of
viscosity, perturbations, and smoothness of the aerofoil surface could be analysed using the pressure
distribution, lift over angle of attack, and lift over drag. Due to the complexity with fluid dynamic flow,
the combination of the research is not able to predict all types of shape variations.

F.1.2. Flow-types

Fluids are a large collection of molecules that are free to move. Good examples of this are the water
and air around us. When studying the flow of molecules it is very difficult to keep track of every indi-
vidual molecule as they move about in a random motion. It is not needed to calculate the position for
every single molecule to analyse the aero- or hydrodynamic performance. Anderson (2017) explains it
as follows: The distance for a molecule to move before it hits another molecule is called the mean-free
path λ. If λ is magnitudes smaller compared to the scale of the body that is measured by diameter d,
the flow appears to be a continuous substance. This is called a continuum flow. On earth, microscopic
structures need to be analysed to take into account the individual molecules. The opposite of Contin-
uum flow, Free Molecule Flow is usually observed when in space. The distance between the molecules
is larger as the space craft and the space craft can distinguish each atom it hits. For the analyses in
this report all flow will be a continuum flow.

F.1.3. Compressible vs incompressible

The distance between each molecule allows for the molecules to be compressed. All fluids can be
compressed and this compression is caused by differences in pressure. When a flow hits an object
there are differences of pressure around this object. In this report, hydrodynamics is analysed. Ho-
mogeneous liquids like water are already densely packed and do not really change in density when
compressed. Accounting for the change in density when analysing the flow will make it more difficult.
Thus for the analysis it is assumed the fluid is incompressible.

F.1.4. Viscosity

When the molecules move around they will transport mass, momentum, and energy. The transfer
of these molecules will give rise to phenomena like mass diffusion, viscosity (friction), and thermal
conduction. A flow exhibiting these behaviours are called viscous flow [69]. If these phenomena are
not taken into account the flow is called an inviscid flow.

Just like incompressible flows, inviscid flows do not truly appear in nature. However, inviscid flow is
approached when the Reynolds number goes to infinity. The Reynolds number (Equation F.1) is the
ratio between the inertial and to viscous forces within a fluid which is subjected to relative internal
movement due to different velocities within the fluid. With the flow speed (V ), chord length (l), density
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(ρ) and dynamic viscosity (µ).

Re =
ρV l

µ
(F.1)

The Reynolds number allows for scaling of an object. A large cylinder with a relatively high flow velocity
will react the same as a smaller cylinder with a lower velocity in the same fluid. At relatively high
Reynolds numbers (>106), the fluid can be assumed inviscid for certain practical problem. At high
Reynolds numbers the effects of a viscous fluid are limited to a small area around the body, this area
is called the boundary layer [69].

Inviscid flows assumes no shear stress in the flow. Friction (shear stress) is a large part of aerodynamic
drag. Thus an inviscid flow will not be able to correctly predict the total drag of the profile. For the
analysis of the Hydrofoil a viscous flow is needed to analyse the different foils. Viscous flow requires
the analysis of the boundary layer.

F.1.5. Boundary layer

The boundary layer is formed by the no slip condition at the object surface and the shear stress between
the air layers. At the surface of a body the speed of the flow is zero with respect to the object (no slip).
The speed of the flow will increase the further away from the surface. At a certain height the speed of the
flow is equal to the speed of the flow far away from the object. The boundary layer is the region where
the speed of the flow increases from zero to the bulk flow speed. The expanded view in Figure F.1b
show this increase in speed. The change of speed is the cause of skin friction drag. The thickness of
the boundary layer influences the the drag where a lower thickness creates less drag. The thickness
of the boundary layer is dependent on the speed differential, caused by the surface friction and bulk
flow speed, and the type of flow. There are two types of viscous flow as quoted from Anderson [69]:

• Laminar flow, in which the streamlines are smooth and regular and a fluid elementmoves smoothly
along a streamline

• Turbulent flow, in which the streamlines break up and a fluid element moves in a random, irregular,
and tortuous fashion

These types of flow can be observed in Figure F.1. The laminar flow in Figure F.1a, on the bottom
moves fast and stays in the same shape. At a certain point this flow becomes unstable (transition
point) and becomes turbulent. The region of flow is now increased as well. The point at which the flow
transitions to a turbulent state is influenced by the roughness of the surface of an aerofoil as shown in
Figure F.1c. A rough surface will increase the shear stress and will initiate the transition to a turbulent
faster moving the transition point forward on the foil chord.

The friction on the skin differs between the two types of flow. A aerofoil with a laminar flow will ex-
perience less skin friction compared to an aerofoil with a turbulent boundary layer. The difference of
the drag can be observed in Figure F.1d. It can be seen that after the transition the drag doubles in
magnitude between the angles of -1 and 3 degree.

F.1.6. Drag

The Drag for a section is given by:
D =

1

2
ρ∞V 2

∞SCD (F.2)

The ρ∞ is the freestream density of the fluid. While V∞ is the freestream velocity. S is the area span of
the object. The effect of drag for different shapes and different speeds is shown in Figure F.2. That S is
independent of the drag coefficient can also be observed in Figure F.2a. The coefficient is comparable
for the same shape at the same Reynolds number independent of size. When changing the Reynolds
number the coefficient does change in value. When the airspeed increases the distribution between
skin friction drag and pressure drag changes as the skin friction drag only increases slightly. This
change in composition affects the CD and shows that the skin friction drag is a big component at the
Reynolds numbers where the Nacra hydrofoil operates in (up to 5 ∗ 105 with the average in the 104,
sec??).
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(a) Airflow visualised with smoke starting as a laminar flow and
transitioning to a turbulent flow on the top. [68] (b) An visualisation of the boundary layer around an aerofoil

(c) The roughness of the aerofoil affecting the laminar to turbulent
transition point from smooth to rough. [89]

(d) Section drag coefficient for an NACA 63-210 aerofoil at Re = 3 x 106
[69]. The bump shows drag with laminar flow with an increase after the

flow transitions to turbulant.

Figure F.1: The difference between laminar and turbulent flow.
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(a) Drag coefficients
(b) Composition of the drag component

Figure F.2: 2D flow visualised around various aerodynamic shapes, Reynolds numbers and frontal area ’d’ [89]

Behind each shape there is a wake. This wake is created by the separation of the flow from the object.
This wake consists of very turbulent air following the object. The velocity distribution across the wake
will yield the drag of the measured object [69]. This shows that the size of the wake is an important
contribution to the overall drag. Figure F.2b shows this connection as the drag force is equal for the
teardrop shape and the cylinder one tenth its size but with the same cross section for the wake.

Some aerofoils are designed to have a laminar flow across the section to reduce the skin friction drag.
While increasing the angle of attack the flow will transition from laminar to turbulent starting at the
trailing edge. The laminar region reduces the skin friction drag visualised by the bump in Figure F.1d.
This bump is called the drag bucket. The larger increase of drag after the drag bucket is caused by the
separation of the flow from the surface, increasing the area of the wake.

Even though the turbulent flow generates more drag, it can be a desired type of flow in certain situations.
Due to the larger size of a turbulent boundary layer and the smaller difference in speed across the
boundary layer, the turbulent flow is said to stick more to the surface [90]. This reduces the wake and
increases the angle of at which most lift is lost (stall).

F.1.7. Lift

The flow around an object can generate a perpendicular force known as lift. Lift is produced due to
variations in the flow around the object’s profile. In Figure F.3, the lift and the induced drag are depicted
based on the reaction force acting on a flat plate. This example demonstrates a situation where the
majority of lift is generated by the plate’s impact. However, for a more streamlined shape, there are
additional factors contributing to lift.

As the flow encounters the object, it must flow around it, causing the flow to curve. Initially, the flow is
pushed away from the object and subsequently pulled back towards it at a specific point. This curvature
is particularly noticeable when the flow remains attached to the object. The pressure difference around
the object is both a cause and a result of this curvature. Figure F.4 illustrates the pressure distribution
around a symmetric aerofoil at an angle of attack (AOA) of 0 degrees. It demonstrates the higher
pressure at the front (positive cp and the arrows pointing to the profile), followed by negative pressure
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Figure F.3: The force components that result from an object moving through air.[91]

(negative cp and arrows pointing away) to curve the flow over the foil. At an angle of 10 degrees, the
lower surface primarily pushes the flow away, resulting in positive pressure, while the top surface pulls
the flow, creating negative pressure.

Figure F.4: Pressure distribution for a symmetric aerofoil at 0◦ and 10◦ angle of attack [92].

The pressure difference produces the same force vectors shown in Figure F.3. The graph represents the
pressure in terms of pressure coefficient rather than absolute pressure. This dimensionless pressure
coefficient is calculated using the following formula:

cp =
P − P∞

2ρ∞V 2
∞

(F.3)

Here, P represents the local pressure, P∞ is the freestream pressure, ρ∞ is the freestream density,
and V∞ is the freestream velocity.
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Figure F.5: Laminar separation bubble transition into turbulent layer [90].

To construct lift, drag, andmoment, the pressure coefficient acting normal to the surface and the surface
friction acting parallel to it are considered. These two factors together contribute to the normal and axial
force components, which can then be transformed into lift and drag force vectors. The lift, drag, and
moment coefficients are defined as follows:

CL =
L

1
2ρ∞V 2

∞S
(F.4)

CD =
D

1
2ρ∞V 2

∞S
(F.5)

CM =
M

1
2ρ∞V 2

∞Sc
(F.6)

In these equations, S represents the reference area. For a complete plane or wing, the reference area
is the wing’s total surface area, and the coefficients are denoted in capital letters. However, when
considering a 2D section, S is equivalent to the chord length (c), and the coefficients are represented
in lowercase letters (cl).

F.1.8. Flow instabilities

Separation Bubbles As stated before, when separation occurs on the surface, this affects the thick-
ness of the wake and thus the drag. While the separation of turbulent flow will generally not attach to
the surface. A separation in the laminar flow can reattach back to the surface creating an laminar sepa-
ration bubble, visualised in Figure F.5. This bubble can be between 1% of the chord to almost 100% of
the chord. The transition to a turbulent flow allows for a large enough boundary layer that the flow can
reattach to the surface. These bubbles are usually created at low pressure and large curvatures areas
of the foil. The small bubbles appear at displacement-thickness Reynolds numbers (Reδ∗ = Veδ

∗

ν ) of
550 and higher. While the large separation bubbles appear at Reδ∗ > 400. Between both numbers,
both types can occur. The drop in pressure can be seen by comparing the inviscid and the viscous
flow as seen in Figure F.6.

Cavitation When the pressure on the low side of the foil decreases far enough, the vapour saturation
pressure of water can be crossed and the water will change its phase [33]. This phase change from
liquid to gaseous is called cavitation. Within the field maritime engineering this is usually observed
in small quantities at propellers and the rudders of very large ships. The formation and collapse of
cavitation causes effects like noise, vibration, cavitation erosion and a unsteady interaction between
liquid/vaper boundaries that affect the lift/drag of an aerofoil [32, 93].

The cavitation is analysed using the cavitation number (σ), calculated with Equation F.7 [94]. With Pv

as the vapour pressure of the fluid and P∞ the local water pressure. If the local pressure coefficient,
calculated with Equation F.3, satisfies Cp ≤ σ cavitation will form on the surface.

σ =
P∞ − Pv

0.5ρV 2
∞

(F.7)
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Figure F.6: Pressure distribution for the inviscid (ideal) and viscous (real) flow.

(a) Upper surface oil flow visualization of major flow features on the
Wortmann FX 63-137 rectangular wing with aspect ratio of 4 (α = 9

deg, Re = 90,000).

(b) Upper surface oil flow visualization on the rectangular flat-plate, aspect
ratio 3 wing at a Reynolds number of 60,000 at (a) α = 5 deg, (b) α = 7 deg,

and (c) α = 10 deg.

Figure F.7: Visualisation of the laminar separation bubble on a flat plate by Ananda, Sukumar, and Selig [6]

There are 3 main types of cavitation as identified by Carlton [95].

1. Vortex Cavitation: This is usually the first type of cavitation that occurs. It starts when the
pressure in the (tip) vertices drops below the vapour pressure. It often starts further away from
the profile and looks like a mirrored rope.

2. Sheet Cavitation: Appears at the leading edge at higher angles of attack. With high suction
pressures due to low leading edge curvature, sheet cavitation can occur. It is usually a stable
blanket covering the first part of the profile

3. Bubble Cavitation: Is cavitation due to excessive camber/thickness and appears from mid span.
It usually appears in non-separated flow and moves fast along the chord as bubbles.

4. Cloud Cavitation: Is found behind sheet cavitation and is usually a region of separated flow.

Cavitation can be influenced by a number of different parameters. Onishi, Matsuda, and Miyagawa [96]
investigated the influence of hydrophobic coatings on the hydrofoil performance with respect to the
cavitation. Together with the surface roughness, researched by citethao2018influence, are affecting
the behaviour of the cavitation. They affect the forming, size and shedding frequency of the cavitation.
Smith et al. [97] found that this shedding frequency affects and is affected by the natural frequency of
the hydrofoil. The exact initiation of the cavitation is hard to model and predict, according to Schnerr and
Sauer [98]. Hao, Zhang, and Huang [99] analysed cloud cavitation on the the Clark Y aerofoil section
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Figure F.8: Types of cavitation by Carlton [7]:(A) Sheet and Cloud cavitation with an attached tip Vortex, (B) mid-chord bubble
cavitation, (C) Hub Vortex cavitation, (D) Tip vortex cavitation

at Reynolds numbers of 5.6∗105 and angles of attack of 8 degree. This is would indicate that cavitation
needs to be accounted for during the analysis of the foil. The speed at which cavitation significantly
affects the performance of the hydrofoils is usually found to be above 50-60 knots [95] ( 25-30 m/s).
The Nacra 17 does not come close to these speeds, although it will be taken into account by evaluating
the cavitation number σ.

F.1.9. Surface effects

Figure F.9a shows the creation of waves at the surface when the depth of submersion decreases. The
interaction with the surface does create some complex interactions that need to be accounted for. The
phenomenon can be split for vertical and horizontal surface-piercing hydrofoils. The values for each
type can be projected on to the real angled hydrofoil. Using the chordwise froude number:

Fc =
V
√
gc

(F.8)

Vertical foil For vertical hydrofoils the following assumptions can be made using the example that is
shown in Figure F.9a:

1. effective aspect ratio: decreases from twice its span to approximately .7 its original span with
an increase in Fc (Figure F.9b).

2. Wave drag: can be neglected above a speed of Fc = 3. This is reached before the Nacra 17 lifts
out of the water as measured by Hoerner [30] and collaborated in figures F.9c and F.9d.

3. Spray drag: Spray drag is approximately .24 for a thickness ratio of t
xt

≤ .4 and .12 for a thickness
ratio greater than .4, found by [30] and in figures F.9c and F.9d.

Horizontal foil The case for the horizontal foil is more difficult. When the hydrofoil is submerged
to a significant depth, the situation is comparable to a high flying aeroplane. When the distance de-
creases the pressure field of the hydrofoil will interact with the free surface. This effects the lift and
drag by distorting the surface and creating waves. To calculate the speed, the depth froude number
was devised as shown in Equation F.9. With (V) the flow speed, (g) the gravitation acceleration, and
(h) the immersion depth. The effect of the lift and drag as shown in Figure F.10b can be estimated by
the biplane theory proposed by Hoerner [30]. This is simulated by placing an identical foil 2 times the
immersion depth away from the original foil. This holds true for an immersion depth less than 2 times
the foil chord. For foils place at greater depth most impacts from the free surface can be neglected.

Fh =
V√
gh

(F.9)
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(a) Vertical surface-piercing foil. (b) Influence of speed on aspect ratio.

(c) Influence of speed on induced drag. (d) Influence of speed on minimum drag.

Figure F.9: Showing the effects of speed defined by chord froude equation (F.8) as presented by Molland and Turnock [8].

(a) Horizontal near free surface. (b) Surface affect due to immersion depth.

Figure F.10: Showing the effects of a horizontal foil approaching the free surface as shown by Molland and Turnock [8]
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Figure F.11: Ventilation induced by a lifting hydrofoil piercing the free surface [70].

Ventilation When surface-piercing hydrofoils are considered, the presence of separation bubbles
leads to the deformation of the foil shape, which affects suction at the leading edge. This low pressure
separated flow gives rise to a phenomenon known as ”ventilation.” Ventilation, as explained by Hoerner
[31], is the formation of a steady cavity connected to the atmosphere behind or past a surface-piercing
body. To experience ventilation, two conditions need to be fulfilled, as discovered by [100]: a zone of low
pressure, specifically lower pressure in the surrounding atmosphere on the suction side of the foil, and
a separated flow on the suction side. In their study, the ventilated flow exhibited a 33% decrease in lift
compared to the wetted flow. The Nacra 17 utilises these surface-piercing hydrofoils as its primary front
hydrofoils. Unlike hydrofoils employing symmetric sectioned struts beneath the water surface, surface-
piercing hydrofoils employ non-symmetric aerofoil sections at the water surface. This distinction is
significant as it generates lift in close proximity to the water surface. Consequently, these types of
foils are highly susceptible to ventilation phenomena. When ventilation occurs, the aforementioned
reduction in lift often leads to the boat crashing.

The exact mechanics of ventilation are, as of now, hard to predict. Young et al. [34] and Harwood,
Young, and Ceccio [101] investigated the initiation of ventilation. Harwood, Young, and Ceccio [101]
set out to quantify the problem set by ventilation. They found that there is a critical region where ven-
tilation can occur. If it does, it results in a large loss of lift. The effects that quantified by Harwood,
Young, and Ceccio [101] are hard to scale according to Young et al. [34]. The scaling over froude or
Reynolds number is critical in the application of the knowledge in new designs. The difficulty of mod-
elling ventilation is highlighted by Keller et al. [102]. They set out to model the hydrofoil performance
while ventilated but did not manage to match the test data to the CFD analysis. That ventilation is
affected by the surface properties of the foils is highlited by Vakarelski et al. [103]. They tested how
hydrofoils behave when coated in a hydrophobic coating. The results are that the hydrofoils are very
susceptible to ventilation. As is stated before, ventilation can occur when a separated region at lower
than atmospheric pressure exists. For the hydrophobic coating it could be separating the flow at an
earlier stage or a smaller pressure difference was needed for the flow to propagate along the foil. Ac-
cording to Abbott and Doenhoff [29], Selig, Donovan, and Fraser [35], Eppler [88], and Conner [104]
the separation bubbles form at Reynolds numbers (60.000 < Re < 500.000), the same Reynolds num-
bers the Nacra 17 operates in. These laminar separation bubbles can facilitate ventilation according to
Wetzel [105] and Keller et al. [102]. The methods of mitigating ventilation as suggested by Rothblum
[106] are:

• Preventing propagation using a fence (obstacle).

• Preventing separation by boundary layer suction

• Preventing separation by boundary layer blowing

F.1.10. Fluid-Structure Interaction

Both Cavitation and Ventilation can be very dynamic phenomena. The change of fluid density affects
the damping of the structure and the natural frequency. Research at the French Naval Academy [107–
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109] found that as the relative mass ratio and stiffness of the hydrofoil decrease, there is an increas-
ing tendency for the cavitation cavity shedding to lock-in to the foil resonance frequency and its sub-
harmonics [108]. Young et al. [34] identified that the uncontrolled or unanticipated formation of venti-
lation cavities (or ventilation of vaporous cavities) can be very sudden and lead to control difficulties
in addition to structural and/or hydro-elastic stability issues such as conduction, fluttering, transient (or
parametric resonance). This is after considering the desire to create lighter structures with a minimum
frontal area to reduce resistance. While still supporting the high loads created, as shown in ??.

Axisa and Antunes [110] defined fluid-structure interaction as: ”dynamical coupling between a solid and
a fluid in the absence of any permanent flow” This is sometimes incorrectly combined with flow-induced
vibration stated as: ” a permanent flow about a vibrating structure”[110]. The dynamical behaviour
obtained from the fluid-structure interaction forms the reference state for the dynamical response be-
tween the permanent flow and vibrating structure. Several methods for calculating the fluid-structural
response are highlighted in the book written by Zhao and Su [111].

The significant impact of the material properties on the hydrofoil performance, analysed with FSI is
highlighted by Knight et al. [112],Temtching Temou et al. [113] and Marimon Giovannetti et al. [43].
The goal to produce lighter and thinner structures can be achieved by utilising the an-isotropic nature
of composite materials. This an-isotropic behaviour adds coupling behaviour that adds bend-twist
coupling to the structure. Bend-twist coupling could unload the foil when a high bending moment is
applied creating a stable system. Temou [114] did an extensive analysis to predict this behaviour.
Nicholls-Lee, Turnock, and Boyd [115] investigated the possibility of these effects on tidal turbines.
While for sailboats, the tuning of the mechanical behaviour was investigated by Giovannetti et al. [116]
and elaborated on in her Ph.D. thesis Giovannetti [117].

F.2. Hydrodynamic Methodology
Using the knowledge of the flow around the foil. The flow needs to be analysed using a suitable
program/calculation method.

The different tools that can be used for a 2D section analysis are first identified. Weighing their accuracy
over the usability a solver will be chosen for the analysis in the thesis. This will tool will be used to answer
the main question of this Chapter. Different critical parameters of a 2D hydrofoil will be investigated to
narrow the scope of the possible variables that are introduced by the Manufacturing variability

F.2.1. 2D solvers

The following programs are found to calculate 2D aerofoil sections.

• Profil
• Xfoil 2 dimensional panel method
• javafoil 2 dimensional panel method
• Rfoil 2 dimensional panel method
• OpenFoam CFD
• TetrUSS CFD

Profile was the first panel code introduced by Professor Richard Eppler, University of Stuttgart, Ger-
many [39]. Profil uses an 3rd order panel method and an integral boundary layer method. In contrast
to Xfoil, PROFIl does not couple the boundary layer and the external flow field. In order to predict
transition it uses empirically derived transition relations. This method brakes down when some form of
separation occurs.

Xfoil uses 2nd order panel method for the inviscid analysis. This results in a slightly worse prediction of
both lift and drag. Xfoil does however couple the external flow field and the boundary layer, improving
the results for separation within the aerofoils chord. This improves the transition prediction of xfoil. The
transition formulation is based on the en method [38] and denotes the stability of the flow.
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Java uses a third order panel method with the same boundary layer integral method used in the Eppler
code [118]. Javafoil adds new stall and transition models to the boundary layer module.

Where all the panel methods use potential flow theory to solve the equations. CFD estimates the
behaviour of the flow itself for discrete cells. The solution for one cell will update the solution for the
other cells. There are different turbulence models for the calculations in these cells. These can all be
present in each CFD program. The difference between these CFD programmes, is mainly focused on
the user interface and the optimisation of the calculations to reduce the processing time while increasing
resolution (accuracy).

CFD is a wide field of research. As discussed, OpenFoam and TrussUSD are only some of the many
programs that perform CFD analysis. The main difference between these programs is the efficiency of
calculation and the user interface. For CFD, the flow is apporoached from a more basic understanding.
While all flow analysis is derived from the navier stokes equations, a panel method uses significant
simplifications. The CFD allows for a better calculation of the navier stokes equations. For CFD there
are a number of turbulent models that calculate the flow behaviour. In Figure F.12 these are κ−ω SST
(Shear Stress Transport), κ − κlω transition model. Gotten et al. [119] also uses a κ − ϵ model. The
different models use a difference theoretical assumption to calculate the flow. With most models it is
true that a higher resolution leads to an increase in computational time. For more information on CFD
analysis, Hu [120] discusses the computational method of CFD analysis.

F.2.2. 2D Solver accuracy

How accurate do these programs predict the flow around an aerofoil? The program Aerofoil is not
open to the public. The only validation data is found on their website [121]. The tool shows a good
prediction of the lift curve and the maximum lift, although lower as the experimental values. It over
predicts the loss of lift after stall and stalls at a slightly lower angle of attack. The drag is over predicted
near the drag bucket.

Xfoil and Javafoil are based/improvement on the theory of Profile and are thus considered more accu-
rate [122]. While Profile and Xfoil use a second order panel method, Javafoil can apply even higher
order panel method. The higher orders can be more sensitive to complex flows like separation result-
ing in an overall lower accuracy when there is more than one type of flow [123]. Bergman et. all [124]
showed that Java foil predicted a separation bubble while xfoil, the CFD analysis and the experiment
data did not show an significant separation event. This prediction resulted in a very high error for both
the lift and the drag.

(a) Comparing the different models with the E387 foil
(b) Comparison of the S1223, this aerofoil produces separation at low

AOA causing the deviation between Xfoil and CFD models.

Figure F.12: Comparison of Xfoil with experiments and 3 different turbulence models used in CFD [125]

Xfoil is a very common tool for the analysis of 2D aerofoil analysis or finite-wing analysis using its
implementation in XFLR5. Xfoil faces the same problems as all the other panel methods. It does not
correctly predict separated flows. Xfoil accurately predicts the lift slope but not the maximum lift or lift at
stall [125–128]. The drag is usually slightly under predicted at low angles of attack. This can be seen in
Figure F.12a. At High angles of attack the flow separation causes the experiment data to deviate from
the prediction. A fully separated flow can cause problems in a xfoil analysis as seen in Figure F.12b.
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The foil in Figure F.12b showed signs of separation bubbles at low angles of attack [36], resulting in an
incorrect prediction of the lift and the and drag.

While CFD analysis out preforms Xfoil in accuracy. In a preliminary analysis of a 2d section xfoil will
be a much quicker with minimal error. It can reduces the calculation time from days to minutes. This
allows for more analysis to be performed. Xfoil is therefore a good analysis tool for preliminary analysis
of 2D sections or optimisation workflow, according to: Bergmann et al. [124], Morgado et al. [125], and
Günel, Koç, and Yavuz [127]. The data calculated by xfoil, can be used to calculate the forces for a
finite wing using a program like XFLR5.

F.3. 2D section analysis

Figure F.13: The input Parameters for the NACA 4 series aerofoil NACA xf-f-t (2 values) xf (max camber/chord), f max chord
thickness, t max thickness [118]

Just like the aerofoils, the effect of different parameters are imported to hydrodynamic analysis. These
studies are called parametric studies. How two hydrofoils placed in tandem react to each other is in-
vestigated by Kinaci [129]. Showing the effects of different 2D foil parameters when two surfaces are
placed in line with each other like the keel and rudder on most sailboats. The Naca series introduced
parameterisation with the NACA 4 and 5 series aerofoils seen in Figure F.13. This still limits the control
of the aerofoil shape. Therefore different 2D parametric aerofoil techniques are developt, namely: Par-
sec [130], Modified Sobieczky [131], BP3333 [132], BP3434 [132], IGP [133] and CST [134]. The use of
parametric studies for optimisation within the field of hydrodynamics is shown by Backas [135], perform-
ing an optimisation on a kiteboard hydrofoil using CFD. The small differences of the NACRA hydrofoils
make them very useful for investigating how small differences in geometry change performance, just
as the studies for aerofoils described earlier. Guida, Marimon Giovannetti, and Boyd [136] investigated
the Nacra 17 foils, but looked at differences in the overall shape and not at the cross-section level.

With those models the sections can be adjusted to fit a specific performance range. Before this ad-
justment is made it is important to connect the different goals of the sailors to different fluid dynamic
properties, namely:

1. Start flying earlier: Maximize Clmax

2. Minimise resistance in the water:

(a) Minimum drag: Minimize Cdmin

(b) Produce Lift at minimum drag: Maximize Cl

Cd

3. Improve the stability:

(a) Increase the region with laminar flow: Optimise minimum drag (Cd) over α (AOA) range of
the drag bucket

(b) Reduce the presence of laminar separation bubbles
(c) Minimise the change in moment: minimize dCm

dα

These functions are all dependent on the shape parameters of the hydrofoil. The extensive testing by
Abbott and Doenhoff [29] resulted in a general understanding of how the different shape parameters
affect the performance.

The impact of the general shape parameters of an aerofoil are given in Table F.1. It is interesting to note
that the cl/cd found an optimum at a thickness of 12 percent of the chord. This is confirmed by Abbott
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Figure F.14: The different shape parameters that are used to identify the general shape of an aerofoil [137].

Table F.1: Different aerofoil shape parameters and how they influence the performance parameters.

Thickness Thickness position Camber Camber position leading edge radius
Cl max increases - shift up-left - increases
Cd min decreases - shift right decreases -
Cl/Cd slope decreases more shellow shift left - -

Cl/Cd max 12% optimum [29] - increases smoothing
top curve

increases,
smoothing top curve

dragbucket size increases - - - increases
change moment increases increases increases increases increases

and Doenhoff [29]. These values do not say anything about the laminar separation. More complex
lift,drag and lift over drag optimisations optimisations require a more complex set of variables. Abbott
and Doenhoff [29] found that for low Reynolds numbers the drag coefficient is lower for the 4 digit
sections compared to the 6 digit sections. While the 6 digit aerofoil series is designed for a laminar flow
meant to reduce the drag. The stall characteristics for the 4-5 digit sections is more favourably when
the max camber is located more aft on the chord. The minimum drag can be reduced when taking the
surface finish into account. A rough surface or bumbs, will make the flow transition to turbulent closer
to the leading edge. As was identified in subsection F.1.5, the turbulent flow can delay separation.

Separation and laminar Separation bubbles increase the drag coefficient but are not specifically con-
trolled by the shape parameters in Table F.1. To have an better understanding of the separation on
the aerofoil the separation point should be plotted in a lift coefficient over chord plot. By combining the
separation point with the lift over drag graph the effects of separation can be visualised.

By using the boundary layer shape factor H12 the trip point of the separation can be tuned. The bound-
ary layer shape factor is dependent on the flow that came before and shows the potential that is asked
for the flow. At high numbers the flow is asked to make a large shift and if it is not able it will separate
from the shape. UsingH12 to shape the leading edge and mid-chord of the foil. The foil can be made to
reduce or prevent laminar separation. When the shaping of the foil is not an option, H12 can help place
a trip point. This trip point is either a scratch, bump or other geometry on the foil that initiate turbulent
transition. As the turbulent flow has more potential energy to follow the shape, separation is prevented.
This reduces the overall drag of the foil and prevents early ventilation of the foil.

The general geometric shape parameters can be estimated without the use of Xfoil. These can thus give
a good understanding of how the different sections of the Nacra 17 foils will perform. Using the polar’s
created by xfoil these performance differences can be validated. Xfoil can give a better understanding of
the ventilation problem using the boundary layer shape factor. This will provide a better understanding
of why the foils would show different performance.
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(a) Inviscid velocity distributions for airfoils A and B
(b) XFOIL predictions for airfoils A and B to illustrate the effects of

changes in the transition ramp on drag.

Figure F.15: Showing the connection of the transition ramp with the lift over drag performance for two very similar foil shapes,
by Selig [9]
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new features such as tool-less quick-change, kinematic intelligent 
probes, provide unequaled freedom of movement and an unparalleled 
measurement experience.
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device, making it easy to go to the part without the need for external power.

FAROBlu™ Laser Line Probe
The FAROBlu Laser Line Probe HD and FAROBlu Laser Line Probe SD 
leverage optically-superior blue laser technology. The blue laser has a shorter 
wavelength than a red laser, and delivers improved scanning results with 
higher resolution, enabling it to discover smaller details in an object. The blue 
laser also provides a 50% reduction in speckle noise compared to a red laser. 
Speckle noise is proportional to wavelength and degrades measurement 
accuracy.

The FARO QuantumE FaroArm is a portable coordinate measuring machine (PCMM) that meets the most rigorous ISO 10360-12:2016 
measurement standard in existence for articulated arms – an industry first. Available in a 7-axis configuration, QuantumE offers an entry-level 
portable solution for organizations looking for a cost-effective factory inspection system. 

Reliable and robust, QuantumE has been tested to withstand the harshest shop-floor environments and enables manufacturers to have full 
confidence in their quality assurance processes and ensure high quality production. Additionally, the QuantumE delivers market-leading 
portability, and ergonomics along with plug-and-play 3D laser scanning integration with optically-superior FAROBlu™ technology.
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Metal Fabrication: First Article Inspection,  
Periodic Part Inspection
Molding/Tool & Die: Mold and Die Inspection,  
Prototype Part Scanning
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Temperature rate:  3°C/5min (5.4°F/5min)
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Laser Line Probe Specifications
FAROBlu HD FAROBlu SD
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Depth of field 115mm (4.5in) 115mm (4.5in)

Effective scan width Near field 80mm (3.1in) 
Far field 150mm (5.9in)

Near field 80mm (3.1in) 
Far field 150mm (5.9in)

Points per line 2,000 points/line 1,000 points/line
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Scan rate 300 frames/second, 300 fps x 2,000 points/line = 
600,000 points/sec

120 frames/second, 120 fps x 1,000 points/line = 
120,000 points/sec

Laser Class 2M Class 2M
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Performance Specifications
Contact Measurement (Arm)*

Measurement range SPAT1 EUNI
2 PSIZE

3 PFORM
4 LDIA

5

7 axis 7 axis 7 axis 7 axis 7 axis

QuantumE 2.5m 
(8.2ft)

0.035mm 
(0.0014in)

0.050mm 
(0.0020in)

0.025mm 
(0.0010in)

0.050mm 
(0.0020in)

0.065mm 
(0.0026in)

QuantumE 3.5m 
(11.5ft)

0.075mm 
(0.0030in)

0.095mm 
(0.0037in)

0.050mm 
(0.0020in)

0.075mm 
(0.0030in)

0.120mm 
(0.0047in)

QuantumE 4.0m 
(13.1ft)

0.095mm 
(0.0037in)

0.120mm 
(0.0047in)

0.060mm 
(0.0024in)

0.100mm 
(0.0039in)

0.150mm 
(0.0059in)

FAROBlu HD
Non-Contact Measurement (ScanArm)**

Measurement range LDIA
5

QuantumE 2.5m (8.2ft) 0.075mm 
(0.0030in)

QuantumE 3.5m 
(11.5ft)

0.110mm 
(0.0043in)

QuantumE 4.0m 
(13.1ft)

0.130mm 
(0.0051in)

FAROBlu SD
Non-Contact Measurement (ScanArm)**

Measurement range LDIA
5

QuantumE 2.5m (8.2ft) 0.075mm 
(0.0030in)

QuantumE 3.5m 
(11.5ft)

0.110mm 
(0.0043in)

QuantumE 4.0m 
(13.1ft)

0.130mm 
(0.0051in)

All values represent MPE (Maximum Permissible Error) 
  
* Contact Measurement (Arm):  
 In accordance with ISO 10360-12 
 
** Non-Contact Measurement (ScanArm):  
 Full System performance in accordance with   
 ISO 10360-8 Annex D 

1 SPAT – Single Point Articulation Test

² EUNI –  Sphere Probing Size Error comparing measured  
  versus nominal values

3 PSIZE –  Sphere Probing Size Error comparing measured  
  vs nominal values

4 PFORM –  Sphere Probing Form Error

5 LDIA –  Sphere Location Diameter Error (Diameter   
  of the spherical zone containing the centers of  
  a sphere measured from multiple orientations)
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