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ABSTRACT
The main aim of this master thesis is to evaluate the hydrodynamic effects of two different foil

configurations used on a monohull sailboat. This representative vessel is the IMOCA Open 60
which is the most extreme sailing racing monohull in the world, and skippers sail it in races
such as the Vendée Globe. According to class rules, the powerful racing sailboats have to be
equipped with five appendages which are typically two rudders, a canting keel, and two
daggerboards. Nowadays, the teams in this competition prefer one of two different daggerboard
configurations which are straight and curved foils.

The primary objective is to compare the straight and curved foil configurations based on
effective draft values in some upwind conditions experimentally. For that purpose, the 1/8th
scale models of the Open 60 sailboat hull and its appendages were used for getting experimental
results in the towing tank facility at Southampton Solent University. Firstly, a test matrix was
prepared for the various appendages configurations. The main parameters were measured Side
Force, Drag, Heave and Trim in an array of conditions (heel angle, leeway angle and velocity-
Froude Number) during the towing tank tests. The viscous and wave resistance values were
calculated based on ITTC formulations, and then the resistance and side force values were
scaled to full size based on 1/8th scale factor for each condition. Also, some towing tank tests
were done with only the bare hull for obtaining the form factor values of the upright and heel
states. The uncertainty analysis calculations were applied to determine the uncertainty of these
experiments based on the ITTC-Recommended Procedures and Guidelines. The available
model sizes of the straight foil configuration, keel, bulb, and hull were employed for the towing
tank tests. However, the curved daggerboard dimensions were taken from pictures of the new
generation Open 60 sailboats. The representative curved foil was designed in 3D, and it was
manufactured in a plastic material (PBC) by the 3D printer and then it was covered with carbon
fibre.

The 0° and 40° canting keel conditions were evaluated based on the effective draft and righting
arm and the 40° canting keel was employed together with the 1/2- full straight and 1/2 - full
curved daggerboard configurations during the tests. The straight and curved daggerboards were
compared at certain sailing conditions according to the effective draft and heave values to find
the more effective and lifting foil configurations in the upwind conditions. As a result, the full-
straight foil configuration is the most efficient daggerboard configuration in the upwind
conditions however the curved daggerboards have more lifting force advantage due to their

shapes as compared with the straight foils despite being less efficient in the upwind conditions.
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1. INTRODUCTION

The hydrofoil technology has been adapted to many maritime vessels such as naval, passenger
and sailing vessels for many years in the shipbuilding industry. Several hydrofoil configurations
had been tried on crafts since the 1900s by many inventors such as Enrico Forlanini, and
Alexander Graham Bell, etc. [1]. The lifting surfaces have been designed in lots of different
shapes which could be C-shape, L-shape or T-shape, etc. The principle of a hydrofoil is to lift
the hull out of the water using wing-like raising structures that provide reduced wetted surface
area, less wave drag and more speed for vessels, unlike the other conventional vessels.

The different foil configuration systems can be fitted on both monohull and multihull types of
the sailboats. In general, the multihull (catamaran or trimaran) hydrofoil sailboats have better
stability because of their number of the hulls. Some multihulls can use two or three foils on the
hulls, and the main lifting foil can be placed on the centre of gravity of the hull. The multihulls
use the rudders, daggerboards or centerboards as a foil that provides better control, balance and
performance for the sailboat. The hydrofoil catamaran sailboats are also known as foil-cats. The
mono-hull sailboats employ two foils to lift the hull out of the water generally, and they use a
ladder type foil configuration.

Nowadays, there are many competitions for sailboat races, and the ability of the skippers and
crews are very significant to win the races in the well-known competitions. However, the
innovations and technologies for vessels have affected the performance of the sailboats as well
as the ability of the skippers; therefore, we can see several changes on the sailboats. For
instance, the wing sail, canting keel and daggerboards have been fitted on the new class racing
sailboats.

There are various foil configurations which are used for racing and performance on monohull
and multihull sailboats such as the NACRA 17, AC 72, and IMOCA Open 60. The straight and
curved daggerboards are two main foil configurations which are used in the racing sailboat
industry. These sailboats can use foils to improve performance due to the competition rules.
The competitors and engineers have developed the foil shapes and sections to get a high lift to
drag ratios (L/D) at both upwind and downwind conditions. For this purpose, they have done
lots of model tests in towing tank facilities and used some CFD (Computational Fluid

Dynamics) analysis software to find the optimum foil configuration at sailing conditions.
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1.1 Aims and Objectives
The aim of this thesis is to analyse a racing sailboat together with its appendages based on some

hydrodynamic parameters (side force, drag, and heave) experimentally. The representative
sailboat (the Open 60) has employed five appendages which are two rudders, one canting keel
and two dagger boards. These daggerboards have straight or curved foil configurations and the
two different foil configurations used by Vendée Globe teams will be analysed at some
particular conditions according to hydrodynamic towing tank values. The upwind condition
will be the main focus for the analyses. Firstly, the bare hull will be towed to get form factor
values at various heel angles and low velocities. After that, the model boat will be tested using
appendages which are one 40 ° canting keel and straight or curved daggerboards. The
hydrodynamic parameters will be obtained with these different foil configurations at particular
sailing conditions (heel angles, leeway angles and velocities). The obtained model values will
be extrapolated to full size based on 1/8th scale factor and then the effective draft values will
be calculated for each situation. The all effective draft results will be considered in certain states
to determine the best configuration in the upwind condition.

e Form Factor values will be determined for some heel angles and uncertainty analysis
will be done to get error quantity of the desired experimental tests.

e Effective draft values of 0° and 40° canted keel will be calculated at some particular
conditions and the canting keel situations will be evaluated with righting arm and
effective draft results.

e Drag, Side Force and Lift values will be obtained from towing tank tests with the two
different foil configurations separately and 40° canted keel in various sailing conditions.

e These effective draft, Lift and Drag values will be considered in comparison of both foil
configurations and these obtained values will be analysed to get critical results in the

upwind condition.

Figure 1-1: A 3D view of the curved daggerboard configuration [23]
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1.2 Scope of Study
Basically, the master thesis contains experimental data obtained from the model basin at

Southampton Solent University. Model of the Open 60 racing sailboat has been already built
by the university facilities and it has been given to get the desired hydrodynamic values. The
towing tank tests will be done based on the ITTC (International Towing Tank Conference) [2].
The ITTC formulations and procedures will be applied for computational and experimental
processes [3, 4]. Hydrodynamic analyses and uncertainty analyses will be the main focus of this
study to get critical results. The hydrofoil configurations will be used as observed and tested
appendage based on foil theory. The hydrodynamic model values obtained by model boat will
be scaled to full size based on dynamic similarity and 1/8th scale factor. According to full-size
results, the effective draft values will be calculated to compare the effectiveness of the two
different foil configurations. Eventually, the most effective configuration will be found in the
upwind condition, according to the analyses and some remarks and ideas will be presented

about the foil configurations.

L"

—
' * SOLENT

Towing Tank

Figure 1-2 : Towing tank facility of the Southampton Solent University
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1.3 Methodology and Approaches
All model experiments are performed based on some assumptions and requirements. The

towing tank tests will be performed on ITTC approaches for obtaining the desired analysis
results. According to the ITTC method, there should be a similarity in the forces between model
and full scale, therefore there are three similarities which are kinematic, dynamic and geometric.
The geometric similarity assumes that the model and full ship hulls have similar geometry and
the approach is presented as the ratio of the model and full hull lengths using a constant scale
factor. Based on this geometric similarity, many hydrodynamic and hydrostatic parameters can

be scaled from model size to full size values. [5]
Ls

A_Lm

(1)

On the other hand, the ratio between inertia and gravity forces should be equal in both model
and full scale to have similar flows based on dynamic similarity. It means that Fn (Froude
Number) is respected to scale the model to full size so the relation between the model and full
sizes occurs because of the respect and velocity values of the model and full ship size can be
scaled each other. In addition, it is assumed that the wave motions will be same in the model
and full size according to Froude number equality. For that reason, the wave making resistance
will be equal for both scales, therefore, the residual resistance coefficient will be affected due
to wave making resistance and it will be also same for both scales. This situation is expected to
be same for Reynolds number in order to have the proper ratio between inertia and viscosity
forces. However, it cannot be accepted like Froude number approach exactly because it is hard
to change the viscosity of the fluid of model and full-size conditions in order to respect to
Reynolds number, therefore, the Froude number approach is more feasible as compared with
Reynolds number. According to this consideration, the experimental model results obtained
from the towing tank tests can be scaled to full size based on the ITTC method. [2; 5]

=80~

Figure 1-3 : General chart of scaling from model to full size
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1.4 Description of Hydrofoils
It is acknowledged that the foil theory section was presented based on the Southampton Solent

University Lecture notes [6]. A foil has a solid structure mainly which is placed in an oncoming
fluid at a specified angle of attack. The foil generates a lift force in the free stream because of
the foil’s angle of attack and shape, and the lift force is perpendicular to the free stream. Due
to the solid structure of it, there is also a drag force which is parallel to the free flow. The fluid
could be gas or water, and if it is a gas, the foil is named as an aerofoil otherwise, it is named
as a hydrofoil. There are two kinds of foil theory as 2D and 3D. There are some assumptions
for the foil theory. The flow is assumed as incompressible around the foil, and the viscous and
boundary layer effects are not taken into account. According to Bernoulli’s theory, energy
losses are not seen during the free stream. In 2D foil theory, it is assumed that same cross
sections seem at each point along the span of an endless long foil; therefore, the foil will have
similar flow at any point of its span. It means that the flow will not change around the tip parts
of it. However, the flow will be different at the tips of a finite span of any foil according to 3D
foil theory. This situation will cause a lift difference between the centre and ends of the foil.
There is also a mathematical theory which enables to obtain the lift and drag coefficients of 2D
foils, and the theoretical coefficients of 2D foil can be modified for 3D foil calculations. [6]

Normally, if the angle of attack increases for the foil, the lift coefficient will have increase
linearly. The foil causes deflection of the oncoming fluid with the angle of attack. The flow
separates excessively over one of the foil surfaces with reduction of the lift force when the angle
of attack is enhanced too much. This deflection of the flow generates curved streamlines, and
these streamlines result in pressure differences on surfaces of the foil therefore while one of the
surfaces has low pressure, the other surface has higher pressure. According to Bernoulli's
principle, the pressure differences also cause the velocity differences around the foil, so the
upper surface has higher average flow speed than the lower surface to catch the incoming flow

over the bottom surface at trailing edge section. [6]

FREE STREAM INCREASED VELOCITY
o T R
i e—— L »'
— — i Y a
—_— ——— i S

REDUCED VELOCITY

Figure 1-4 : Velocity difference around foil [6]
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According to the Bernoulli’s equation, there is an equilibrium depending on the pressure and
velocity values. These parameters have opposite relation in the Bernoulli’s equation to keep it

constant. [6]

P (Static) +% p VZ(Dynamic) + pgz = Po 2)
//-/T\'\
/ \
/f / \
£y £\
/| [\
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Pressure profile around airfoil

Figure 1-5 : Pressure difference around foil [6]

Deflection effect of the foil on the free stream generates the two forces which are the lift and
drag. A 2D foil produces the lift and drag forces with its non-dimensional coefficients as

follows:

L =2pV2scl 3)

D =2pV3scd (4)

The primary consideration of a hydrofoil design is to lift a boat’s hull and keep it out of the sea
water, and it means that there will be less drag. The boats should balance the hull weight with
force, and the force is provided by the lifting hydrofoils; therefore, the vessel hull becomes
much lighter due to the lift force. The hydrofoils seem as wing-like raising structures which
raise the hull out of the water to reduce the wetted surface with having less drag force.
Therefore, the lifting hydrofoils enable to increase in speed of the boat at a particular angle of
attack. [6]
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It is considered that the foils have a finite span and chord length in 3D foil theory as compared
to 2D foil theory. For that reason, the flow around tips of the foil is induced because of the
pressure differences between the bottom and top surfaces of the foil. Therefore, tip vortex will
occur across the chord length of the foil, and the tip vortex streaming will have increase with
the flow interaction between the tip and the chord length of the foil at the trailing edge tip. The
flow around the tip of the foil begins to act along the span of the foil to generate a span flow
above the upper surface, and it also acts to produce the span flow toward the tip at the lower
surface. The tip flow due to pressure difference will transform into a vortex sheet from the span
streaming at the trailing edge, and the vortex sheet continues until middle span decreasingly.
The vortex sheet left from trailing edge combines with the tip vortex to create the trailing vortex.

The tip vortex will lose its effect when the trailing vortex is far away from the tip. [6]

Figure 1-6: The flow vortices around foil in 3D foil theory [6]

This trailing vortex corresponds to lost lift for the foil, and it is called induced drag. The tip
vortices emerge around the tips of the foil mainly therefore if the span length is increased with
same chord length, the aspect ratio of the foil and the region of the span will have risen therefore
this situation will result in fewer tip losses and lift loss. It also means that the foil will generate

more lift force with larger aspect ratio. The lift is produced by the centre line of the foil.
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The trailing vortices generate a downwash effect at trailing edge of the foil, and this downwash
effect change depends on the distance from the tips of the foil. The free stream vector transforms
into inflow vector due to the downwash; therefore, the 2D lift vector perpendicular to the free
stream also changes its direction based on the inflow vector, and this is indicated by 3D lift
vector which is perpendicular to the inflow vector. The rotation of the lift vector causes a drag
force which is parallel to free stream vector, and it is called induced drag (Di). The induced
drag is produced because of lift that is generated by a 3D foil along it’s’ the lifting section since
the flow is induced by the pressure differences between the top and bottom surfaces of the foil.
In other words, the induced drag parameter emerges due to the lift force. There is a formulation
to calculate the lift and induced drag coefficients as shown below [6]:

Cl?

Cdi="R

(5)

According to the above equation, the lift force and induced drag can be obtained by using their
coefficients. It also seems that there is an inverse proportion between the aspect ratio and the
induced drag. The induced drag decreases with increasing the aspect ratio value in a certain
state; therefore, better L/D ratio can be obtained based on chord and span lengths of the same
foil. [6]

2D LIFT
FERFENDICULARE TO W

30 LIFT

_T___i__l PERPENDICULAR TO Ve

MB 3D LIFT MEASURED
FERFENDICULAR TO
FREESTREAM IS

LESS THAN 2D LIFT

FEEESTRE AM A%
l/j"‘-—-._____;_l____-_-- DOWNWASH
W T
-~
:’f{ o Ok Ve

/
INDUCED DRAG COMPONEMNT
PaRALLEL TO FREE STREAM W

Figure 1-7: Illustration of the 2D and 3D lift vector directions based on the flow vector [6]
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1.5 Foil Configurations
Several types of foils are mounted on the sailboats in the small craft industry. The hydrofoil

objects might have different foil configurations. In general, there are two main hydrofoil
classifications which are surface piercing and fully submerged. These shapes present how the
submerged surfaces are adjusted to lift the hull out of the water [1].

The central concept of surface piercing hydrofoil designs is to raise the hull into air-sea interface
by using the parts of the foils. The struts provide the connection between the foils and the hull
and they support the lifted hull over the water surface with length enough. According to the
principle of the surface piercing hydrofoils, the boat’s hull rises thanks to the foils, therefore,
the speed of the vessel increases because of reduced surface area of the submerged foils instead
of the hull. This type of hydrofoils might have U or V shapes.

On the other hand, the fully submerged hydrofoils operate under the water surface. The struts
have the same duty as well as surface piercing, therefore, they provide the connection between
the hull and foils, but they do not have an effect on the lifting force mostly. The hydrofoil
configuration system does not have stabilisation characteristic itself at some sea conditions;
therefore, the foils should have the sufficient angle of attack to provide the lifting force
efficiently. The hydrofoils with the fully submerged foil configuration enable to minimise the
wave effects on the hull at sea conditions and keep it more vibrationless. Therefore, the
passengers have more prosperous voyage [7]. The fully submerged hydrofoils might have T or

L shape in application areas.

- oo

S .

Figure 1-8: Surface-Piercing (Left) and Fully Submerged (Right) hydrofoil types [1]
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1.6 Dagger-boards and Centre-boards
The dagger boards and centreboards are used as rigging for stability and lifting on sailboats.

They have similar working principle but different retraction system. The universal principle is
that these boards enable to sail by a lift in a windward direction efficiently through countering
the effect of the sail in a leeward direction while the hull is floating on the water. They enable
to convert the sail force because of the wind to forward motion that helps to keep the sailboat
more stable. Both of them have a thin plate which is mounted on the bottom of the boat
vertically. The dagger boards are usually longer than the centreboards. Therefore, the
daggerboards could provide more lift force for the crafts. The dagger board is similar to a real
dagger because it also has a case (housing) which is known as dagger board trunk. The dagger
board moves only down and up in this trunk vertically. This dagger board trunk has bearing
feature for the board, and the trunk prevents to contact between the boat hull and water. On the
other hand, the centreboards have different retraction system that pivots up or down through a
slot which is known as centreboard trunk. The centreboard trunk has a similar concept with a
dagger board trunk however the daggerboard can be removed from its trunk, unlike the
centreboard which stays in the same position every time. The centreboard can swing more freely
about the slot thanks to the centreboard pin, in contrast to the dagger board which can move
only up and down in its trunk. Because of the swing, the balance of the hull can be adjusted by
the variance of the centreboard position for different sailing and loading conditions. The slot of
the centreboard should be longer than the dagger board’s slot, therefore, this slot causes more
drag force when the centreboard is used. When the boat sails into shallow water, the dagger
board will have more damage accidentally because of its trunk but the centreboard will pivot
up to about its trunk with less damage probably. Firstly, the both boards were made of wood;
however, the wooden boards tend to float out of the water. This problem can be solved by some
locker systems, but they can also be manufactured by using different materials such as

aluminium, steel or fibreglass. [8, 9]

CENTERBOARD CacceRsossD

Figure 1-9: Centre board (Left) and Dagger board (Right) Ilustrations [9]
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2 Vendée Globe
In 1968, the Golden Globe Race was organized as the first non-stop solo round the world race

firstly. After this event, the race idea was the initial source of inspiration for the Vendée Globe.
Philippe Jeantot is a French yachtsman who sailed in the Velux 5 Oceans Race. He decided to
emerge a new and amazing non-stop round the world race in 1989 after his two wins in the
Velux 5 Oceans Race which is a solo round the world race with stopovers. This Globe
Challenge was called as Vendée Globe in progress of time.

The Vendée Globe is a single-handed race which competitors sail non-stop around the world
without any assistance. The Vendée Globe is ultimate experience and test of endurance for
sailors. They face many difficulties in ocean conditions by themselves during the world route.
Some master sailors have ever achieved to win this extreme challenge. Some of them are Alain
Gautier, Christophe Auguin, Vincent Riou, Francois Gabart and Titouan Lamazou. In 2001 and
2009, Michel Desjoyeaux has won the challenge two times, and Frangois Gabart has set a record
with 78 days sailing. It has been arranged every four years enthusiastically.

Open 50 boats were used for the race and nowadays, competitors sail the Open 60 class. The
Open boat classes are governed based on a box rule which has parameters such as overall length,
draught, appendages and stability, etc. The "Open™ class of monohull sailboats is administered
by The International Monohull Open Class Association (IMOCA), and the World Sailing (or
formerly International Sailing Federation-ISAF) is the main institution for the sailboats. The

sailing challenge starts and finishes in Les Sables-d'Olonne. [10]

vendéed| m
Les Sables d'Olonne

Les sablesf;

d’Olonne

| BEEE Sidero B

Figure 2-1: Route of the Vendée Globe Competition [10, 11]
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2.1 Sailing Conditions
The route of the Vendée Globe Competition performed around the world has various

environmental conditions. It is acknowledged that the all meteorological sea conditions were
retrieved from a new Open 60 sailboat project which has been designed for the next Vendée
Globe 2020 race [11]. The average values of the probable sailing states were taken from the
website of NOAA (National Oceanic and Atmospheric Administration) for certain months
according to particular locations of the route. The wind speeds, wave heights and sailing
conditions are presented based on the average values and wind directions (Figure 2.2) in the
following table.

Table 2-1: Environmental conditions based on the route locations [11]

1 7 14 Running 1,75 L |
2 8 16 Broad Reach 2 5
3 10 19 Close Hauled 2,75 5
4 11 21 Close Hauled 3 5
L 6 12 Close Hauled 1,5 L |
6 Q 18 Running 2,7 5
7 18 Running 2,7 5
8 10 19 Running 2,75 5
9 8 16 Running 2 5
10 7 14 Broad Reach 1,75 4
11 k] 18 Running 2,7 5
12 a 8 Running 0,7 3
13 5 10 Close Hauled 0,8 3
14 10 19 Close Reach 2,75 5
15 14 27 Running 4 7

Wind l Direction

In Irons
{(Into the Wind)

Close Close
Hauled Hauled
Close
Close
Reacl
e 1‘ Reach
Beam Beam
Reach Reach
Broad Broad
Reach Reach

Running

Figure 2-2: The sailing conditions based on the wind directions [11]
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The OPEN 60 vessels encounter the some environmental conditions during the race route. The
wind speed and wave height are main significant conditions for the competitors and their
sailboats. These sailing conditions may have vicious or breeze winds and huge or small waves
depends on location of the sailboat. In addition, the wind direction is a critical parameter which
affects the sailing and sailboat performance. The wind directions show that the sailboat is
sailing under upwind or downwind states basically and the directions are indicated by various
names. The names mention sailing direction of the sailboat against the wind. The wind
directions are also related to the route. The skippers of the OPEN 60 sailboats try to overcome
the hard conditions in order to have good performance. The skippers sail at %80 of the time
under downwind condition during the Vendée Globe race route approximately so this is the
main wind condition for sailboats to win the extreme competition. They should have good
performance at downwind condition but they also need to overcome rest of the wind conditions
which take %20-25 of the time during the route. The rest of the wind conditions could be
upwind condition which is the hardest situation for the sailboats and skippers. In the Vendée
Globe race route, the sailors might encounter with trade winds which have changeable
characteristic as wind force and direction. For that reason, the skippers should find sensible
strategies or have sailboats equipped by better appendages under these changeable wind
conditions. There is one satellite picture which was taken from around the Canary Islands. It is
shown that there are stable regions that are blue and green zones and the yellow regions show
the oncoming and changeable wind conditions which might cause hard situations to control the
sailboat. [12, 13]

Sesessiiien: : £ g G

Figure 2-3: Satellite view around Canary Islands from the Vendée Globe race route [12]
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2.2 The Open 60 Sailboat
Administrator institution of the Open 60 sailboats is the International Monohull Open Class

Association (IMOCA). The Open 60 sailboats are designed based on some restrictions and
certain rules however the rules can rarely allow some innovations which the designers can
develop them to improve the performance of the sailboat. The Vendée Globe competitors have
sailed with the sailboats fitted with five appendages which are two rudders, one canting keel
and two dagger boards and the sailboats are equipped with various sail types, one of the
different kinds of a mast (traditional or wing) and some technological systems. The skippers
sail the most robust and fast racing monohull which can reach 28~30 knots in downwind
condition [14]. The Vendée Globe Competition contains lots of sponsors, designers and
skippers [15]. However, a representative sailboat of the all competing sailboats [15, 16] was
created based on their general specifications to perform the hydrodynamic analysis calculations
and it is presented with its' the approximate specifications below.

Table 2-2: General specifications of the representative IMOCA Open 60 Sailboat

Representative Open 60 Sailboat Specifications Unit

Full-Size Length 18,288 m
Model-Size Length 2,286 m
Full-Size Beam 5,70 m
Model-Size Beam 0,71 m
Full-Size Max. Draught 4,50 m

Full-Size Lightship Displacement 7,6 ~ 8 | tonnes
Scale Factor 8,00 -

7 s el

Figure 2-4: A view of the model boat
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2.3 The Straight and Curved Daggerboards
There are two different foil configurations which are used by the IMOCA 60 racing sailboats

in the Vendée Globe. The conventional shape is called straight daggerboard which has straight
foil configuration and other one is designed with complex shapes which include straight and
curved parts, and it is named as curved daggerboard configuration. The main purpose of the
configurations is to enhance the stability of the sailboats dynamically to get faster sailboats
(VMG-Velocity Made Good) therefore they are created to generate the side force with their
various shapes. They are employed as an additional appendage to complete the righting moment
effect of the keel and increase the efficiency of total side force generation.

One of them has the conventional foil shape that has been employed by the skippers to increase
the sailing performance during the non-stop round the world race. It is called straight
daggerboard which has been still preferred by designers for this challenge. Mainly, it is
designed to contribute the side force generation (righting moment) horizontally. It also produces
the vertical lift force slightly when the boat is heeled. Most of the skippers have won the
exciting competition and finished the route in a shorter time thanks to the straight foil and other
technologic changes. They believe that the conventional daggerboard configurations are still
useful to compete during the extreme sailboat competition.

Nowadays, Dynamic Stability System (DSS) seems an exciting innovation created by designer
Hugh Welbourn [17] for sailboats and sailors. The DSS is to lift the hull out of the water thanks
to foils to have less displacement; therefore, these sailboats have less wetted surface area and
resistance. It provides righting moment dynamically at downwind side of the boat for stability
against to the heeling moment which is induced by the wind. The righting moment and lifting
features of the retractable foils enable to enhance the performance at some conditions. Some
designers and engineers from the Vendée Globe teams wanted to use the new system for their
the Open 60 boats, and they have found the new generation curved daggerboard configuration
based on the DSS instead of the conventional one for the IMOCAG0s. Seven teams had decided
to use the sailboats equipped with the curved daggerboards to compete in the Vendée Globe
2016/2017. These seven teams are Safran, Banque Populaire, Edmond de Rothschild, Hugo
Boss, No way back (formerly Vento di Sardegna), St Michel-Virbac and Maitre Coq [18]. The
curved foil configuration of these new generation sailboats and the conventional daggerboard
configuration are shown by illustrations in the following Figure 2.5 and 2.6.
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HOW IMOCA 60 FOILS WORK

IMOCA 60s are only allowed 5 foils in total: Rudder x 2, Keel x 1,

Daggerboards x 2, so daggerboards have been modified

1o perform two tasks - to lift vertically and honzontally HEELING MOMENT

WATER BALLAST

LIFT GENERATED
BY FOIL

WINGLET SIDE FORCE INSfEAD OF
CONVENTIONAL DAGGER BOARD

LIFT GENERATED
BY AN

MOMENT

BULB BALLAST

Figure 2-5: lllustration of IMOCA 60 equipped with canting keel & the curved foil configuration [19]

Sails

Figure 2-6: lllustration of IMOCA 60 equipped with canting keel & the straight foil configuration [14]
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3 ITTC PROCEDURES AND GUIDELINES
In this section, general ITTC resistance and scaling assumptions will be represented with some

formulations and approaches. The all towing tank tests used in this master thesis project are
performed based on the ITTC regulations and requirements [3]. The chapter will include that
the procedures will start with basic scaling rules and assumptions and then the resistance and
form factor formulations and processes will be explained step by step generally.

3.1 Scaling Rules and Similarities
There are some requirements and approaches to perform the towing tank tests for all model

experiments. According to these requirements, there should be three similarities in forces
between the model and full size. The forces between model and full size should have geometric,
kinematic and dynamic similarities [5].

Firstly, it is assumed that model and full size of the ship have a similar geometric shape
according to geometric similarity. There is a constant scale factor (A) (Equation 1) for the model
and full size. The scale factor shows the ratio between lengths of the model and full size.
According to dynamic similarity, if the ratio between forces is equal, the model and full-size
ships will have similar flows. The main forces are inertia, gravity and viscosity for the towing
tank test processes. When we take a look at the ratios between these main forces, we can realise

the Froude and Reynolds Numbers in the following equations.

Inertia p U?% |2 . U? .
Gravity gl3p gl

Inertia U? 12 -U-l
=P =P = =Re (©

Fr —— =
Viscosity uUl

Firstly, we try to scale the model size according to the Froude Number. In this way, we respect
the Fr number [2] to get the proper relation between the model and full size thus we can obtain
a correlation between the model speed and ship speed using the scale factor. In addition, the
relation shows that if the Froude numbers are same for the model and full scale, the wave
resistances will be equal as well. The residual resistance coefficient (Cr) is related to the wave

making resistance; therefore, the Cr values will also be equal in the both scales.

g - l(m) Jg - 1(s) g-lis) V2
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The dynamic similarity assumes that the model and full scales should also have a relation based
on the Reynolds number. However, it is not easy like Froude number to respect the Reynolds
number because the viscosity of the fluid should be changed to get an accurate correlation
between both scales but the situation is not realistically feasible for towing tank tests. Because
of that, we just respect to Froude number exactly.

_ U(m) - I(m) — Re(s) = U(s) - l(s) N

v(m) v(s)

3.2 ITTC57 and 78 Methods

According to Froude’s assumption, there are independent viscous and residuary drag related to

U(m) -l(m) _v(s)

us)-I(s) A%

Re(m) v(m) = v(s) 8

the ship hull. The viscous drag is about friction associated with the interaction between the
water and hull and the residual resistance consist of wave making drag and other extra rest
drags. The non-dimensional resistance coefficient (Ct) is used for resistance tests instead of the
total resistance (Rt). There is a general formulation for the model and full-scale resistance
calculations [2]:

Where: The total resistance Rt (Newton), p (water density)—(kg/m?), V speed (m/s) and S the

wetted surface area (m?).

Rt
Ct=g——— (9)
5 .V%.8

According to ITTC 57, the frictional resistance coefficient can be calculated analytically using
an equation, and it is related to Reynolds number. The frictional resistance coefficient can be
calculated for appendages as well.

0.075
(log.oRe — 2)*
According to ITTC 78, the form factor (1+k) should be determined for the hull to get the

Cf = (10)

corrected frictional resistance exactly. Based on Prohaska’s method, the form factor can be
obtained at very low speed (Fr < 0.2) [4]. In the following equation, the Prohaska’s method is

shown below [2]:
Ct=(1+k)-Cf+k1-Fr4—>2=(1+k)+k1-F—r4 (11)
cf cf

After these processes, there is a total resistance coefficient formulation which contains all the
frictional, wave and additional resistance coefficients. The Cr is the roughness coefficient that
is taken as standard racing yacht value (Cr=0.0002) [6] and the air resistance coefficient (Caa=
0.001 x [At-Ship’s frontal area/S-Wetted surface area]) [2] is calculated as 0.0002 for the
sailboat approximately.

Cwm(Fr) = Cws(Fr) - Ct(Re,Fr) = (1 + k)Cf(Re) + Cw(Fr) + Cr + Caa (12)
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3.3 Form Factors

In this section, the form factor values obtained by towing tank tests will be shown at different
heel angles. The Open 60 model hull was towed without appendages at the upright condition,
10°, 15°, 20° and 25° heel angles during these form factor tests to get appropriate results. The
appendage volumes were measured approximately according to appendage dimensions and the
model boat displacement without appendages was calculated by subtracting the appendage
volumes (bulb, keel, and dagger board) from half-load model displacement (17,64 kg) and then
the necessary ballast weight (6.9 kg) was determined according to the calculations. The model
wetted surface areas were scaled from full-scale areas which were obtained using Maxsurf
Stability [20] at different heel angles. The Prohaska’s method was used for these form factor
calculations at very low speeds (Fr<0.2) according to ITTC procedure [4]. The model total
resistance values were obtained at certain Froude numbers, and the frictional resistance
coefficient (Cf), and the total resistance coefficient (Ct) values were calculated based on ITTC
formulations to apply the Prohaska’s method. The 4th power of the Froude number refers to the
wave resistance coefficient. The graphs were plotted with the required components according
to the Prohaska’s formulation [4] to find the form factors. The form factor (1+k) corresponds

to the intercept value of the variables (Ct/Cf versus Fr*/Cf) used in the regression graphs.

Ct=1+k)+~Cf+bx* Fr*
4

Atk +be
_— = *
cf cf

(13)

The model hull was towed at a certain range of Froude numbers (0.1<Fr<0.2) to obtain the form
factor numbers based on the Prohaska’s method for each desired sailing conditions (the upright
condition, 10°, 15°, 20° and 25° heel angles). Seven points were used to draw the straight line
on the graphs, and when the graphs did not give appropriate results (low R?) for getting the
form factor values, some points were removed to obtain more accurate form factor (1+k) values.
Therefore, just 3 or 4 points were used to plot the graphs after some readjustment processes
generally. The form factor values were taken into account for resistance calculations in further

sections.
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After the towing tank tests and readjustment processes, the all final form factor numbers were
obtained based on the Prohaska’s method for each sailing states. According to the average
temperature value (19.5 °C), the environmental specifications were taken into account for the
calculations. The all form factor values are shown in the following table, and the detailed form

factor tables and graphs are presented for each condition in the Appendix-A section.

Table 3-1: Some general specifications for the form factor calculations

Some General Specifications

Overall Submerged Length ,LOS 2,286 m
Waterline Length, LWL 2,25 m
Density- p - (19.5 °C) 998,31 | kg/m3
Viscosity - i - (19.5 °C) 1,014E-03 | (Pa‘s)
Gravity 9,81 m/s?
Table 3-2: Form factor values - (1+k) for some sailing states
Form Factor Values - (1+k) For Sailing States
Upright Condition 1,32
10° Heel Angle 1,26
15° Heel Angle 1,19
20° Heel Angle 1,13
25° Heel Angle 1,12

Figure 3-1: A model boat view of the form factor tests
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3.4 Uncertainty Analysis
During all the towing tank test processes, there could be little errors or uncertainties about some

parameters because of various reasons such as the environmental conditions, user mistakes,
geometric roughness, measurement system and so on therefore this situation might modify
some hydrodynamic outputs which are obtained by towing the hull model during the
experiments. For that reason, the uncertainty analysis can be applied based on the ITTC
Recommended Procedures and Guidelines [3, 4] to determine the amount of the uncertainties.
According to the ITTC Procedures, there are some requirements and instructions to get the
margin of error. The uncertainties of certain main variables are calculated with some
formulations and instructions step by step.

In this section, there will be some main parameters such as speed, density, wetted surface area
and frictional resistance coefficient (Cf). The fundamental component uncertainties for the
towing tank tests are presented based on the ITTC Procedures. The approximate uncertainties
will show the probable differences in the analysis results.

ENVIRONMENTAL
CARRIAGE HULL MODEL CONDITIONS
v v v v
SPEED SINKAGE and TEMPERATURE
RESISTANCE TRIM
MEASUREMENT MEASUREMENT
TACHOMETER/ DYNAMOMETER MEASUREMENT THERMOMETER
PROBE DEVICES
A 4 y A A 4
RESISTANCE / SINKAGE TANK WATER
MODEL SPEED EXTERNAL and TEMPERATURE
TOW FORCE TRIM

F

SIGNAL CONDITIONING and
DATA ACQUISITION

COMPUTER

Figure 3-2: General diagram of model towing tank tests [3]
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3.4.1 The Main Uncertainty Values

It is acknowledged that the uncertainty calculations were performed based on general sample
of an uncertainty excel sheet [29] and a new excel sheet was created based on the latest ITTC
Procedures and Guidelines [4]. The analysis was done in a particular upright condition to obtain
the general uncertainty values. The error quantities of all these parameters were determined step
by step based on formulations and instructions of the uncertainty processes (Type A and type
B [4]. The type A procedures include the repeated towing tests to get the precision quantity of
some important parameters such as total resistance, velocity, temperature. On the other hand,
the type B processes contain some specific equations and variables to find the uncertainty
amounts of the main parameters. The detailed tables are shown in the Appendix-B section.

Table 3-3: The main parameter values used in the uncertainty analysis calculations

Main Parameters
Average Temperature 19,5 °C
Fresh Water Density 998,31 |kg/m?
Fresh Water Viscosity-v 1,02E-06 | m?/sn
Model Waterline Length-LWL 2,25 m
Model Length Overall Submerged-LOS | 2,286 m
Wetted Surface Area 0,88 m?
Speed 1,613 m/s
Froude Number 0,34 -
Reynolds Number 3,63E+06 -
Coefficient of Frictional Resistance-Cf | 3,61E-03 -
Total Resistance-Rt 6,18 N
Coefficient of Total Resistance-Ct 5,40E-03 -
Form Factor-(1+k) 1,32 -
Coefficient of Residuary Resistance-CR | 6,42E-04 -

Table 3-4: Total uncertainties of the main parameters

Total Uncertainties
TEMPERATURE 0,5 %
Fresh Water Density 3,02E-03 | %
Fresh Water Viscosity 1,1 %
Model Waterline Length-LWL 0,1 %
Model Length Overall Submerged-LOS 0,1 %
Wetted Surface Area 0,1 %
Speed 0,1 %
Froude Number 0,2 %
Reynolds Number 0,3 %
Coefficient of Frictional Resistance-Cf 0,1 %
Total Resistance-Rt 0,3 %
Coefficient of Total Resistance-Ct 0,5 %
Form Factor - k 3 %
Coefficient of Residuary Resistance-CR 4 %
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According to the results, there are two examples of the parameter uncertainties to show with a
graph. These graphs present that the parameters can change with the margin of the errors in the
range of the uncertainty values (plus or minus). Based on the ITTC Procedure and Guidelines,
the residual resistance coefficient contains the sum of the uncertainties of the all main
parameters in its uncertainty formulation; therefore, it can be seen that the residual resistance
coefficient has the maximum uncertainty amount. In the following graphs, the uncertainty

percentages are illustrated with some example values below.
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Figure 3-3: Uncertainty analysis graph of the total resistance coefficient
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Figure 3-4: Uncertainty analysis graph of the residual resistance coefficient
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4 TOWING TANK TESTS
The towing tank experiments were performed to obtain the desired experimental results in

Towing Tank Facility of the Southampton Solent University. The first some tests were done
together with the Solent staff to verify the test results. The model boat of representative Open
60 sailboat had been already built as made of carbon fibre by the university and it was given
for these towing tank tests of the thesis. In addition, the keel, bulb, rudder and straight dagger
board models were available for the experiments. The curved daggerboard was designed and
produced according to approximate dimensions as one of the objectives of this thesis. The
towing tank tests are carried out by towing the model boat via the carriage, and in this way, real
ship reactions can be estimated approximately according to model size tests. Firstly, test matrix
is created to determine the intended parameters according to particular sailing conditions. These
tests were run with appendages or without appendages for various objectives, and they were
done based on ITTC procedures. The towing tank carriage has been set up with some
measurement devices such as the tachometer, dynamometer to obtain outputs and the
hydrodynamic output results are read from records of a specific computer software. The results
will be analysed to get some critical assessments about different boat situations. Some

specifications of the towing tank facility are shown below.

Southampton
SOLENT

University

Towing Tank

®length 60.00 metres
® Width 3.70 metres
®Depth  1.85 metres

@ Maximum speed
of carriage

g 4.60 metres/sec.

Figure 4-1 : Specifications of the Towing Tank Facility

Master Thesis developed at West Pomeranian University of Technology, Szczecin



Analyses of Foil Configurations of IMOCA Open 60s with Towing Tank Test Results 39

4.1 The Model and Full Size Values
Firstly, the displacement value was determined for the towing tank tests. The 3D Maxsurf Hull

of this Open 60 sailboat was given by Solent staff to perform some measurements and
calculations. As stated previously, the boat was designed about 7.6-8 tonnes according to the
un-ballasted situation (lightship) in full size and the sailboat was ballasted to the appropriate
waterline value approximately based on the half-load displacement of the sailing condition and
the condition is considered as average race position. The model boat displacement was
calculated according to scaling the full-size half-load displacement and the bare hull, heel fitting
and post weights were measured to obtain the necessary ballast weight during the tests. All
model and full-size values are presented in the following tables based on the 1/8th scale factor.

Table 4-1: Some model size measurements

Parameters Model Size | Unit
Half-Load Displacement 17,64 kg
Bare Hull 9,85 kg
Heel Fitting & Post 1,05 kg
Ballast Weight 6,74 kg
Bulb Volume 0,54 litres
Keel Volume 0,16 litres
Daggerboard Volume 0,09 litres
A-Scale Factor 8,00 -
Table 4-2: Model hull specifications in the upright condition
Upright - Model Hull Specifications Unit
Overall Submerged Length ,LOS 2,286 m
Waterline Length, LWL 2,25 m
Wetted Surface Area 0,88 m?
Density-p 998,31 kg/m?
u-Dynamic Viscosity 1,14E-03 (Pa-s)
Form Factor-(1+Kk) 1,32 -
Half-Load Displacement 17,64 kg
A-Scale Factor 8,00 -
Table 4-3: Full size hull specifications in the upright condition
Upright - Full Size Hull Specifications Unit
Overall Submerged Length ,LOS 18,288 m
Waterline Length, LWL 18 m
Wetted Surface Area 56,32 m?
Density-p 1025 kg/m3
p-Dynamic Viscosity 1,19E-03 (Pa-s)
Form Factor-(1+Kk) 1,32 -
Half-Load Displacement 9260 kg
A-Scale Factor 8,00 -

Full Size Hull Specifications
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Also, there are the model and full-size dimensions of keel, bulb, rudder and straight dagger
board. The model dimensions were measured from the existing model objects, and they were
scaled to full size based on 1/8th scale factor. The straight daggerboard has 15° cant angle and
1.5° toe angle. The form factors of these appendages were calculated using a formulation

proposed by Hoerner [6] which is shown below:

4

t t
1+k)=1+2+ (E) + 60 * (E) For foil shaped appendages (14)

t
1+k)=1+1.5+ [E] For bulb shaped appendages (15)

Table 4-4: Model dimensions of the appendages

Model Dimensions
Keel Rudder Bulb Straight DBD Unit
Chord 0,082 Chord | 0,03 | Chord | 0,4 Chord 0,063 m
Span 0,46 Span | 0,15 | Span Span 0,42 m
WSA 0,075 WSA | 0,01 | WSA | 0,048 WSA 0,053 m?
t/c 0,1 t/c 0,1 t/c | 0,152 t/c 01 -
(1+k) 1,206 (1+k) | 1,206 | (1+k) | 1,23 (1+k) 1,206 -
Table 4-5: Full size dimensions of the appendages
Full Size Dimensions
Keel Rudder Bulb Straight DBD Unit
Chord 0,656 Chord | 0,24 | Chord | 3,2 Chord 0,504 m
Span 3,68 Span 1,2 Span 0 Span 3,36 m
WSA 4,83 WSA | 0,576 | WSA | 3,072 WSA 3,39 m?
t/c 0,1 t/c 0,1 t/c 0,152 t/c 0,1 -
(1+k) 1,206 (1+k) | 1,206 | (1+k) | 1,228 (1+K) 1,206 -

Figure 4-2 : 3D Maxsurf hull view with the appendages [20]
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4.2 The Curved Daggerboard Design
Firstly, the curved daggerboard configurations were investigated on the seven Open 60 sailboats

which are Safran, Banque Populaire, Edmond de Rothschild, Hugo Boss, No way back
(formerly Vento di Sardegna), St Michel-Virbac and Maitre Coq [18]. Some dimensions were
measured by using scaling method from pictures of these representative sailboats
approximately. The foil dimensions were averaged to determine only one representative curved
foil and the Naca section of foil was selected as Naca 63-412 [21, 22] which is used for foiling
Moth boats generally because there is no a specific foil section which is used by designers for
these curved daggerboard designs. After that, the 3D drawing was created according to these
average model value in Rhinoceros Software [23]. It was prepared for manufacture processes
with various adjustments. These average model dimensions and views of the curved foil are
shown in following table and drawings.

Table 4-6: Table of the approximate model size specifications of the representative curved foil shape

Approximate Specifications of Representative Curved Foil
Model Average Values
Chordl 0,047 m 47 mm
Spanl 0,217 m 217 mm
Chord2 0,071 m 71 mm
Span2 0,227 m 227 mm
Radius-R 0,041 m 41 mm
Location from aft 1,12 m 1119 mm
Naca Section NACA 63-412 was used for the foils

€ hord-1
P

Figure 4-3: Design dimensions of the curved daggerboard [23]
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There are two kinds of curved daggerboards which have half and full Span-1 lengths. However,
the curved part (Span-2) is same for both dagger board configurations. Firstly, the curved
daggerboards were produced by 3D printer, and they were made of plastic material (PBC) and
then they were covered with the carbon fibre by using hand lay-up technique. After these
processes, they were painted and sanded to have a smooth surface. The cant and toe angles of
the curved foil were taken same as the straight foil. Therefore, the foils were placed with 15°
cant angle and 1.5 ° toe angles (for both parts) from centre line approximately by using some
wooden tools and a wooden object was used to arrange the position of the foil properly, so it
was fixed to the appropriate location from aft with nuts. It is informed that the Solent University
staff provided the manufacturing and 3D modelling of the curved foils. The manufacture and

final views of the curved daggerboards are shown in the following pictures.

ey

Figure 4-4: Plastic parts manufactured from 3D printer (Left) & the full foil with the wooden fixing
tools (Right)

Figure 4-5: Half Curved Dagger Board (Left) & Full Curved Dagger Board (Right)
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5 HYDRODYNAMIC ANALYSES
In this chapter, the straight and curved daggerboard configurations will be analysed based on

the hydrodynamic results which were obtained by the towing tank tests. The hydrodynamic

parameters are Drag, Lift and Side Force values. The calculations have been performed based

on a sample spreadsheet which was provided by the Solent University. It was adjusted for the

desired experimental tests during this thesis.

Drag Analyses with the straight and curved daggerboard configurations

Lift Analyses with the straight and curved daggerboard configurations

Side Force Analyses with the straight and curved daggerboard configurations

0° and 40° Canting Keel Analyses according to effective draft and Gz values

Effective Draft Comparisons according to different foil configurations

Finding the better daggerboard configuration at some particular heel angles and velocity

values (Froude number) in the upwind condition

Table 5-1: Full scale foil specifications of the 1/2 - full straight and curved daggerboard configurations

Full Scale Full Curved Foil
Chord1 0,38
Spanl 1,74
Full Scale Full Straight Foil Chord2 0,57
Chord 0,50 Span2 1,82
Span 3,36 Avg Chord 0,47
WSA 3,39 WSA 3,37
t/c 0,1 t/c 0,12
(1+k) 1,21 (1+k) 1,25
Full Scale 1/2 Straight Foil || Full Scale 1/2 Curved Foil
Span | 1,68 Spanl | 087

Figure 5-1: Full-Size Straight Foil Configuration (Left) & Full-Size Curved Foil Configuration (Right)

[23]
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5.1 The Sailing Yacht Resistance and Effective Draft Method
5.1.1 The Sailing Yacht Resistance

As explained earlier, the sailboats also have two main resistance parts which are frictional and
wave making resistances. In the towing tank tests, the two resistance components can be
obtained for both model and full scales separately. The wave resistance parts are assumed to be
same for both scales based on Froude number similarity [2], and it can be scaled from model to
full size easily. On the other hand, the viscous resistances can be computed for both model and
full scales according to scaled dimensions and different Reynolds numbers. Additionally, the
sailing yacht resistance has the heel and induced drag components. The induced drag occurs
because of side force which is generated by the hull, dagger board, and keel and rudder sections.
The side force is an important parameter for sailboat stability. The sailboat also has heel
resistance when it heels to one side. The heel resistance consists of frictional and wave drags
like upright resistance. Based on ITTC methods [2], the total resistance can be scaled from
model size to full size according to the similarity assumptions consequently. The total resistance
is divided into three parts [6]:

e Upright Resistance ( consisting of frictional and wave making resistances )

¢ Heel Resistance ( when the boat is heeled, it will contain the resistance

components due to the heeling)
¢ Induced Resistance ( the drag due to total side force generated by

hull/appendages — associated with Froude number)

Rtotal = Rupright + Rheel + Rinduced (16)

Figure 5-2: The boat heeling situation with hull and appendages
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5.1.2 The Effective Draft Method
The tank test matrix is created for the all the towing tank tests, and the test matrix includes

various configurations with different velocities, heel and leeway angles. Firstly, the upright
resistance line at 0° leeway can be plotted according to certain velocities (or Froude number).
Moreover, then the boat is heeled to port or starboard side with a particular heel angle and the
boat is towed with different leeway angles at a particular velocity value. This process is repeated
for desired sailing conditions, and the necessary hydrodynamic components are obtained based
on the test matrix.

The total resistance (Rt) and side force squared (SF?) values obtained at various leeway angles
are used to draw a graph which enables to determine the effective draft and induced drag
variables at a given heel angle and velocity value [6]. The intercept of this graph gives the sum
of the upright and heel resistances, and the heel drag can be found by subtracting the upright
drag from the intercept value. The slope of this regression line enables to obtain the induced
drag component. As mentioned before, the total resistance consists of upright, heel and induced
drag components. According to the graph, there is a relation between the induced drag and side
force squared and the effective draft value can be calculated based on the relation. The effective

draft formulation is shown below. [Te=Effective draft, V=Velocity, SF=Side force, Fh=Heel

force]:
y Induced Drag 1
Slope = = > = — (17)
x F,° (SF?) T, *xmxp xV?
/ g’ . F{Dﬁ:qinnp vs SFF hne
\\.5 / e a?—i_?:’l :—,:»‘ :
\‘L.“ / —
=2 "»?.' //a 2 </’/'
// H ‘//-/
] / R, . -
A
// A 3
,/ e

Sailing SF-

Figure 5-3: Total resistance versus side force squared graph for the effective draft calculation [6]
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5.2 0° and 40° Canted Keel Analysis

In this section, the 0° and 40° canting keel configurations will be compared based on effective
draft and GZ (Righting Arm) values. The advantages and disadvantages of the two different
keel positions will be analysed to get critical results before the straight and curved daggerboard
analyses. The towing tank tests are performed without the foil at the 0° and 40° keel canting
angles and the side force and drag values are obtained by towing the model boat with certain
velocity values at various leeway and heel angles. The hydrodynamic model results are scaled

to full scale, and the effective draft values are determined by plotting the graphs for each sailing

condition. Some model boat views with the canting keel are presented in the following pictures.

pe_oel - o Z b
i

Figure 5-5: View of 40° canting keel below
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5.2.1 0° Canted Keel Analysis
5.2.1.1 Effective Draft of 0° Canting Keel at 0° Heel Angle & 0.30 Fn

Table 5-2: Effective Draft of 0° Canting Keel at 0° Heel Angle & 0.30 Fx

Keel Position Heel Leeway | Clock No| V-Full Size (m/s) | FN | Full Size Total-Rt (kN) |SF? (kN) | Ri (kN)
0° 0° 1 350 4,0 0,30 1,98 56,81 | 0,13
0° 0 3 350 4,0 0,30 2,07 89,82 | 0,20
0° 0° 3 350 4,0 0,30 2,14 12452 | 0,28

Ru+Rh (kN) | Slope Te? Te (m)
1,86 0,0022 8,66 2,94

0° Heel & 0.30 Fn-0° Canted Keel

2,30
— 2,20 214 . y =0,0022x + 1,8592
£ 2,10 207 e R? = 0,9945
& 3,00 o8
1,90 —e— Leeway (1-2-3)
50,0 70,0 90,0 110,0 130,0 150,0

--------- Linear (Leeway (1-2-3))
SF% (kN?)
Figure 5-6: Graph of 0° canted keel at 0° heel angle and 0.30 Froude number

5.2.1.2 Effective Draft of 0° Canting Keel at 0° Heel Angle & 0.39 Fn
Table 5-3: Effective Draft of 0° Canting Keel at 0° Heel Angle & 0.39 Fn

Keel Position Heel Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
0° 0° 1 450 513 0,39 3,25 9,41 | 0,17
0° 0° 2 450 513 0,39 342 208,92 | 0,38
0° 0° 3 450 513 0,39 3,69 357,33 | 0,66
0° 0° & 450 513 0,39 3,99 499,53 | 0,92

Ru+Rh (kN) | Slope Te? Te (m)
3,06 0,0018 6,44 2,54

0° Heel & 0.39 Fn-0° Canted Keel

4,50 b y = 0,0018x + 3,0557
= 4,00 369 R%=0,9938
x ’
= 3,42
& 3,50 3,25 —e— Leeway (1-2-3-4)

300 Linear (Leeway (1-2-3-4))

0,0 100,0 200,0 300,0 400,0 5000 6000
SF2 (kN2)

Figure 5-7: Graph of 0° canted keel at 0° heel angle and 0.39 Froude number
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5.2.1.3 Effective Draft of 0° Canting Keel at 15° Heel Angle & 0.30 Fn

Table 5-4: Effective Draft of 0° Canting Keel at 15° Heel Angle & 0.30 Fn

Keel Position Heel Leeway | Clock No| V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
0° 15° r 350 4,0 0,30 2,02 2566 | 0,07
0° 15° /A 350 4,0 0,30 2,11 57,02 | 0,15
0° 15° ¥ 350 4,0 0,30 2,20 96,06 | 0,25
Ru+Rh (kN) | Slope Te? Te (m)
1,95 0,0026 7,46 2,73
15° Heel & 0.30 Fn-0° Canted Keel
2,40 y = 0,0026x + 1,955
= 2,30 220 .. R% =0,9949
= 2,20 211 e
& 2,10 2,02 —=@— Leeway (1-2-3)
200 e Linear (Leeway (1-2-3))
0,0 50,0 100,0 150,0
SF? (kN?)
Figure 5-8: Graph of 0° canted keel at 15° heel angle and 0.30 Froude number
5.2.1.4 Effective Draft of 0° Canting Keel at 15° Heel Angle & 0.39 Fn
Table 5-5: Effective Draft of 0° Canting Keel at 15° Heel Angle & 0.39 Fn
Keel Position Heel Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
0° 15° 1° 450 513 0,39 332 5528 | 0,13
0° 15° 2° 450 513 0,39 3,50 132,38 | 0,32
0° 15° 3 450 513 0,39 3,81 255,65 | 0,62
Ru+Rh (kN) [ Slope Te? Te (m)
3,19 0,0024 4,86 2,21
15° Heel & 0.39 Fn-0° Canted Keel
4,20 y = 0,0024x + 3,1863
4,00 381 R?=0,9994
—38 e
£ 360 3,50
e 33 —e— Leeway (1-2-3)
x 340 7
3,20 e Linear (Leeway (1-2-3))
3,00
50,0 100,0 150,0 200,0 250,0 300,0
SF2 (kN?)

Figure 5-9: Graph of 0° canted keel at 15° heel angle and 0.39 Froude number
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5.2.1.5 Effective Draft of 0° Canting Keel at 20° Heel Angle & 0.30 Fn
Table 5-6: Effective Draft of 0° Canting Keel at 20° Heel Angle & 0.30 Fn
Keel Position Heel Leeway | Clock No| V-Full Size (m/s) | FN | Full Size Total-Rt (kN) |SF* (kN) | Ri (kN)
0° 2° r 350 40 0,30 2,04 6,34 | 0,02
0’ 20° v 350 40 0,30 2,10 2924 | 0,08
0’ 20° & 350 40 0,30 2,28 90,97 | 0,26
Ru+Rh (kN) [ Slope Te? Te (m)
2,02 0,0029 | 6,73 2,59
20° Heel & 0.30 Fn-0° Canted Keel
2,40
— 230 228 y =0,0029x + 2,017
g R?=1
= 2,20 2,10
& 2,10 2,04 —eo— Leeway (1-2-4)
200 Linear (Leeway (1-2-4))
0,0 20,0 40,0 60,0 80,0 100,0 120,0
SF% (kN?)

Figure 5-10: Graph of 0° canted keel at 20° heel angle and 0.30 Froude number

5.2.1.6 Effective Draft of 0° Canting Keel at 20° Heel Angle & 0.39 FN
Table 5-7: Effective Draft of 0° Canting Keel at 20° Heel Angle & 0.39 Fn

Keel Position Heel Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) [SF? (kN) | Ri (kN)
0° 20° 1° 450 513 0,39 3,32 27,40 | 0,09
0° 2° 2 450 513 0,39 3,48 80,95 | 0,26
0° 20° 3 450 513 0,39 3,76 16490 | 0,52
0° 20° ¥ 450 513 0,39 4,01 246,55 | 0,78
Ru+Rh (kN) | Slope Te? Te (m)
3,23 0,0032 3,71 1,93
20° Heel & 0.39 Fn-0° Canted Keel
6,00 R y =0,0032x + 3,2309
= 3,32 3,48 3,76 ’ R? = 0,9996
g 4,00 P o @
& 2,00 —— Leeway (1-2-3-4)
000 e Linear (Leeway (1-2-3-4))
0,0 50,0 100,0 150,0 200,0 250,0 300,0
SF2 (kN?)

Figure 5-11: Graph of 0° canted keel at 20° heel angle and 0.39 Froude number
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5.2.1.7 Overall Results of the 0° Canting Keel
After the effective draft calculations, the overall full-scale results are presented in the following
tables. According to these results, it is noted that there are some energy losses when the keel/hull
combination generates the side force at different conditions during sailing. The assessment of
the general situation is done for 0° canted keel according to these results:
e The effective draft values decrease due to the ratio of the induced drag (energy losses)
and side force squared when the Froude number is increased. When the leeway angle
(angle of attack) is increased, the side force squared has increment based on foil theory.
e The amount of the side force values decreases due to change of 3D side force vector
direction when the boat is heeled at a particular angle; therefore, the effective draft
values fall due to more induced drag. The highest value is obtained at 0° heel angle and
lowest velocity (0.3 FN).
Table 5-8: Effective draft results of the 0° canting keel

- Fn
Conditions
0,3 0,4
0O° Cant - O° Heel Angle 2,94 2,54
0O° Cant - 15° Heel Angle 2,73 2,21
O° Cant - 20° Heel Angle 2,59 1,93

Table 5-9: Effective draft / maximum draft results of the 0° canting keel

O° Canted Keel
Effective Draft / Max. Draft

FN 0,3 0,4
0° Heel 0,65 0,56
15° Heel 0,61 0,49
20° Heel 0,58 0,43

Max. Draft = 4.5 m

0° Canted Keel
fr o
© 0,70 0,65
Q 0,61 &
X 0,60 l o 056
= 0,58
~ 0,50 [7 0,49
£
5 0,40 L
g 0,25 0,3 0,35 0,4 0,45
§ Froude Numbers
&=
Ll

<— 0° Canted Keel-O° Heel Angle —[1—0° Canted Keel-15° Heel Angle
O° Canted Keel-20° Heel Angle

Figure 5-12: Effective draft / Max. Draft graph of 0° canted keel
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5.2.2 40° Canted Keel Analysis

5.2.2.1 Effective Draft of 40° Canted Keel at 0° Heel Angle & 0.30 Fn
Table 5-10: Effective Draft of 40° Canted Keel at 0° Heel Angle & 0.30 Fn

51

Keel Position Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
40° 0° 4° 350 4,0 0,30 2,09 35,46 0,21
40° 0° 6° 350 4,0 0,30 2,30 75,44 0,46
40° 0° 8 350 4,0 0,30 2,48 102,71 | 0,62
40° 0° 10° 350 4,0 0,30 2,70 136,11 | 0,82
Ru+Rh (kN) | Slope Te? Te (m)
1,87 0,0060 3,22 1,79
0° Heel & 0.30 Fn-40° Canted Keel
3,00 270 | . y = 0,006x + 1,8657
,,,, 2 _
= 2,48 . R?=0,9973
= 2,50 2,30 —0— Leeway (4-6-8-10)
& 2,09
2,00
0,00 50,00 100,00 150,00 200,00
SF2 (kN2)
Figure 5-13: Graph of 40° canted keel at 0° heel angle and 0.30 Froude number
5.2.2.2 Effective Draft of 40° Canted Keel at 0° Heel Angle & 0.39 Fn
Table 5-11: Effective Draft of 40° Canted Keel at 0° Heel Angle & 0.39 Fn
Keel Position Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
40° 0° 4 450 513 0,39 3,28 78,86 0,38
40° 0° 6° 450 5,13 0,39 3,89 208,43 | 1,00
40° 0° 8 450 5,13 0,39 4,25 288,46 | 1,39
40° 0° 10° 450 513 0,39 4,71 373,14 | 1,79
Ru+Rh (kN) | Slope Te? Te (m)
2,89 0,0048 2,46 1,57
0° Heel & 0.39 Fn-40° Canted Keel
6,00 471 y =0,0048x + 2,89
E 5,00 3,89 425 e RZ = 0,9987
=2 4,00 3,28
& 3,00 —— Leeway (4-6-8-10)
200 e Linear (Leeway (4-6-8-10))
0,00 100,00 200,00 300,00 400,00 500,00

Figure 5-14: Graph of 40° canted keel at 0° heel angle and 0.39 Froude number

SF2 (kN2)
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5.2.2.3 Effective Draft of 40° Canted Keel at 15° Heel Angle & 0.30 Fn

Table 5-12: Effective Draft of 40° Canted Keel at 15° Heel Angle & 0.30 Fn

Keel Position Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
40° 15° & 350 4,0 0,30 2,15 143 | 0,02
40° 15° 8 350 4,0 0,30 2,61 37,99 | 049
40° 15° 9 350 4,0 0,30 2,72 44,79 | 057
Ru+Rh (kN) [ Slope Te? Te (m)
2,13 0,0128 1,52 1,23
15° Heel & 0.30 Fn-40° Canted Keel
3,00 272 y =0,0128x + 2,1337
= 2,61 R? = 0,9983
= 2,50
E 2,:_5///"/‘ o— Leeway (4'8-9)
200 Linear (Leeway (4-8-9))
0,00 10,00 20,00 30,00 40,00 50,00
SF2 (kN?)
Figure 5-15: Graph of 40° canted keel at 15° heel angle and 0.30 Froude number
5.2.2.4 Effective Draft of 40° Canted Keel at 15° Heel Angle & 0.39 Fn
Table 5-13: Effective Draft of 40° Canted Keel at 15° Heel Angle & 0.39 Fn
Keel Position Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF* (kN) | Ri (kN)
40° 15° 6° 450 513 0,39 3,93 49,06 | 0,64
40° 15° 8 450 513 0,39 4,55 98,46 | 129
40° 15° 9 450 513 0,39 4,88 121,13 | 1,58
Ru+Rh (kN) | Slope Te? Te (m)
3,29 0,0131 0,90 0,95
15° Heel & 0.39 Fn-40° Canted Keel
4,88
>00 4,55 y=0,0131x + 3,2857
__ 4,50 R? = 0,9979
2 3,93
X 4,00
g LT —o— Leeway (6-8-9)
350 . |
---------- Linear (Leeway (6-8-9))
3,00
50,00 100,00 150,00
SF2 (kN?)

Figure 5-16: Graph of 40° canted keel at 15° heel angle and 0.39 Froude number
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5.2.2.5 Effective Draft of 40° Canted Keel at 20° Heel Angle & 0.30 Fn
Table 5-14: Effective Draft of 40° Canted Keel at 20° Heel Angle & 0.30 Fn
Keel Position | Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
40° 20° 6° 350 4,0 0,30 2,33 2,13 0,06
40° 20° T 350 4,0 0,30 2,46 6,46 0,17
40° 20° 8 350 4,0 0,30 2,61 1252 | 0,34
Ru+Rh (kN) | Slope Te? Te (m)
2,28 0,0268 0,73 0,85
20° Heel & 0.30 Fn-40° Canted Keel
2,80 261 e y =0,0268x + 2,2777
=260 0 .. e R*=0,9983
g 2,46
& 2,40 2,33 —o— Leeway (6-7-8)
AP R N I S e Linear (Leeway (6-7-8))
0,00 5,00 10,00 15,00 20,00
SF? (kN?)
Figure 5-17: Graph of 40° canted keel at 20° heel angle and 0.30 Froude number
5.2.2.6 Effective Draft of 40° Canted Keel at 20° Heel Angle & 0.39 FN
Table 5-15: Effective Draft of 40° Canted Keel at 20° Heel Angle & 0.39 Fn
Keel Position Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
40° 20° 6° 450 513 0,39 3,89 14,38 | 0,25
40° 20° 7° 450 513 0,39 4,20 31,28 | 0,54
40° 20° 8° 450 513 0,39 4,57 53,72 | 0,93
40° 20° 9° 450 513 0,39 4,83 6821 | 1,18
Ru+Rh (kN) [ Slope Te? Te (m)
3,65 0,0174 0,68 0,82
20° Heel & 0.39 Fn-40° Canted Keel
5,00 g 4,83 y = 0,0174x + 3,6461
’ 2 _
= 4,50 4,20 R*=0,9995
= 3,89
& 4,00 —0— Leeway (6-7-8-9)
3 | —— A Linear (Leeway (6-7-8-9))
0,00 20,00 40,00 60,00 80,00
SF2 (kN?)

Figure 5-18: Graph of 40° canted keel at 20° heel angle and 0.39 Froude number
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5.2.2.7 Overall Results of the 40° Canted Keel

e The effective draft values decrease energy losses (induced drag) when the Froude

number is increased. When the leeway angle (angle of attack) is increased, the side force

squared (SF?) component and induced drag values have increased.

e The amount of the side force values decrease due to 3D energy losses at the same leeway

angle when the boat is heeled with increasing heel angles so the effective draft values

go down. The highest value is obtained at 0° heel angle and lowest velocity (0.30 FN).
Note: Effective Draft Graphs and Tables of 40° Canting Keel at 10° and 25° Heel Angles &

0.30 and 0.39 Froude Numbers is presented in the Appendix-C section.
Table 5-16: Effective draft results of the 40° canting keel

Conditions Fn
0,30 0,39
40° Cant Angle-0O° Heel 1,79 1,57
40° Cant Angle-10° Heel 1,26 1,14
40° Cant Angle-15° Heel 1,23 0,95
40° Cant Angle-20° Heel 0,85 0,82
40° Cant Angle-25° Heel 0,55 0,61
Table 5-17: Effective draft / maximum draft results of the 40° canting keel
40° Canted Keel

Effective Draft / Max. Draft

FN 0,30 0,39

0° Heel 0,40 0,35

10° Heel 0,28 0,25

15° Heel 0,27 0,21

20° Heel 0,19 0,18

25°Heel | 0,12 0,14

Max. Draft =4.5m

40° Canted Keel
—8—40° Keel Cant Angle-O° Heel

© 0,40
0 0,40 0,35
L o \ —e—40° Keel Cant Angle-10° Heel
s 0,28
~ 0,30 D— 0,25 40° Keel Cant Angle-15° Heel
£ 0,25 027

2 0,21
o 0,20 0,19 o e 018 —®40° Keel Cant Angle-20° Heel
m ’
£ o1 0,12 0,14
$ 0,10 ! 40° Keel Cant Angle-25° Heel
[T
o 0,25 0,30 0,35 0,40

Froude Numbers

Figure 5-19: Effective draft / Max. Draft graph of the 40° canted keel
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5.2.3 Comparison between 0° and 40° Canted Keel Conditions
After the effective draft calculations, the approximate GZ values were determined for each

canting keel condition in Hydromax [20] and the representative righting moment was calculated
according to a certain displacement situation to compare both keel conditions. In addition, the
heeling arm (distance between CE (Centre of Effort) and CLR (Centre of Lateral Resistance-
[40% of the draft] [6]) was estimated according to approximate rig dimensions [24]. The heel
force was obtained with the values estimated at 15° heel angle approximately based on the
hydrodynamic (FHy) and aerodynamic force (FAy) heel=side force equilibrium formulation

which is presented below:

Al i
]
J '
/ : E FAy = H cos @
1— e i -—| H sini®
! | i O -. . .__J
A f' |
| |
! | HA cosd
/ J |
. n --.--['Il-lll; 3 t III-.--. ll.- T :
L sint ~_~Jd J 1
FHy = L cos®d CLR |
‘£ 1
|
-—-JI
HA sinqd

Figure 5-20: Heeling Moment Equilibrium [6]

FH —RM 0 18
y—HAcos [18]

GZ= Righting Arm - HA=Heeling Arm- RM=Righting (Heeling) Moment — FH= Heel Force

Table 5-18: Static righting arm table of the 0° canting keel & water ballast

0° Canted Keel+Water Ballast
Heel Angle | Displacement (kg) | GZ (m) | HA (m) |RM (kg.m)| FH-N
15° 9260 1,58 16,6 14594 8330

Table 5-19: Static righting arm table of the 40° canting keel & water ballast

40° Canted Keel+Water Ballast
Heel Angle | Displacement (kg) | GZ (m) | HA (m) |RM (kg.m)| FH-N
15° 6544 2,23 16,6 14594 8330
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According to these results above, the 40° canted keel configuration has GZ advantage thanks
to the bulb weight (about 3 tonnes) [16] as compared with the centre keel (0° cant angle) to
obtain the same righting moment value. The keel/bulb moves to windward side with the 40°
keel cant angle that increases the GZ value (horizontal distance between Centre of Gravity-CG
and Centre of Buoyancy-CB). In other words, it can generate the certain righting moment value
with less displacement. This situation could be a benefit for competitors with having less weight
to get less resistance and higher boat speed [25].

Table 5-20: The overall effective draft results of the 0° and 40° canting keel

o Fn
Conditions » Fn
0,30 0,39 Conditions

40° Cant Angle-0° Heel 1,79 1,57 03 04
40° Cant Angle-10° Heel 1,26 1,14 | 0°Cant- 0° Heel Angle 204 254
40° Cant Angle-15° Heel 1,23 0,95 , ;
20° Cant Angle-20° Heel 0.85 0,82 0° Cant - 15° Heel Angle INE] 21
40° Cant Angle-25° Heel 0,55 0,61 [0°Cant-20°Heel Angle 259 19

0° Canted Keel Vs. 40° Canted Keel

£ 0,70 0.65 —0—40° Keel Cant Angle-O°
o 0,61 0,56 Heel
0 0,60 z
x 0.50 0,58 0,49 40° Keel Cant Angle-15°
s’ Heel
= 0,40 0,43
& 0,40 \* —8—40° Keel Cant Angle-20°
© 0,35
5 0,30 Heel
g 0,27 0,21 _e—0° Keel Cant Angle-O° Heel
2 0,20 019 ¢ o018 g
[8)
]
E 0,10 O° Keel Cant Angle-15° Heel
0,00
0,25 0,30 0,35 0,40 O° Keel Cant Angle-20° Heel

Froude Numbers

Figure 5-21: Overall Effective Draft / Max. Draft graph of 0° and 40° canted keel

However, the 40° canted keel is not effective to generate the side force as compared with the
centre keel; therefore, it requires extra foil configuration on the leeward side to produce
necessary side force for sailboat stability. For this reason, the Open 60 sailboats are employed
with 40° canting keel and straight or curved daggerboard configurations. The dagger board
configurations complete the deficient part of the canting keel with producing lift and side force.
The straight and curved foil configurations will be analysed in the upwind condition with 40°

canted keel in next sections.

Master Thesis developed at West Pomeranian University of Technology, Szczecin



Analyses of Foil Configurations of IMOCA Open 60s with Towing Tank Test Results 57

5.3 The Straight Daggerboard Analysis
In this section, the model hull was towed together with appendages (keel/bulb, straight

daggerboard) at different heel and yaw angles according to particular boat speeds. All
conditions will be presented with drag, side force and effective draft components in further
parts. The 40° canted keel was employed to get the results, and it was considered that the
rudders might modify the leeway angle (so side force) therefore they were not used during this
tests to prevent additional direction changes or other effects. The general specifications of the
model and full-scale hull are shown based on heel angles in the following tables.

Table 5-21: Model hull specifications in the upright condition, 15° and 20° heel angles

MODEL -Upright Unit MODEL -15° Heel Unit MODEL -20° Heel Unit
Length 2,286 m Length 2,286 m Length 2,286 m
WSA 0,88 m? WSA 0,67 m? WSA 0,62 m?

Density-p 1000 kg/m* | Density-p 1000 kg/m® | Density-p | 1000 kg/m?3
Viscosity-p | 1,14E-03 | (Pa's) |Viscosity-p| 1,14E-03 | (Pa's) | Viscosity-p(1,14E-03| (Pa-s)
(1+k) 1,32 - (1+k) 1,19 - (1+k) 1,13 -

Scale Factor 8 - Scale Factor 8 - Scale Factor 8 -

Table 5-22: Full size hull specifications in the upright condition, 15° and 20° heel angles

Full Scale-Upright Unit Full Scale-15° Heel Unit Full Scale-20° Heel Unit
Length 18,288 m Length 18,288 m Length 18,288 m
WSA 56,25 m? WSA 42,97 m? WSA 39,85 m?
Density-p 1025 kg/m?® | Density-p 1025 | kg/m? | Density-p 1025 | kg/m?
Viscosity-p | 1,19E-03 (Pa's) | Viscosity-p | 1,19E-03 | (Pa's) | Viscosity-u | 1,19E-03 | (Pa-s)
(1+k) 1,32 - (1+k) 1,19 - (1+k) 1,13 -
Scale Factor 8 - Scale Factor 8 - Scale Factor 8 -

Figure 5-22: View of the model hull with the straight daggerboard configuration & 40° canting keel.
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5.3.1 Upright Resistance
Table 5-23: Upright resistance table of the 1/2-straight daggerboard configuration

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No | V-Full Size (m/s)| FN |Full Size Total-R (kN)
a0 1/2DBD 50 0 0 350 4,00 0,30 1,87
40° 1/2DBD 50 0 0 400 4,56 0,34 2,50
a0 1/2DBD 50 0 0 450 5,13 0,39 3,27
40 1/2DBD 50 0 0 500 571 0,43 4,13

Upright Resistance 1/2-DBD
4,50 4,13
4,00
3,50
3,00

E
i y = 17,535x - 3,4569

200 . :
1,50 R*=0,996

1,00
0,25 0,30 0,35 0,40 0,45 0,50

Froude Number

Rt (kN)

------ @ Upright Resistance 1/2-DBD Linear (Upright Resistance 1/2-DBD)

Figure 5-23: Upright resistance graph of the 1/2-straight daggerboard configuration

Table 5-24: Upright resistance table of the full-straight daggerboard configuration

Keel Position| DBD Position | % DBD Heel |Leeway | Clock No | V-Full Size (m/s)| FN |Full Size Total-R (kN)
40° Full DBD 100 0 0 350 4,00 0,30 1,95
40° Full DBD 100 0 0 400 4,56 0,34 2,52
40° Full DBD 100 0 0 450 513 0,39 3,28
40° Full DBD 100 0 0 500 571 0,43 4,23

Upright Resistance Full-DBD

4,23

y =17,688x - 3,4582

1,95 2 _
2,00 R°=0,9891
1,00
0,25 0,30 0,35 0,40 0,45 0,50
Froude Number
—o— Upright Resistance Full-DBD —— Linear (Upright Resistance Full-DBD)

Figure 5-24: Upright resistance graph of the full-straight daggerboard configuration
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5.3.2 Effective Draft of 1/2 DBD at 15° Heel Angle & 0.30 Fn
Table 5-25: Effective Draft of 1/2 DBD at 15° Heel Angle & 0.30 Fx

59

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN [Full Size Total-Rt (kN)|SF* (kN) | Ri (kN)
a0° 1/2 DBD 50 15° | 225 | 350 4 0,30 2,50 1970 | 033
a0° 1/2 DBD 50 15° | 275 | 350 4 0,30 269 3053 | 052
a0° 1/2DBD 50 15° 4 350 4 0,30 32 6090 | 1,03
Ru+Rh (kN) | Slope Te? Te (m)
2,17 0,0170 1,14 1,07
Total Resistance vs. SF? -15° Heel - Fn=0,3-1/2 DBD
3,50 3,20
Z 3,00 2,69
=3 2,50 _
E 2,50 y= 0,017X + 2,1658
R%=0,9998
2,00
10,00 20,00 30,00 40,00 50,00 60,00 70,00
SF2 (kN)
------ @ Leeway (2,25-2,75-4) Linear (Leeway (2,25-2,75-4))
Figure 5-25: Graph of 1/2-straight daggerboard at 15° heel angle and 0.30 Froude number
5.3.3 Effective Draft of /2 DBD at 15° Heel Angle & 0.39 Fn
Table 5-26: Effective Draft of 1/2 DBD at 15° Heel Angle & 0.39 Fx
Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No [V-Full Size (m/s)| FN [Full Size Total-Rt (kN)|SF* (kN)| Ri (kN)
40° 1/2DBD 50 15° | 275 | 450 513 039 481 12223 | 1,70
40° 1/2DBD 50 15° | 325 | 450 513 039 518 14752 | 2,05
40° 1/2D8BD 50 15° ¥ 450 513 039 5,55 17557 | 2,44
Ru+Rh (kN) | Slope Te? Te (m)
3,12 0,0139 0,85 0,92
Total Resistance vs. SF? -15° Heel - Fn=0,39-1/2 DBD
6,00 - 5,18 =
= S ——
= 4,00 y=0,0139x + 3,1204
& R%=0,9997
2,00
110,00 120,00 130,00 140,00 150,00 160,00 170,00 180,00
SF2 (kN?)

...... @ Leeway (2,75-3,25-4)

Linear (Leeway (2,75-3,25-4))

Figure 5-26: Graph of 1/2-straight daggerboard at 15° heel angle and 0.39 Froude number

“EMSHIP” Erasmus Mundus Master Course, period of study November 2016 — February 2017




P 60

Teksen AYGOR

5.3.4 Effective Draft of Full DBD at 15° Heel Angle & 0.30 FN

Table 5-27: Effective Draft of Full DBD at 15° Heel Angle & 0.30 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° FullDBD | 100 | 15° L 350 40 0,30 233 1914 | 020
40° FulDBD | 1200 | 15° 2 350 40 0,30 2,60 4580 | 0,48
40° FullDBD | 100 | 15° | 275" | 350 40 0,30 331 11238 | 1,18
Ru+Rh (kN) | Slope Te? Te (m)
2,13 0,0105 1,86 1,36
Total Resistance vs. SF? -15° Heel - Fn=0,30-FULL DBD
4,00 y =0,0105x + 2,1305
= 3,50 R2 = 0,9999 e
f, 3,00 o 2,60
e 2,50
2,00
0,00 20,00 40,00 60,00 80,00 100,00 120,00
SFZ (kN?)
------ o Leeway (1-2-2.75) Linear (Leeway (1-2-2.75))
Figure 5-27: Graph of full-straight daggerboard at 15° heel angle and 0.30 Froude number
5.3.5 Effective Draft of Full DBD at 15° Heel Angle & 0.39 Fn
Table 5-28: Effective Draft of Full DBD at 15° Heel Angle & 0.39 Fn
Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No [V-Full Size (m/s)| FN [Full Size Total-Rt (kN)|SF (kN)| Ri (kN)
40 FullDBD | 100 | 15° L 450 513 039 393 90,29 | 081
40° FulDBD | 1200 | 15° | 15° | 450 513 039 433 14113 | 1,2
40 FulDBD | 1200 | 15° | 275 | 450 513 039 5,98 152 | 287
Ru+Rh (kN) | Slope Te? Te (m)
3,10 0,0089 1,32 1,15
Total Resistance vs. SF% -15° Heel - Fn=0,39-FULL DBD
8,00
—_ 5,98
g 6,00 303 433
= 4,00 y = 0,0089x + 3,1012
2,00 R?=0,9992
50,00 100,00 150,00 200,00 250,00 300,00 350,00
SF2 (kN?)

...... @ Leeway (1-1.5-2.75)

Linear (Leeway (1-1.5-2.75))

Figure 5-28: Graph of full-straight daggerboard at 15° heel angle and 0.39 Froude number
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5.3.6 Effective Draft of 1/2 DBD at 20° Heel Angle & 0.39 and 0.43 Fn
Table 5-29: Effective Draft of 1/2 DBD at 20° Heel Angle & 0.39 Fx
Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF? (kN) | Ri (kN)
40° 1/2DBD 50 2° | 225 | 450 513 0,39 4,32 46,19 | 0,86
40° 1/2DBD 50 2° | 275 | 450 513 0,39 4,79 24 | 134
40° 1/2DBD 50 2° | 325° | 450 513 039 5,12 8894 | 1,65
Ru+Rh (kN) | Slope Te? Te (m)
3,46 0,0186 0,63 0,80
Total Resistance vs. SF? -20° Heel - Fn=0,39-1/2 DBD
6,00 — 5,12
—2 4,32 —Y
= 4,00 * -
= y =0,0186x + 3,4588
2 _
2,00 R*=0,9993
40,00 50,00 60,00 70,00 80,00 90,00 100,00
SF2 (kN?)
------ o Leeway (2,25-2,75-3,25) Linear (Leeway (2,25-2,75-3,25))
Figure 5-29: Graph of 1/2-straight daggerboard at 20° heel angle and 0.39 Froude number
Table 5-30: Effective Draft of 1/2 DBD at 20° Heel Angle & 0.43 Fn
Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)|SF* (k) | Ri (kN)
40° 1/208D 50 20° | 225° | 500 571 0,43 5,56 8493 | 1,35
40° 1/2 DBD 50 20° | 325 | 500 571 043 7,00 17476 | 2,19
40° 1/208D 50 2° & 500 571 043 139 19959 | 3,18
Ru+Rh (kN) | Slope Te? Te (m)
4,21 0,0159 0,60 0,77
Total Resistance vs. SF? -20° Heel - Fn=0,43-1/2 DBD
8,00 7,00 7.39
= 7,00
< 5,56
= 6,00 Mﬁgx +4,209
& 5,00 R2=1
4,00
80,00 100,00 120,00 140,00 160,00 180,00 200,00 220,00
SF2 (kN?)

...... o Leeway (2,25-3,25-4)

Linear (Leeway (2,25-3,25-4))

Figure 5-30: Graph of 1/2-straight daggerboard at 20° heel angle and 0.43 Froude number
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5.3.7 Effective Draft of Full DBD at 20° Heel Angle & 0.39 and 0.43 Fn
Table 5-31: Effective Draft of Full DBD at 20° Heel Angle & 0.39 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No [V-Full Size (m/s)| FN |[Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
4° Full DBD 100 | 20° 1 450 513 039 392 6537 | 0,79
40° Full DBD 100 20° 15 450 513 0,39 4,34 11246 | 1,36
4° Full DBD 100 | 200 | 275° | 450 513 039 6,05 25,07 | 2%

Ru+Rh (kN) | Slope Te? Te (m)
3,07 0,0121 0,98 0,99
7,00  Total Resistance vs. SF2 - 20° Heel - Fn=0,39-FULL DBD
6,05

6,00
=
=< 5,00
& y=0,0121x + 3,0702

392 R%?=0,995
4,00 g
3.00 --@--- Leeway (1-1.5-2.75) Linear (Leeway (1-1.5-2.75))
50,00 100,00 150,00 200,00 250,00 300,00
SFZ (kN?)

Figure 5-31: Graph of full-straight daggerboard at 20° heel angle and 0.39 Froude number

Table 5-32: Effective Draft of Full DBD at 20° Heel Angle & 0.43 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)|SF* (kN)| Ri (kN)
40° FulDBD | 1200 | 20° 1 500 571 0,43 5,29 165,86 | 1,80
40° Full DBD 100 2° 15 500 571 043 580 240,17 | 2,61
40° Full DBD 100 20° | 275 500 571 043 8,15 436,27 | 4,74

Ru+Rh (kN) | Slope Te? Te (m)
3,37 0,0109 0,88 0,94
Total Resistance vs. SF2 - 20° Heel - Fn=0,43-FULL DBD

9,00 8,15
__8,00
Z 7,00
= 600 529 y = 0,0109x + 3,3668
oc 500 & R = 0,9896

4,00

150,00 200,00 250,00 300,00 350,00 400,00 450,00 500,00
SF2 (kN2)

...... @ Leeway (1-1,5-2.75)

Linear (Leeway (1-1.5-2.75))

Figure 5-32: Graph of full-straight daggerboard at 20° heel angle and 0.43 Froude number
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5.3.8 Overall Effective Draft Analysis of Full and 1/2 Straight Dagger Boards
After all these calculations, the overall table is created for each heel and straight dagger board
configuration at different Froude numbers. According to the tables, the some significant notes

are realized about these results:

e The effective draft values decrease when the Froude number is increased generally.

e The highest effective draft value is determined with full daggerboard configuration at

lowest heel angle (15°) and Froude number (0.3 Fn).

e The lowest effective draft value is determined with 1/2 daggerboard configuration at
highest heel angle (20°) and Froude number (0.43 Fn).

Note: Effective Draft Graphs and Tables of 1/2-Full Straight Daggerboards & 40° Canting Keel
at 15° Heel Angle & 0.34 and 0.43 Froude Numbers is presented in the Appendix-D section.
Table 5-33: The overall effective draft results of the straight daggerboard configurations

Straight Dagger Board Configuration
Table of Effective Drafts For Each Heel & Daggerboad Configuration
Fn 15° & 1/2 DBD (15° & Full DBD| 20° & 1/2 DBD | 20° & Full DBD
0,3 1,07 1,36 - -
0,34 1,00 1,33 - -
0,4 0,92 1,15 0,80 0,99
0,43 0,81 1,07 0,77 0,94

Table 5-34: The overall effective draft / Max. draft results of the straight daggerboard configurations

Effective Draft / Max. Draft-STRAIGHT DAGGER BOARD (Max. Draft= 4.5 m)
FN 0,3 0,34 04 0,43
15° Heel-1/2DBD - 40° Cant Angle 0,24 0,22 0,20 0,18
15° Heel-FULL DBD - 40° Cant Angle 0,303 0,295 0,26 0,24
20° Heel-1/2DBD - 40° Cant Angle - - 0,18 0,17
20° Heel-FULL DBD - 40° Cant Angle - - 0,22 0,21
40° KEEL CANT ANGLE & Straight DBD
. 035
©
A 0
5 0,30 O \
x 0,25
o < o « 0
2 0,20 o X
~ @
q“é 0,15
5 0,25 0,27 0,29 0,31 0,33 0,35 0,37 0,39 0,41 0,43 0,45
PN
|5
E <—40° KEEL & Straight 1/2 DBD-15° Heel -[1 40° KEEL & Straight FULL DBD-15° Heel

40° KEEL & Straight 1/2 DBD-20° Heel

%—40° KEEL & Straight FULL DBD-20° Heel

Figure 5-33: Overall Effective Draft / Max. Draft graph of 1/2 and full straight foils & 40° canting
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5.4 The Curved Daggerboard Analysis
The tank tests were performed at some heel and leeway angles, Froude numbers with the curved

daggerboard configuration. The half and full curved daggerboard configurations will be

presented in this section based on the drag, side force and effective draft values. The 40° canting

keel was used as an appendage during these tests again. The obtained results will be compared

with straight foil shape and between each other in next sections. According to heel angles, the

model and full-scale hull specifications are shown in the following tables.

Table 5-35: Model hull specifications in the upright condition, 10°, 15°, 20° and 25° heel angles

MODEL -Upright MODEL -10° Heel MODEL -15° Heel MODEL-20° Heel | MODEL-25°Heel | Unit
Length 2,286 Length 2,286 Length 2,286 Length | 2,286 | Length | 2,286 m
WSA 0,88 WSA 0,74 WSA 0,67 WSA 0,62 WSA 0,59 m?
Density-p | 1000 | Density-p | 1000 | Density-p | 1000 | Density-p | 1000 | Density-p | 1000 | kg/m?
Viscosity-p | 1,14E-03 | Viscosity-pt | 1,14E-03 | Viscosity-p| 1,14E-03 | Viscosity-p | 1,14E-03 | Viscosity-p |1,14E-03| (Pa's)
(1+k) 1,32 (1+k) 1,26 (1+k) 1,19 (1+k) 1,13 (1+k) 1,12 -
Scale Factor| 8  |Scale Factor 8 [ScaleFactory 8 |(Scale Factor| 8 |Scale Factor| 8 -
Table 5-36: Full size hull specifications in the upright condition, 10°, 15°, 20° and 25° heel angles
Full Scale -Upright | Full Scale -10° Heel | Full Scale -15° Heel | Full Scale -20° Heel | Full Scale -25° Heel | Unit
Length | 18,288 | Length 18,288 Length | 18,288 | Length | 18,288 | Llength | 18288 | m
WSA 56,25 WSA 47,58 WSA 42,97 WSA 39,85 WSA 3769 | m?
Density-p | 1025 | Density-p [ 1025 | Density-p | 1025 | Density-p | 1025 | Density-p | 1025 | kg/m?
Viscosity-p | 1,19E-03 | Viscosity-p| 1,19E-03 | Viscosity-p | 1,19E-03 | Viscosity- | 1,19E-03 | Viscosity-p|1,19E-03| (Pa-s)
(1+k) 1,32 (1+k) 1,26 (1+k) 1,19 (1+k) 1,13 (1+k) 1,12 -
Scale Factor| 8  (Scale Factor, 8 Scale Factorf 8  |Scale Factor| 8 [Scale Factor| 8 -

B

Figure 5-34: View of model hull with 1/2-curved daggerboard & 40° canting keel

f;

B g
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5.4.1 Upright Resistance
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Note: The half-daggerboard does not touch the water when the hull is towed in the upright

condition during the tests; therefore, the percentage of the foil is seen as % 0 in the following

table.
Table 5-37: Upright resistance table of the 1/2-curved daggerboard configuration

Keel Position | DBD Position | % DBD | Heel |Leeway |Clock No.| V-Full Size (m/s) | FN | Full Size Total-R (kN)
40° 1/2DBD 0 0 0 350 4,00 0,30 1,73
40° 1/2DBD 0 0 0 450 513 0,39 2,86
Upright Resistance 1/2-Curved DBD
3,00 2,86
= 2,50
= y = 13,344x - 2,2878
1,50 R2=1
1,00
0,30 0,32 0,34 0,36 0,38 0,40

Froude Number

------ @ Upright Resistance 1/2-DBD

Figure 5-35: Upright resistance graph of 1/2-curved daggerboard

Linear (Upright Resistance 1/2-DBD)

Note: The % 50 part of the full-daggerboard touched the water approximately when the hull

was towed in the upright condition during the tests, and the only % 50 of the total wetted surface

area of the curved foil is taken into account to determine the total resistance value.

Table 5-38: Upright resistance table of full-curved daggerboard configuration

Keel Position | DBD Position | % DBD | Heel |Leeway |Clock No.| V-FullSize (m/s) | FN | Full Size Total-R (kN)
40° Full DBD 50 0 0 350 4,00 0,30 1,80
40° Full DBD 50 0 0 450 513 0,39 2,98

Upright Resistance FULL-Curved DBD

4,00 y = 13,828x - 2,3605 2,98
Z 3,00 R2=1
=2
~ 1,80
£ 2,00  .

1,00

0,30 0,32 0,34 0,36 0,38 0,40

-~ Upright Resistance FULL-DBD

Froude Number

Linear (Upright Resistance FULL-DBD)

Figure 5-36: Upright resistance graph of full-curved daggerboard
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5.4.2 Effective Draft of 1/2 DSS at 15° Heel Angle & 0.30 Fn
Table 5-39: Effective Draft of 1/2 DSS at 15° Heel Angle & 0.30 Fx

Keel Position | DBD Position | % DBD | Heel |Leeway |Clock No|V-Full Size (m/s)| FN |Full Size Total-Rt (kN)|SF* (kN) | Ri (kN)
40° 1/2DBD 40 15° ¥ 350 4,0 0,30 2,42 381 | 0,05
40° 1/2DBD 40 15° & 350 4,0 0,30 2,66 2094 | 0,26
4° 1/2DBD 40 15° 5° 350 4,0 0,30 2,9 4876 | 0,61
40° 1/2DBD 40 15° 6° 350 4,0 0,30 3,35 7553 | 095
Ru+Rh (kN)| Slope Te? Te (m)
2,37 0,0126 1,54 1,24
15° Heel & 0.30 Fn - 1/2 DSS
3,35
3,50 y =0,0126x + 2,374
= 3,00 R?=0,9933
=3
e 2,50 —@— Leeway (3-4-5-6)
200 L e Linear (Leeway (3-4-5-6))
0,00 20,00 40,00 60,00 80,00
SF2 (kN?)
Figure 5-37: Graph of 1/2-curved daggerboard at 15° heel angle & 0.30 Froude number
5.4.3 Effective Draft of 1/2 DSS at 15° Heel Angle & 0.39 Fn
Table 5-40: Effective Draft of 1/2 DSS at 15° Heel Angle & 0.39 Fn
Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN){SF* (kN) | Ri (kN)
4° 1/2DBD 40 15° ¥ 450 513 039 3,84 735 | 0,07
4° 1/2DBD 40 15° & 450 513 039 4,00 26,19 | 0,26
40° 1/2 DBD 40 15° 5° 450 513 0,39 4,27 51,24 | 050
40° 1/2 DBD 40 15° 6° 450 513 0,39 4,55 81,16 | 0,79
Ru+Rh (kN)| Slope Te? Te (m)
3,76 0,0097 1,21 1,10
15° Heel & 0.39 Fn - 1/2 DSS
4,55
4,60 4,27 y =0,0097x + 3,761
> 4,40 2
£420 .., 400 R?=0,9991
& §"33 —o— Leeway (3-4-5-6)
360 Linear (Leeway (3-4-5-6))
0,00 20,00 40,00 60,00 80,00 100,00
SF2 (kN?)

Figure 5-38: Graph of 1/2-curved daggerboard at 15° heel angle & 0.39 Froude number
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5.4.4 Effective Draft of 1/2 DSS at 20° Heel Angle & 0.30 FN
Table 5-41: Effective Draft of 1/2 DSS at 20° Heel Angle & 0.30 Fx
Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN [Full Size Total-Rt (kN)| SF* (kN)| Ri (kN)
40° 1/2DBD 45 2° 5 350 40 030 2,58 458 | 0,07
40° 1/2 DBD 45 2° r 350 4,0 0,30 287 205 | 033
40° 1/2DBD 45 20° 9 350 4,0 0,30 317 41,30 | 0,66
Ru+Rh (kN)| Slope Te? Te (m)
2,52 0,0159 1,22 1,11
20° Heel & 0.30 Fn - 1/2 DSS
3,50 3,17 y =0,0159x + 2,521
g 3,00 58 2,87 R%=0,9942
E 2,50 —e— Leeway (5-7-9)
200 Linear (Leeway (5-7-9))
0,00 10,00 20,00 30,00 40,00 50,00
SF? (kN?)

Figure 5-39: Graph of 1/2-curved daggerboard at 20° heel angle & 0.30 Froude number

5.4.5 Effective Draft of 1/2 DSS at 20° Heel Angle & 0.39 Fn
Table 5-42: Effective Draft of 1/2 DSS at 20° Heel Angle & 0.39 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No [V-Full Size (m/s)| FN |Full Size Total-Rt (kN)] SF* (k) | Ri (kN)
40° 1/2DBD 45 2° 5° 450 513 039 431 2437 | 029
40° 1/2 DBD 45 2° T 450 513 0,39 5,00 7153 | 093
40° 1/2DBD 45 2° 9° 450 513 039 5,79 14719 L1

Ru+Rh (kN)| Slope Te? Te (m)
4,03 0,0120 0,98 0,99
20° Heel & 0.39 Fn - 1/2 DSS
6,00 3,79 y =0,012x + 4,0345
= 5,50 .00 R?=0,9984
= 5,00
£ 4,50 4,31 —0— Leeway (5-7-9)
400 e Linear (Leeway (5-7-9))
0,00 50,00 100,00 150,00 200,00
SF2 (kN?)

Figure 5-40: Graph of 1/2-curved daggerboard at 20° heel angle & 0.39 Froude number
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5.4.6 Effective Draft of Full DSS at 15° Heel Angle & 0.30 F~
Table 5-43: Effective Draft of Full DSS at 15° Heel Angle & 0.30 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN)| Ri (kN)
40° Full DBD 90 15° 6° 350 4,0 030 3,07 3996 | 0,59
40° Full DBD 90 15° 8 350 4,0 030 3,52 772 | 115
40° Full DBD 90 15 | 10° | 350 40 030 4,14 11238 | 167
40° Full DBD 90 15 | 122 | 350 4,0 030 4,55 14153 | 2,10
Ru+Rh (kN)| Slope Te? Te (m)
2,44 0,0149 1,31 1,14
15° Heel & 0.30 Fn - Full DSS
5,00 ass ¥ =0/0149x+2,4416
= 4,50 4,14 R?=0,9951
£ 4,00 —&— Leeway (6-8-10-12)
& 3,50 3,07
300 — — &~ eeeeeeen Linear (Leeway (6-8-10-
0,00 50,00 100,00 150,00
SF2 (kN?)
Figure 5-41: Graph of full-curved daggerboard at 15° heel angle & 0.30 Froude humber
5.4.7 Effective Draft of Full DSS at 15° Heel Angle & 0.39 Fn
Table 5-44: Effective Draft of Full DSS at 15° Heel Angle & 0.39 Fn
Keel Position | DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN [Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° Full DBD 90 15° 6’ 450 513 039 5,45 13391 | 146
40° Full DBD 90 15° 8 450 513 039 6,50 252,64 | 2,76
40° Full DBD 90 15 | 10° | 450 513 039 1,58 338,46 | 3,69
40° Full DBD 90 15 | 12 | 450 513 039 891 453,94 | 4,95
Ru+Rh (kN)| Slope Te? Te (m)
3,89 0,0109 1,08 1,04
15° Heel & 0.39 Fn - Full DSS
11,00 y =0,0109x + 3,8922
_ 8,91 R?=0,9944
Z 900 7,58
£ 7,00 S35 650 —e— Leeway (6-8-10-12)
500 Linear (Leeway (6-8-10-12))
100,00 200,00 300,00 400,00 500,00
SF2 (kN?)

Figure 5-42: Graph of full-curved daggerboard at 15° heel angle & 0.39 Froude humber
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5.4.8 Effective Draft of Full DSS at 20° Heel Angle & 0.30 FN
Table 5-45: Effective Draft of Full DSS at 20° Heel Angle & 0.30 Fn
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Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No | V-Full Size (m/s)| FN |Full Size Total-Rt (kN)|SF* (kN) | Ri (kN)
40° Full DBD 95 2° 6° 350 4,0 0,30 329 26,10 | 0,44
40° Full DBD 95 2° 8 350 4,0 0,30 3,82 57,29 | 0,9
40° Full DBD 9% 2° 10° 350 4,0 0,30 423 84,11 | 140
40° Full DBD 95 2° 12° 350 4,0 0,30 473 111,51 | 1,86
Ru+Rh (kN)| Slope Te? Te (m)
2,85 0,0167 1,17 1,08
20° Heel & 0.30 Fn - Full DSS
a7 y =0,0167x + 2,8539
>00 R? = 0,999
~ 4,50 4,23
< 3,82 -8-10-
= 4,00 —0— Leeway (6-8-10-12)
£ 350 32
300 e Linear (Leeway (6-8-10-
20,00 40,00 60,00 80,00 100,00 120,00 12))
SF2 (kN?)
Figure 5-43: Graph of full-curved daggerboard at 20° heel angle & 0.30 Froude number
5.4.9 Effective Draft of Full DSS at 20° Heel Angle & 0.39 Fn
Table 5-46: Effective Draft of Full DSS at 20° Heel Angle & 0.39 Fn
Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° Full DBD 95 2° 6° 450 513 039 583 10449 | 1,25
40° Full DBD 95 2° 8’ 450 513 039 6,97 20,19 | 241
40° Full DBD 95 2° 10° 450 513 039 197 290,03 | 3,48
40° Full DBD 95 2° 12’ 450 513 039 9,36 39743 | 477
Ru+Rh (kN)| Slope Te? Te (m)
4,55 0,0120 0,98 0,99
20° Heel & 0.39 Fn - Full DSS
y=0,012x + 4,553
11,00
9,36 R? =0,9991
Z 9,00 7,97
= 6,97 —0— Leeway (6-8-10-12)
£ 7,00 583
500 e Linear (Leeway (6-8-10-
100,00 200,00 300,00 400,00 12))
SF2 (kN?)

Figure 5-44: Graph of full-curved daggerboard at 20° heel angle & 0.39 Froude number
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5.4.10 Overall Effective Draft Analysis of Full and 1/2 Curved Dagger Boards
The effective draft values of the half and full DSS configurations were presented at different

sailing conditions singly in previous sections. According to the effective draft results, the half

DSS configuration is seen as more efficient than the full configuration at some conditions. The

general remarks about the overall performance are explained in the following parts.

The highest effective draft value is determined with 1/2 daggerboard configuration at
lowest heel angle (10°) and Froude number (0.30).

The lowest effective draft value is determined with 1/2 daggerboard configuration at
highest heel angle (25°) and Froude number (0.30).

The effective draft values generally decrease when the Froude number is increased.
The curved daggerboard configuration requires more leeway angles (angle of attack) as
compared with straight foil shape.

The curved daggerboard configurations have a bound section which joins the straight
(vertical lift force part) and curved (horizontal side force part) parts of the daggerboard
and it prevents the tip vortices, therefore, it has less induced drag due to the joint section.
According to towing tank test observations, the full configuration loses the lift and side

force vector directions much more than the half configuration due to its longer span-1

part when the boat is heeled.

S SAFRAN

Skippers Morgan Lagraviere and Nicolas Lunven (Fra) training onboard IMOCA SAFRAN before the start of the duo race Transat Jacques
Vabre 2015, from Le Havre (France) to Itajai (Brazil), off Groix, south brittany on september 16, 2015 - Photo Jean Marie LIOT / DPPI

Figure 5-45: A view of IMOCA 60 SAFRAN equipped with canting keel & curved foil configuration

[26]
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Table 5-47: The overall effective draft results of the curved daggerboard configurations

1/2 & Full DSS -40° Canting Keel-Effective Draft Results
Conditions PN

0,30 0,39
10° Heel & 1/2 DSS 1,42 1,28
15° Heel & 1/2 DSS 1,24 1,10
20° Heel & 1/2 DSS 1,11 0,99
25° Heel & 1/2 DSS 0,64 0,74
10° Heel & FULL DSS 1,16 1,10
15° Heel & FULL DSS 1,14 1,04
20° Heel & FULL DSS 1,08 0,99
25° Heel & FULL DSS 0,96 0,91
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Note: Effective Draft Graphs and Tables of 1/2-Full Curved Daggerboards & 40° Canting Keel at 10°

and 25° Heel Angle & 0.30 and 0.39 Froude Numbers is presented in the Appendix-E section.

Table 5-48: The overall effective draft / Max. draft results of the curved daggerboard configurations

1/2 & Full DSS -40° Canting Keel
Effective Draft / Max. Draft (4.5 m)

FN 0,30 0,39

10° Heel-1/2 DSS - 40° Canting Keel 0,31 0,28

10° Heel-FULL DSS - 40° Canting Keel 0,26 0,25
15° Heel-1/2 DSS - 40° Cantinf_,r Keel 0,28 0,24

15° Heel-FULL DSS - 40° Canting Keel 0,25 0,23
20° Heel-1/2 DSS - 40° Canting Keel 0,25 0,22

20° Heel-FULL DSS - 40° Canting Keel 0,24 0,22
25° Heel-1/2 DSS - 40° Cantin:_; Keel 0,14 0,17

25° Heel-FULL DSS - 40° Canting Keel 0,21 0,20

40° CANTING KEEL & 1/2 and Full DSS

. 035
=
o Lo
& 0,30
5 24
(1]
S 0,25 ¥ 0
~ > 4
% 0,20 3 -
a

+
Q
2 015 +
)
d
& 0,10
M 0,29 0,31 0,33 0,35 0,37 0,39

Froude Numbers

{—10° Heel-1/2 DSS - 40° Cant Angle —[1-10° Heel-FULL DSS - 40° Cant Angle
15° Heel-1/2 DSS - 40° Cant Angle > 15° Heel-FULL DSS - 40° Cant Angle
20° Heel-1/2 DSS - 40° Cant Angle 20° Heel-FULL DSS - 40° Cant Angle

+—25° Heel-1/2 DSS - 40° Cant Angle —=—25° Heel-FULL DSS - 40° Cant Angle

Figure 5-46: Overall graph of 1/2 and full DSS & 40° canting keel

“EMSHIP” Erasmus Mundus Master Course, period of study November 2016 — February 2017

0,41



P72 Teksen AYGOR

6 OVERALL COMPARISONS BETWEEN STRAIGHT & CURVED
FOIL CONFIGURATIONS

The straight and curved configurations have different aspects and shapes. The straight foil is
designed for side force generation mainly, but the curved daggerboard has two distinct tasks
which are lift force vertically and side force horizontally. During the towing tank tests, the total
side force component is obtained from the hull, and all appendages and the total side force
consists of the sum of the vertical lift force and the horizontal side force generated by
hull/appendages. The same hull and keel/bulb are employed for towing tank tests, but the two
different daggerboard configurations are used separately at particular sailing conditions to
compare the hydrodynamic effects of them.

The effective draft results show the measure of the ratio of induced drag to side force squared.
It means that the higher effective draft corresponds to less induced drag which occurs for per
unit of the side force generated therefore this situation is a significant effect for boat speed at
upwind condition especially.

The model heave values were analysed to see the lift force differences between both the
configurations at particular conditions approximately. The average values of heave
measurements obtained at the towing tank tests are taken into account for lift force calculations.
There are results for 1/2 and full sizes of the straight and curved configurations. In previous
sections, the effective draft values were obtained for each configuration at different sailing
conditions. The straight and curved foil configurations will be compared according to certain
circumstances based on the effective draft and heave values in this section, and then the overall

results will be presented for all configurations.

Note: The sum of upright and heel resistances for both configurations is related to separately
their particular test conditions which are shown in further sections. The curved foil has higher
(Ru+Rh) because it does not generate side force (so induced drag) therefore the (Ru+Rh) of
curved foil is seen as greater than the straight shape. The curved foil needs to have more angle

of attack (Leeway) to generate side force at same conditions with straight foil.

Master Thesis developed at West Pomeranian University of Technology, Szczecin
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6.1 Analyses of 1/2 - Straight & 1/2 - Curved Foil Configurations
6.1.1 15°Heel Angle & 0.30 Froude Number-1/2 Straight & 1/2 Curved Configurations

Table 6-1: Effective draft of the 1/2-straight daggerboard configuration at 15° Heel Angle & 0.30 Fn

73

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No [V-Full Size (m/s)| FN |Full Size Total-Rt (kN)|SF (kN) | Ri (kN)
40° 1/2DBD 50 15° | 225° | 350 4 0,30 2,50 1970 | 033
40° 1/2DBD 50 15° | 275° | 350 4 0,30 2,69 3053 | 052
40° 1/2 DBD 50 15° 4 350 4 0,30 32 6090 | 1,03
Ru+Rh (kN) | Slope Te? Te (m)
2,17 0,0170 1,14 1,07
Table 6-2: Effective draft of the 1/2-curved daggerboard configuration at 15° Heel Angle & 0.30 Fn
Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No | V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° 1/2DBD 40 15° ¥ 350 40 0,30 2,8 381 | 0,05
40° 1/2DBD 40 15° & 350 40 0,30 2,66 2094 | 0,26
40° 1/2DBD 40 15° 5° 350 4,0 0,30 2,94 43,76 | 0,61
40° 1/2DBD 40 15° 6° 350 40 0,30 3,35 7553 | 095
Ru+Rh (kN)| Slope Te? Te (m)
2,37 0,0126 1,54 1,24
Table 6-3: Comparison of model lift analysis results of 1/2 straight & 1/2 curved foil configurations at
15° Heel Angle & 0.30 Fx
Model - Heave Analysis Values
STRAIGHT DBD CURVED DBD
Static Heave Value At Zero Speed (mm)| Static Heave Value At Zero Speed (mm)
15,7 0
STRAIGHT DBD CURVED DBD
Average Sinking Value (mm) Average Sinking Value (mm)
12,75 -1,59
STRAIGHT DBD CURVED DBD
Average Sinking Difference (mm) Average Sinking Difference (mm)
2,95 1,59

The Lift Difference Between Straight & Curved DBD (mm)

Better Configuration-CURVED DBD 1,37
Full Size - Heave Analysis Values

Scale Factor 8
Lift Difference (mm) 10,92
Water Plane Area- m?- 15° Heel 39,77
Volume Difference-m? 0,43
p-Density (kg/m?3) 1025
g (m/s?) 9,81
Lift Force Difference (kN) 4,37
Displacement Difference (tonnes) 0,45
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6.1.2 15°Heel Angle & 0.39 Froude Number-1/2-Straight and 1/2-Curved Configurations

Table 6-4: Effective draft of the 1/2-straight daggerboard configuration at 15° Heel Angle & 0.39 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)] FN |Full Size Total-Rt (kN){SF (kN)| Ri (kN)
a0’ 1/2DBD 50 15° | 275 | 450 513 039 481 23| 110
a0 1/2DBD 50 15 | 325° | 450 513 0,39 518 14752 | 2,05
a0° 1/2DBD 50 15 ¥ 450 513 0,39 5,55 17557 | 2,44
Ru+Rh (kN) [ Slope Te? Te (m)
3,12 0,0139 0,85 0,92
Table 6-5: Effective draft of the 1/2-curved daggerboard configuration at 15° Heel Angle & 0.39 Fn
Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° 1/208D 40 15° ¥ 450 513 039 384 735 | 007
40° 1/2 DBD 40 15° & 450 513 039 4,00 2619 | 026
40° 1/2 DBD 40 15° 5° 450 513 039 4,27 51,24 | 0,50
40° 1/208BD 40 15° 6’ 450 513 039 4,55 81,16 | 0,79
Ru+Rh (kN)| Slope Te? Te (m)
3,76 0,0097 1,21 1,10

Table 6-6: Comparison of model lift analysis results of 1/2 straight & 1/2 curved foil configurations at
15° Heel Angle & 0.39 Fx

Model - Heave Analysis Values

STRAIGHT DBD

CURVED DBD

Static Heave Value At Zero Speed (mm)

| Static Heave Value At Zero Speed (mm)

15,7 0
STRAIGHT DBD CURVED DBD
Average Sinking Value (mm) Average Sinking Value (mm)
10,01 -5,45
STRAIGHT DBD CURVED DBD
Average Sinking Difference (mm) Average Sinking Difference (mm)
5,69 5,45

The Lift Difference Between Straight & Curved DBD (mm)

Better Configuration-CURVED DBD 0,24
Full Size - Heave Analysis Values
Scale Factor 8
Lift Difference (mm) 1,9
Water Plane Area- m?- 15° Heel 39,77
Volume Difference-m? 0,08
p-Density (kg/m?3) 1025
g (m/s?) 9,81
Lift Force Difference (kN) 0,76
Displacement Difference (tonnes) 0,08

Master Thesis developed at West Pomeranian University of Technology, Szczecin




Analyses of Foil Configurations of IMOCA Open 60s with Towing Tank Test Results

75

6.1.3 20° Heel Angle & 0.39 Froude Number-1/2-Straight and 1/2-Curved Configurations
Table 6-7: Effective draft of the 1/2-straight daggerboard configuration at 20° Heel Angle & 0.39 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No [V-Full Size (m/s)| FN [Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
a0° 1/2DBD 50 20 | 225 | 450 513 0,39 432 46,19 | 0,36
a0° 1/2DBD 50 2° | 275 | 450 513 0,39 479 A | 134
a0° 1/2DBD 50 2° | 325° | 450 513 0,39 512 8894 | 165
Ru+Rh (kN) | Slope Te? Te (m)
3,46 0,0186 0,63 0,80
Table 6-8: Effective draft of the 1/2-curved daggerboard configuration at 20° Heel Angle & 0.39 Fn
Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No V-Full Size (m/s)| FN [Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° 1/2DBD 45 ° 5 450 513 0,39 431 2437 | 0,29
40° 1/2DBD 45 ° r 450 513 0,39 5,00 7153 | 093
40° 1/2DBD 45 A 9 450 513 0,39 579 41191 1m
Ru+Rh (kN)| Slope Te? Te (m)
4,03 0,0120 0,98 0,99
Table 6-9: Comparison of model lift analysis results of 1/2 straight & 1/2 curved foil configurations at
20° Heel Angle & 0.39 Fn

Model - Heave Analysis Values

STRAIGHT DBD CURVED DBD
Static Heave Value At Zero Speed (mm)] Static Heave Value At Zero Speed (mm)

25,64 9,2

STRAIGHT DBD CURVED DBD

Average Sinking Value (mm) Average Sinking Value (mm)

17,83 1,78

STRAIGHT DBD CURVED DBD

Average Sinking Difference (mm) Average Sinking Difference (mm)

7,81 7,42

The Lift Difference Between Straight & Curved DBD (mm)

Better Configuration-CURVED DBD I 0,39
Full Size - Heave Analysis Values

Scale Factor 8
Lift Difference (mm) 3,08
Water Plane Area- m?- 20° Heel 36,04
Volume Difference-m? 0,11
p-Density (kg/m?3) 1025
g (m/s?) 9,81
Lift Force Difference (kN) 1,12
Displacement Difference (tonnes) 0,11
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6.1.4 Overall Analysis of 1/2-Straight and 1/2-Curved Foil Configurations & 40° Canting

Keel

Table 6-10: Effective draft comparison of the 1/2 straight & 1/2 curved foil configurations & 40°
canting keel at 15° heel angle & 0.30 and 0.39 F~

Effective Draft Values at 15° Heel Angle

Froude Number 0,30 0,39 Unit
1/2 Curved DSS & 40° Canting Keel 1,24 1,10 m
Only 40° Canting Keel 1,23 0,95 m
1/2 Straight DBD & 40° Canting Keel 1,07 0,92 m

Table 6-11: Effective draft comparison of the 1/2 straight & 1/2 curved foil configurations & 40°

canting keel at 20° heel angle & 0.39 F~

Effective Draft Values at 20° Heel Angle

Froude Number 0,39 Unit
1/2 Curved DSS & 40° Canting Keel 0,99 m
Only 40° Canting Keel 0,82 m
1/2 Straight DBD & 40° Canting Keel 0,80 m

1/2 CONFIGURATION - EFFECTIVE DRAFT
COMPARISON AT 15° & 20° HEEL ANGLE

—&— Only 40° Canting Keel - Heel 15°
1/2 Straight DBD & 40° Canting Keel - Heel 15°

—>¢—1/2 Curved DSS & 40° Canting Keel - Heel 15°

—li—Only 40° Canting Keel - Heel 20°
1/2 Straight DBD & 40° Canting Keel - Heel 20°
1/2 Curved DSS & 40° Canting Keel - Heel 20°

1,30
1,24

1,20
1,23

1,10
1,07
1,00

0,90

EFFECTIVE DRAFT (M)

0,80

0,70
0,29 0,31 0,33

0,35

FROUDE NUMBERS

0,37

0,82

0,80

1,10
0,99
0,95

0,92

0,39

Figure 6-1: Effective draft comparison of all 1/2 configurations & 40° canting keel at 15° and 20° heel

angles
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6.2 Analyses of Full - Straight & Full - Curved Foil Configurations
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Table 6-12: Effective draft of the full-straight daggerboard configuration at 15° Heel Angle & 0.30 F~

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN)| Ri (kN)
a0° FullDBD | 100 | 15° L 350 40 0,30 233 194 | 0,20
a0° FullDBD | 1200 | 15° r 350 40 0,30 2,60 4580 | 048
a0° FullDBD | 100 | 15° | 275° | 350 40 0,30 331 112,38 | 1,18
Ru+Rh (kN) [ Slope Te? Te (m)
2,13 0,0105 1,86 1,36
Table 6-13: Effective draft of the full-curved daggerboard configuration at 15° Heel Angle & 0.30 Fn
Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)[SF* (kN) | Ri (kN)
40° Full DBD 90 15° 6° 350 40 0,30 3,07 3996 | 0,59
40° Full DBD 90 15° 8 350 4,0 0,30 3,52 7721 | 1,15
40° Full DBD 90 15° 10° 350 4,0 0,30 4,14 112,38 | 1,67
40° Full DBD 90 15° 12° 350 4,0 0,30 4,55 14153 | 2,10
Ru+Rh (kN)| Slope Te? Te (m)
2,44 0,0149 1,31 1,14

Table 6-14: Comparison of model lift analysis results of full straight & full curved foil configurations

at 15° Heel

Angle & 0.30 Fx

Model - Heave Analysis Values

STRAIGHT DBD

CURVED DBD

Static Heave Value At Zero Speed (mm)

| Static Heave Value At Zero Speed (mm)

15,7 -0,3
STRAIGHT DBD CURVED DBD
Average Sinking Value (mm) Average Sinking Value (mm)
12,89 -1,80
STRAIGHT DBD CURVED DBD
Average Sinking Difference (mm) Average Sinking Difference (mm)
2,81 1,50
The Lift Difference Between Straight & Curved DBD (mm)
Better Configuration-CURVED DBD | 1,31
Full Size - Heave Analysis Values
Scale Factor 8
Lift Difference (mm) 10,47
Water Plane Area- m?- 15° Heel 39,77
Volume Difference-m? 0,42
p-Density (kg/m?3) 1025
g (m/s?) 9,81
Lift Force Difference (kN) 4,19
Displacement Difference (tonnes) 0,43
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6.2.2 15° Heel Angle & 0.39 Froude Number—Full Straight and Full Curved
Configurations

Table 6-15: Effective draft of the full-straight daggerboard configuration at 15° Heel Angle & 0.39 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN){SF? (kN) | Ri (kN)
40° FullDBD | 1200 | 15° L 450 513 0,39 393 90,29 | 081
40° Full DBD 100 15 | 15 450 513 039 433 141,13 | 126
40° Full DBD 100 15° | 275 | 450 513 039 5,98 215 | 287
Ru+Rh (kN) | Slope Te? Te (m)
3,10 0,0089 1,32 1,15
Table 6-16: Effective draft of the full-curved daggerboard configuration at 15° Heel Angle & 0.39 Fx
Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° Full DBD 90 15° 6 450 513 0,39 5,45 13391 | 1,46
40° Full DBD 90 15° 8 450 513 0,39 6,50 252,64 | 2,76
40° Full DBD 90 15° 10° 450 513 0,39 7,58 338,46 | 3,69
40° Full DBD 90 15° 12° 450 513 0,39 8,91 45394 | 4,95
Ru+Rh (kN)| Slope Te? Te (m)
3,89 0,0109 1,08 1,04
Table 6-17: Comparison of model lift analysis results of full straight & full curved foil configurations
at 15° Heel Angle & 0.39 Fn
Model - Heave Analysis Values
STRAIGHT DBD CURVED DBD
Static Heave Value At Zero Speed (mm)] Static Heave Value At Zero Speed (mm)
15,7 -0,3
STRAIGHT DBD CURVED DBD
Average Sinking Value (mm) Average Sinking Value (mm)
10,19 -4,43
STRAIGHT DBD CURVED DBD
Average Sinking Difference (mm) Average Sinking Difference (mm)
5,51 4,13

The Lift Difference Between Straight & Curved DBD (mm)

Better Configuration-CURVED DBD

| 1,38

Full Size - Heave Analysis Values

Scale Factor 8
Lift Difference (mm) 11,07
Water Plane Area- m?- 15° Heel 39,77
Volume Difference-m3 0,44
p-Density (kg/m?3) 1025
g (m/s?) 9,81
Lift Force Difference (kN) 4,43
Displacement Difference (tonnes) 0,45
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6.2.3 20° Heel Angle & 0.39 Froude Number-Full Straight and Full Curved
Configurations

Table 6-18: Effective draft of the full-straight daggerboard configuration at 20° Heel Angle & 0.39 Fx

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No [V-Full Size (m/s){ FN [Full Size Total-Rt (kN){SF* (kN) | Ri (kN)
a0 FullDBD | 1200 | 20° L 450 513 0,39 392 6537 | 0,79
a0 FullDBD | 1200 | 20° | 15 | 450 513 0,39 4,34 11246 | 136
a0 FullDBD | 1200 | 20° | 275 | 450 513 0,39 6,05 245,07 | 2,9

Ru+Rh (kN) | Slope Te? Te (m)
3,07 0,0121 0,98 0,99

Table 6-19: Effective draft of the full-curved daggerboard configuration at 20° Heel Angle & 0.39 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° Full DBD 95 20° 6° 450 513 039 583 10449 | 1,25
40° Full DBD 95 2° 8 450 513 0,39 6,97 201,19 | 241
40° Full DBD 95 2° 10° 450 513 0,39 197 290,03 | 348
40° Full DBD 95 2° 12° 450 513 0,39 9,36 39743 | 477
Ru+Rh (kN)| Slope Te? Te (m)
4,55 0,0120 0,98 0,99
Table 6-20: Comparison of model lift analysis results of full straight & full curved foil configurations
at 20° Heel Angle & 0.39 Fn
Model - Heave Analysis Values
STRAIGHT DBD CURVED DBD
Static Heave Value At Zero Speed (mm)| Static Heave Value At Zero Speed (mm)
25,64 9,5
STRAIGHT DBD CURVED DBD
Average Sinking Value (mm) Average Sinking Value (mm)
18,16 2,76
STRAIGHT DBD CURVED DBD
Average Sinking Difference (mm) Average Sinking Difference (mm)
7,48 6,74
The Lift Difference Between Straight & Curved DBD (mm)
Better Configuration-CURVED DBD I 0,74
Full Size - Heave Analysis Values
Scale Factor 8
Lift Difference (mm) 5,95
Water Plane Area- m?- 20° Heel 36,04
Volume Difference-m? 0,21
p-Density (kg/m?3) 1025
g (m/s?) 9,81
Lift Force Difference (kN) 2,15
Displacement Difference (tonnes) 0,22
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6.2.4 Overall Analysis of Full-Straight and Full-Curved Foil Configurations & 40°

Canting Keel

Table 6-21: Effective draft comparison of the full straight & full curved foil configurations & 40°

canting keel at 15° heel angle & 0.30 and 0.39 Fn

Effective Draft Values at 15° Heel Angle
Froude Number 0,30 0,39 Unit
Full Straight DBD & 40° Canting Keel 1,36 1,15 m
Only 40° Canting Keel 1,23 0,95 m
Full Curved DSS & 40° Canting Keel 1,14 1,04 m

Table 6-22: Effective draft comparison of the full straight & full curved foil configurations & 40°

canting keel at 20° heel angle & 0.39 Fn

Effective Draft Values at 20° Heel Angle
Froude Number 0,39 Unit
Full Curved DSS & 40° Canting Keel 0,992 m
Full Straight DBD & 40° Canting Keel 0,989 m
Only 40° Canting Keel 0,82 m

FULL CONFIGURATION - EFFECTIVE DRAFT
COMPARISON AT 15° & 20° HEEL ANGLE

=—&—Only 40° Canting Keel - Heel 15°

Full Straight DBD & 40° Canting Keel - Heel 15°
=>¢=Full Curved DSS & 40° Canting Keel - Heel 15°
—li—Only 40° Canting Keel - Heel 20°

Full Straight DBD & 40° Canting Keel - Heel 20°

Full Curved DSS & 40° Canting Keel - Heel 20°

1,40 136
1,30
2
= 1,20
t 1,23 115
< e —
o
a 1,10
g 1,14 1,04
AN
E 1,00 0,992
o 0,989
o
w 0,90 0,95
0,82
0,80 L
0,70
0,29 0,31 0,33 0,35 0,37 0,39

FROUDE NUMBERS

Figure 6-2: Effective draft comparison of all full configurations & 40° canting keel at 15° and 20° heel

angles
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6.3 Overall Analysis of Straight and Curved Foil Configurations

6.3.1 Effective Draft Analysis
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Table 6-23: Overall effective draft comparison of the straight and curved foil configurations & 40°

canting keel at 15° heel angle & 0.30 and 0.39 Fx

Effective Draft Values at 15° Heel Angle
Froude Number 0,30 0,39 Unit
Full Straight DBD & 40° Canting Keel 1,36 1,15 m
1/2 Curved DSS & 40° Canting Keel 1,24 1,10 m
Full Curved DSS & 40° Canting Keel 1,14 1,04 m
Only 40° Canting Keel 1,23 0,95 m
1/2 Straight DBD & 40° Canting Keel 1,07 0,92 m

Table 6-24: Overall effective draft comparison of the straight and curved foil configurations & 40°

canting keel at 20° heel angle & 0.39 F~

Effective Draft Values at 20° Heel Angle

Froude Number 0,39 Unit

Full Straight DBD & 40° Canting Keel 0,989 m

1/2 Curved DSS & 40° Canting Keel 0,992

Full Curved DSS & 40° Canting Keel 0,992

Only 40° Canting Keel 0,82

3131|313

1/2 Straight DBD & 40° Canting Keel 0,80

OVERALL EFFECTIVE DRAFT COMPARISON AT 15° & 20° HEEL
ANGLE

1,40 1,36
1,30 1,24

1,20 1,23

1,14

1,15
1,10
1,04

EFFECTIVE DRAFT (M)
S
S

o
[o]
o

0,70
0,29 0,31 0,33 0,35 0,37

FROUDE NUMBERS
—&— Only 40° Canting Keel - Heel 15°

Full Straight DBD & 40° Canting Keel - Heel 15°
=>&=Full Curved DSS & 40° Canting Keel - Heel 15°
—li—Only 40° Canting Keel - Heel 20°

Full Straight DBD & 40° Canting Keel - Heel 20°

Full Curved DSS & 40° Canting Keel - Heel 20°
—+—1/2 Curved DSS & 40° Canting Keel - Heel 15°
——1/2 Straight DBD & 40° Canting Keel- Heel 15°
———1/2 Curved DSS & 40° Canting Keel-Heel 20
—&—1/2 Straight DBD & 40° Canting Keel- Heel 20°

Figure 6-3: Overall effective draft comparison at 15° and 20° heel angles

0,992 0,992

0,989
0,95
0,92

o

0,80

0,39
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Note: As stated previously, there is a % 4 total uncertainty value (uncertainty of the residual
resistance coefficient) which indicates the probable maximum change of the effective draft
results (as increment or decrease) based on the resistance parameters obtained from the towing
tank tests. Therefore, the percentage difference between the effective draft values of the
different appendage conditions should be higher than the percentage of the uncertainty to
evaluate the efficiency of the tested configurations exactly. Otherwise, it will be not clear to
say which one is more efficient. For instance, the effective draft results are almost same for
some configurations at 20° heel angle & 0.39 Froude number, so this condition might be
performed again in towing tank tests as a future work to compare the three different
configurations clearly.

6.3.2 Lift Analysis between 1/2 and Full Sizes of Same Configuration Types
Table 6-25: Full-size heave analysis of 1/2 and full foil configurations at 15° heel angle & 0.30 Fn

Full Size - Heave Analysis Values at 15° Heel Angle & 0.30 Fn
Foil Configurations - 1/2 - Straight & Full - Straight
Lift Force Difference (kN) 0,46
Displacement Difference (tonnes) 0,05
Better Configuration Full - Straight
Foil Configurations - 1/2 - Curved & Full - Curved
Lift Force Difference (kN) 0,27
Displacement Difference (tonnes) 0,03
Better Configuration Full - Curved

Table 6-26: Full-size heave analysis of 1/2 and full foil configurations at 15° heel angle & 0.39 Fn

Full Size - Heave Analysis Values at 15° Heel Angle & 0.39 Fn
Foil Configurations - 1/2 - Straight & Full - Straight
Lift Force Difference (kN) 0,57
Displacement Difference (tonnes) 0,06
Better Configuration Full - Straight
Foil Configurations - 1/2 - Curved & Full - Curved
Lift Force Difference (kN) 4,23
Displacement Difference (tonnes) 0,43
Better Configuration Full - Curved

Table 6-27: Full-size heave analysis of 1/2 and full foil configurations at 20° heel angle & 0.39 Fn

Full Size - Heave Analysis Values at 20° Heel Angle & 0.39 Fn
Foil Configurations - 1/2 - Straight & Full - Straight
Lift Force Difference (kN) 0,94
Displacement Difference (tonnes) 0,10
Better Configuration Full - Straight
Foil Configurations - 1/2 - Curved & Full - Curved
Lift Force Difference (kN) 1,98
Displacement Difference (tonnes) 0,20
Better Configuration Full - Curved
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7 GENERAL REMARKS
7.1 Straight Daggerboard Configurations

The primary function of the straight configuration is to generate the side force
horizontally due to its shape. For that reason, the straight daggerboard produces less lift
force vertically than the curved daggerboard configuration.

It does not have a joint section like the curved foil; therefore, the tip vortex might occur
more on the straight foil shape as compared with the curved configuration based on the
foil theory. In general terms, 1.5 ° toe angle (angle of attack) is enough for the straight
foil configuration to generate normal side force.

The full-straight foil configuration is the most efficient configuration as compared with
others in the upwind condition, and the half-straight foil is the worst configuration
according to the overall experimental results. In addition, the full-straight foil generates
more lift force due to its bigger foil area than the half-straight configuration in same
conditions based on the lift analyses.

According to effective draft results, the full-straight daggerboard looks better than 1/2
straight configuration. It is highly likely because of longer span dimension. Hence the
fully extended configuration has less induced drag based on 2D foil theory. It can be
explained that is why the full-straight foil is seen more efficient than the half-straight
foil. (b=span length, c=chord length, AR= aspect ratio, Cdi=induced drag coefficient,
S= foil area, lift coefficient Cl=2za (a (angle of attack) - it is assumed that the Cl is

constant) [6].
cl?

w.AR

1
— Equation [5] & L = 2P V%S Cl — Equation [3]

b
AR=Z - Cdi =

Figure 7-1: The 1/2 (right) and full (left) straight daggerboard configurations [23]
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Curved Daggerboard Configurations

The curved foil configuration has been designed to perform two tasks. One of its parts
has lift function vertically differently from the straight configuration and another part
(curved section) enables to generate the side force as a winglet horizontally.

The joint section of the two parts reduces the trailing vortices of the foil when it
generates the total side force (lift and side force). Hence, the induced drag due to the tip
vortices could be less as compared with the straight configuration.

The toe angle (angle of attack) was kept same with the straight configuration for the
curved foil. However, the 1.5° toe angle for both parts of the curved foil was not enough
to generate normal side force. Therefore, the curved foil required more leeway angle
during the towing tank tests.

It seems that the curved foil configurations do not have totally submerged sections at
some low heel angles such as % 85 wetted surface area of the full-curved daggerboard
at 10° heel angle. For that reason, the free surface effect occurs around the foil according
to the towing tank test observations. This might cause some flow vortices and additional
wave drag and it could affect the efficiency of the curved foil configurations.

The efficiency of the both curved foil (1/2 and full) configurations are not good enough
in the upwind condition as compared to the full-straight configuration based on the
effective draft values. However, the curved foil configurations generate certainly more
lift force than the straight foil configurations in same sailing conditions based on the
model heave analyses.

The full-curved configuration produces more lift force than the half-curved daggerboard
according to the lift analyses in same sailing conditions although the full-curved foil
seems slightly less efficient than the half-curved configuration based the effective draft
results. Therefore, the lifting advantage of the full-curved foil is important to get less
displacement (less wetted surface area and total resistance) so it provides more boat
speed.

Unexpectedly, the 1/2 curved foil configuration is seen more efficient than the full
curved foil which has two times the longer span-1 length. There could be an explanation
for this situation based on the test observations and 3D foil theory. The lift and side
force vectors of the 1/2 curved daggerboard are closer to the normal 2D force vectors
(lift and side forces) than the full curved foil. Therefore, the 1/2 configuration generates
the total side force efficiently. On the other hand, the entire configuration causes more

induced drag due to losing the vector directions while it produces the side force.
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Figure 7-2: Force vector directions of the full curved daggerboard configuration [23]
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Figure 7-3: Force vector directions of the 1/2 curved daggerboard configuration [23]
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Figure 7-4: lllustration of 2D and 3D lift vector directions measured perpendicular to free stream [6]

e Based on the effective draft results, observations and the 3D foil theory, there could be
a new curved foil configuration design (it is a new approach inspired by the original
idea of the Canadian Open 60 project [11]) to be tested either in CFD (Computational
fluid dynamics) or towing tank tests as a future work.

e The new design would also have curved lifting part (span-1) instead of the straight
shape; therefore, the foil configuration might keep the 3D vector directions close to the
2D normal force vector directions (lift and side force) due to its shape. Hence it might
be more efficient configuration than others. The illustration of the possible curved
configuration is shown in the following Figure 7-5.

——SS)

Figure 7-5: lllustration of the possible curved foil configuration design idea [11, 23]
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8 CONCLUSIONS

According to the towing tank tests performed in the upwind condition, the full straight
configuration is the most efficient shape as compared with others. Hence, it might have
better potential for boat speed in the upwind condition. However, there is important
lifting difference between the two different configurations. The curved foil
configurations have certainly lift force advantage due to their shape and function;
therefore, this lift feature enables to obtain an amount of less displacement (less wetted
surface area and wave resistance) for the sailboat. This lifting ability could be a very
critical advantage for the speed of sailboats equipped with the curved foil configurations
despite being less efficient.

According to the model lift analyses, the full size configurations (full straight and full
curved foils) of the two different shapes generate more lift force than the half
configurations. That’s why the skippers and designers prefer extended configurations
instead of the half shapes during the race. It seems that the 1/2 curved foil configuration
is more efficient than the full curved configuration based on effective draft results but
the full-curved foil produced more lift force than the 1/2 curved foil configuration based
on the lift analyses.

The angle of attack was kept same for both configurations to compare them exactly.
However, it was realised that the angle of attack was not great enough to generate side
force for the curved daggerboards so it required more leeway angle for producing the
side force. It can be recommended that the angle of attack of the curved configuration
can be enhanced to generate more side force value without increasing the leeway angle
in the future work. This will also enable to lift the boat more and also reduce the heel
angle; therefore, the boat has more powerful and efficient sails to generate drive force
and the sailboat can be sailed faster.

Based upon the 1/2 curved foil configuration, the 3D force vectors (lift vertically and
side force horizontally) of the curved foil configurations should be kept close to 2D
vector directions with some mechanisms or proper positions to generate the side force
effectively.

The 0° canting keel is more efficient than the 40° canting keel according to the test
results but the 40° canting keel has obviously an advantage of the static righting arm
(Gz) due to the bulb weight. Therefore it can provide the necessary righting moment
with less displacement value and because of this reason, designers prefer the 40° canting

keel as an appendage. However, the boat needs an additional appendage (daggerboards)
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to enhance efficiency of the total side force generation and get more righting moment.
In general, the daggerboards together with 40° canting keel contribute to the efficiency
of the side force generation and the increase of the righting moment.

There were some very similar effective draft results, and they could not be evaluated
exactly because of the uncertainty value (%4) to determine the better appendage
combination. Therefore, some uncertain conditions can be performed again in the either
towing tank tests or CFD simulations as a future work to make them clear.

During the towing tank tests, there were a few restrictions to modify some variables
easily such as the angle of attack of the daggerboards, viscosity of the water, the higher
boat speed (downwind), the dimensions, shapes and positions of the foil configurations.
As a future work, the lift force, side force and drag values of the different daggerboard
configurations can be obtained in various sailing conditions using CFD simulations to
analyse the results exactly and the CFD results can be compared with the results

obtained from the towing tank tests. Also, the dimensions and shapes of them can be

modified to determine the optimum configuration for the Open 60 sailboat.

T U

N ~‘h

T
. i

Figure 8-1: A picture from the towing tank facility together with the model boat
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e Based on the all towing tank test results (lift and effective draft analyses), the full-
straight daggerboard is more efficient than the half and full curved foil configurations
in the upwind conditions, however, the curved foils lift the hull out of the water more
as compared with the straight one in the upwind condition. However, the lifting
advantage and the efficiency of the foils can change positively or negatively in range of
higher velocities (downwind condition). According to the tests done, it seems
approximately that the effective draft differences between the two different foils are
decreasing slightly in the higher velocity (0.39 Fn).

e It seems that the new generation sailboats (equipped with the curved daggerboard
configurations) appear certainly top of the race ranking when the ranking list [27] of the
Vendée Globe 2016-2017 is taken a look at in reality. This situation shows that the
lifting advantage of the foiling monohull sailboats is a very crucial feature for the boat
speed despite being less efficient in the upwind condition after all.

e The sailing record time of the Vendée Globe competition has been known as 78 days
until now, and it is held by Frangois Gabart [10]. However, according to the current
distance to finish, it might be said that the time can be reduced with the new innovation

foils (the curved foil configurations) at the end of the race.

START ON 6TH NOVEMBER 2016

HYoA 03 25: 1O ice

DAYS HOURS MNS Official timer

Ranking from 14 January 2017

See complete ranking  See positions

DISTANCE DISTANCE

IPP) P
AT18H00  SKIPPER/BOAT ROGRESS 0 R TOFINISH

Armel LE CLEACH
BANQUE POPULAIRE VIII

Alex THOMSON

HUGO BOSS 10573 nm

Jérémie BEYOU

MAITRE COQ L

Jean-Pierre DICK
StMICHEL-VIRBAC 4 - 2654 nm

Yann ELIES \
5 F uQUEGUINER~ LEUCEM... S 23420m

a Boat with hydrofoils

Figure 8-2: The ranking list & & the elapsed time of the Vendée Globe Competition on 14 January
2017 [27]
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A. Appendix - Tables and Graphs of Form Factors

Upright Condition

Table- A-1: General specifications for form factor calculations of the upright condition

FORM FACTOR-Upright Condition
Overall Submerged Length ,LOS 2,286 m
Waterline Length, LWL 2,25 m
Wetted Surface Area-Full Scale 56,25 m?
Wetted Surface Area-Model 0,88 m?
Density 998,31 kg/m?
Gravity 9,81 m/s®

Table- A-2: Values obtained from towing tank tests for form factor chart of the upright condition

Run Clock No. Model Speeds (m/s) Fn RT (N) CT/CF | Fn*4/CF
1 110 0,47 0,10 0,54 1,23 0,02
2 130 0,55 0,12 0,78 1,32 0,04
3 160 0,67 0,14 1,23 1,44 0,10
4 180 0,75 0,16 1,44 1,38 0,16
5 190 0,79 0,17 1,65 1,45 0,19
6 200 0,83 0,18 1,75 1,42 0,23
7 240 0,99 0,21 2,55 1,49 0,50

Form Factor Chart - Prohaska's Method
1,60
1,55
1,50
1,45 1,42
1,40 1,38
1,35 1,32 y=0,3571x +1,3194
1,30 R2=0,9663
1,25

1,20
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45 0,50

Fn*4 /| CF

1,49

CT /CF

Fit intercept-1+k 1,32
Fit slope-b 0,36

Figure- A-1: Form factor graph for the upright condition.
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Form Factor at 10° Heel Angle

Table- A-3: General specifications for form factor calculations of the 10° heel angle

FORM FACTOR-10° Heel Angle

Overall Submerged Length ,LOS 2,286 m
Waterline Length, LWL 2,25 m
Wetted Surface Area-Full Scale 47,58 m?
Wetted Surface Area-Model 0,74 m?
Density 998,31 kg/m?
Gravity 9,81 m/s®

Table- A-4: Values obtained from towing tank tests for form factor chart of the 10° heel angle

Run Clock No. | Model Speeds (m/s) Fn RT (N) CT/CF | Fn*4/CF
1 110 0,47 0,10 0,45 1,20 0,02
2 130 0,55 0,12 0,65 1,31 0,04
3 160 0,67 0,14 1,02 1,43 0,10
4 180 0,75 0,16 1,29 1,47 0,16
5 190 0,79 0,17 1,41 1,48 0,19
6 200 0,83 0,18 1,66 1,60 0,23
7 240 0,99 0,21 2,44 1,69 0,50

Form Factor Chart - Prohaska's Method
1,75
1,65 1,60

b= 955

2 1,47

Ia 1,45 1,43

y=1,4464x + 1,26
1,35 1,31 R%2=0,9737
1,25
0,00 0,05 0,10 0,15 0,20 0,25
Fn?4 / CF
Fit intercept-1+k 1,26
Fit slope-b 1,45

Figure- A-2: Form factor graph for the 10° heel angle
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Form Factor at 15° Heel Angle
Table- A-5: General specifications for form factor calculations of the 15° heel angle
FORM FACTOR-15° Heel Angle
Overall Submerged Length ,LOS 2,286 m
Waterline Length, LWL 2,25 m
Wetted Surface Area-Full Scale 42,97 m?
Wetted Surface Area-Model 0,67 m?
Density 998,31 kg/m?
Gravity 9,81 m/s?
Table- A-6: Values obtained from towing tank tests for form factor chart of the 15° heel angle
Run Clock No.| Model Speeds (m/s) Fn RT (N) CT/CF | Fn™*4/CF
1 110 0,47 0,10 0,37 1,09 0,02
2 130 0,55 0,12 0,57 1,27 0,04
3 160 0,67 0,14 0,92 1,43 0,10
4 180 0,75 0,16 1,21 1,52 0,16
5 190 0,79 0,17 1,31 1,52 0,19
6 200 0,83 0,18 1,44 1,54 0,23
7 240 0,99 0,21 2,16 1,66 0,50
Form Factor Chart - Prohaska's Method
1,65
1,55 1,52
1,43
w 4
(&)
~ 135
= 1,27
o 1,25
. y =2,146x + 1,1913
1,15 R%?=0,9703
1,05
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16 0,18
Fn?4 / CF
Fit intercept-1+k 1,19
Fit slope-b 2,15
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Form Factor at 20° Heel Angle

Table- A-7: General specifications for form factor calculations of the 20° heel angle

FORM FACTOR-20° Heel Angle
Overall Submerged Length ,LOS 2,286 m
Waterline Length, LWL 2,25 m
Wetted Surface Area-Full Scale 39,85 m?
Wetted Surface Area-Model 0,62 m?
Density 998,31 kg/m?
Gravity 9,81 m/s?

Table- A-8: Values obtained from towing tank tests for form factor chart of the 20° heel angle

Run Clock No. | Model Speeds (m/s) Fn RT (N) CT/CF Fn"4 | CF
1 110 0,47 0,10 0,31 0,99 0,02
2 130 0,55 0,12 0,47 1,13 0,04
3 160 0,67 0,14 0,74 1,24 0,10
4 180 0,75 0,16 1,09 1,48 0,16
5 190 0,79 0,17 1,24 1,55 0,19
6 200 0,83 0,18 1,32 1,52 0,23
7 240 0,99 0,21 2,08 1,73 0,50

Form Factor Chart - Prohaska's Method
1,95
1,73
1,75
1,52

w 155

(3]

~ 1,35 1,24

s 1,13

1,15 y=1,2792x + 1,1281
R?=0,9382
0,95
0,75
0,00 0,10 0,20 0,30 0,40 0,50 0,60
Fn24 /| CF
Fitintercept-1+k 1,13
Fit slope-b 1,28

Figure- A-4: Form factor graph for the 20° heel angle
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Form Factor at 25° Heel Angle

Table- A-9: General specifications for form factor calculations of the 25° heel angle

FORM FACTOR-25° Heel Angle
Overall Submerged Length ,LOS 2,286 m
Waterline Length, LWL 2,25 m
Wetted Surface Area-Full Scale 37,69 m?
Wetted Surface Area-Model 0,59 m?
Density 998,31 kg/m?
Gravity 9,81 m/s?

Table- A-10: Values obtained from towing tank tests for form factor chart of the 25° heel angle

Run Clock No.| Model Speeds (m/s) Fn RT (N) CT/CF | Fn*4/CF
1 110 0,47 0,10 0,28 0,96 0,02
2 130 0,55 0,12 0,40 1,01 0,04
3 160 0,67 0,14 0,75 1,31 0,10
4 180 0,75 0,16 1,03 1,47 0,16
5 190 0,79 0,17 1,15 1,51 0,19
6 200 0,83 0,18 1,27 1,54 0,23
7 240 0,99 0,21 1,98 1,73 0,50

Form Factor Chart - Prohaska's Method

1,55
1,51
1,5 1,47
1,45
L.
© 14
- y=2,0887x +1,1186
O 135 131 R*=0,9715
13
1,25
0,07 0,09 0,11 0,13 0,15 0,17 0,19 0,21
Fn?*4 / CF
Fitintercept-1+k 1,12
Fit slope-b 2,09

Figure- A-5: Form factor graph for the 25° heel angle
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Form Factor in an extended range at 15° Heel Angle

For the form factor calculations, there might be a difference between the Froude number range
of the ITTC procedures and some towing tank tests in practice. In this section, the Prohaska’s
method was performed in an extended range (0.2<Fn<0.3 instead of 0.1<Fn<0.2) to see the
form factor change. Therefore, it can be said that there is a quite big difference because of the
changing range based on the new range. This situation will not change the effective draft results,
but it will modify some resistance variables. For that reason, the Froude number range is a
critical term for the form factor calculations. It is specified that the range of the ITTC procedure
[4] was used for the resistance calculations during this master thesis.

Table- A-11: Values obtained from towing tank tests in an extended range for form factor chart of the
15° heel angle

Run Clock No.| Model Speeds (m/s) Fn RT (N) CT/CF | Fn*4/CF
1 240 0,99 0,21 2,16 1,66 0,50
2 280 1,15 0,24 2,99 1,77 0,92
3 320 1,30 0,28 3,89 1,84 1,55
4 360 1,46 0,31 4,92 1,89 2,50

Form Factor Chart-Prohaska Method

2,05
1,95 1,89
T8 1,84
2 185 1,77
= 1,75
o 1,66 y =0,108x + 1,6392
165 R? = 0,891
1,55
(] 0,5 1 15 2 25 3
Fn?4 /| CF
Fit intercept-1+k 1,64
Fit slope-b 0,11

Figure- A-6: Form Factor graph in an extended range for 15° Heel Angle
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B. Appendix - Uncertainty Analysis Calculations

Type A — Precision (Repetition Tests)

Test-Run Rt-N [ V-mfs | T-°C |CT-Total Resistance Coefficient| Viscosity -v - m?fs | CF - Frictional Resistance Coefficient |CR - Residual Resistance Coefficient
1 6177 | 1613 | 195 540803 1,02E-06 361E-03 6,35€-04
! 6,19 | 1612 | 196 542603 1,01E-06 361603 6,61E-04
3 6172 | 1613 | 194 5,39E-03 1,02E-06 361603 6,31E-04
Average Value 618 | 1613 | 195 5 40E-03 1,01E-06 3,61E-03 6,426-04
Standard Deviation | 0,013 (57704 01 1,55E-05 1, 44E-09 131E07 1,05E-05
Deviation % 022 | 004 | 051 029 0.1 0,02 251
Precision (Single) | 0,027 | 0001 | 02 311E05 2, 89E-09 1,46E-06 33005
Deviation % 043 | 007 | 103 057 028 0,04 5,14
Precision (Multiple]-uA-ukt| 0,015 |6,67E-04 1,15€-01 1,79E-05 1,67E-09 8 45E07 1,90E-05
Deviation % 025 | 004 | 059 033 0,16 23E0 297

99




Type B

TEMPERATURE 19,5 °C
Accuracy of Thermometer 0,1 °C Wetted Surface Area
ut 01 °C Wetted Surface Area 088 | m
% 0,5 %
Density of Fresh Water Length Tolerance (X} 0001 | m
Ucp £For19,5°C 0,030 kg/m?3 ' _
Ve 2% oo | % Waterline Length-LWL 26 | m
Viscosity of Fresh Water Expanded Waterline Length-LWL 451 | m
Ucv * For19,5°C 1,29E-08 | m?/sn ) :
Uov % 13 | % Density - 9831 | kg/m
Model Waterline Length-LWL 4 0 3
Waterline Length, LWL 2,255 m UCp thor 19’ ) 0’030 kg/ m
Length Manufacturing Tolerance 0,001 m Area of Model Hull Water-Plane - Aw 0,36 m?
Total Expanded Uncertainty for Length| 0,002 m ;
% 01 % Model Displacement - 4 168 | ke
Model Length Overall Submerged-LOS ' ' '
Length Submerged (05 28 —— Uncertainty of Model Displacement Due toBallasting | 011 | kg
Length Manufacturing Tolerance 0,001 m Total Uncertainty 5,91E04 m2
Total Expanded Uncertainty for Length| 0,002 m
% 0,1 % h 0;1 h

100
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Speed Froude Number 0,34
Speed 1613 | m/s Speed 1,61 m/s
Diameter of Wheel-D 0,4 m Uncertainty of Speed 2,21E-03 m/s
Time Interval-At 0,15 S Waterline. Length-LWL 2,255 m
Uncertainty of LWL 0,002 m
Number of Pulses Per Revolution-p 4000 pulse Acceleration of Gravity 9,81 m/s?
Number of Pulses-n 770 pulse Uncertainty of Acceleration of Gravity 0,01 m/s?
Error of Curve Fit 0,25 pulse Total Froude Uncertainty 5,23E-04
Error of the Encoder 1,5 pulse % 0,15 %
Error of DA Conversion 2 pulse Reynolds Number 3,63E+06
Error of AD Conversion 2 pulse UncertaSnI:tee:f P , 211‘;103 :j :
Error of Pulse Count 321 pulse Length Overall S\me:rged-LOS ’2,286 m
Sensitivity Coefficient of Pulse Count 0,0021 Uncertainty of LOS 0,002 m
Uncertainty Due to Pulse Count-un 6,73E-03 | m/s Ut 0,1 °C
Error of Time Interval 1,03E-05 s dv/ot -3,00E-08| (m?/s-°C)
Sensitivity Coefficient of Time Interval -10,75 v 1,02E-06 | (m?/s)
Uncertainty of Time Interval-uAt -1,10E-04| m/s Total Reynolds Uncertainty 1,22E+04
Error of Diameter of Wheel 1,15E-04 m — % — - 0,34 %
Sensitivity Coefficient of Wheel Diameter 4,03 Coef:;ztnn;:z T\:r:::z::l Resistance-Cf 3 636406 3,61E-03
Uncertainty of Wheel Diameter-uD 4,64E-04 | m/s Uncertainty of Reynolds Number 122E404
Total Uncertainty 2,21E-03] m/s  [total Uncertainty of Coefficient of Frictional Resistance | 2,32E-06
% 0,14 % % 0,1 %
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Total Resistance-Rt 6,18 N Form Factor - 1+k 132
uir 28 LN Uncertainty of Coeffcient of TotalResistance-Ct | 227E-05
SEE-Standard Deviation 348E07| - NCertainty of ~0eTlclent of Total Resistance- kel
2*SEE 6,96E-07 | - Coefficient of Frictional Resistance-Cf 3,61E-03
u2(F) 6,9E-07| N Uncertainty of Coefficient of Frictional Resistance | 2,32€-06
u(F)-uB 0,01 N kb 001
Total Resistance Uncertainty-U-Rt 0,02 N u !
% 03 % uka 0,01
Coefficient of Total Resistance-Ct 5,40E-03 uk-Total 8,47E-03
Ut 0,1 °C .
dp/ot -0,15071 | (kg/m?-°C) b L1
0 998,31 | kg/m? Coefficient of Residuary Resistance-Cr 6,42E-04
v 1613 | mjs Uncertainty of Coefficient of Total Resistance-Ct | 2,27E-05
Uncertainty of Speed-V 2,21E-03 m/s m 13)
Rt 6,18 N !
Total Resistance Uncertainty-U-Rt 0,02 N Uncertainty of Coefficient of Frictional Resistance | 2,32E-06
Wetted Surface Area-$ 0,88 m? uk-Total 0,01
Uncertainty of Wetted Surface Area 5,91E-04 m? , . , :
Total Uncertainty of Coefficient of Total Resistance-Ct | 2,27E-05 - Uncertamty of Coeffcient of Re5|duary Resistance | 2,29€-05
9% 04 % % 36
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C. Appendix - Effective Draft Graphs and Tables of 40° Canting Keel at 10° and 25°

Heel Angles & 0.30 and 0.39 Froude Numbers

Effective Draft of 40° Canted Keel at 10° Heel Angle & 0.30 Fn
Table- C-1: Effective draft table of 40° canted keel at 10° heel Angle & 0.30 Fn

Keel Position Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) |SF?(kN)| Ri (kN)
40° 10° 8 350 4,0 0,30 2,67 61,42 | 0,75
40° 10° 10° 350 4,0 0,30 2,90 82,68 | 1,02
40° 10° 12° 350 4,0 0,30 3,19 104,07 | 1,28

Ru+Rh (kN) [ Slope Te? Te (m)
1,90 0,0123 1,58 1,26
10° Heel & 0.30 Fn-40° Canted Keel
350 3,19 y =0,0123x + 1,9034
—_ 2 _
E 2,50 —o— Leeway (8-10-12)
200 . Linear (Leeway (8-10-12))
60,00 70,00 80,00 90,00 100,00 110,00
SF2 (kN?)
Figure- C-1: Graph of 40° canted keel at 10° heel angle and 0.30 Froude number
Effective Draft of 40° Canted Keel at 10° Heel Angle & 0.39 FN
Table- C-2: Effective draft table of 40° canted keel at 10° heel angle & 0.39 Fn

Keel Position Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
40° 10° 6° 450 5,13 0,39 4,00 96,97 0,39
40° 10° 8 450 5,13 0,39 4,61 166,62 | 1,52
40° 10° 10° 450 5,13 0,39 5,21 238,41 | 2,18
40° 10° 12° 450 5,13 0,39 5,91 302,95 | 2,77

Ru+Rh (kN) | Slope Te? Te (m)
3,09 0,0091 1,29 1,14

10° Heel & 0.39 Fn-40° Canted Keel

7,00 y =0,0091x + 3,0928

5,91 2 _
— 6,00 5,21 R*=0,9965
< 4,61
= 500 ' —&— Leeway (6-8-10-12)
— ' 4,00
& 4,00
30 Iil;;;ar (Leeway (6-8-10-
90,00 140,00 190,00 240,00 290,00 340,00

SF? (kN?)
Figure- C-2: Graph of 40° canted keel at 10° heel angle and 0.39 Froude number
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Effective Draft of 40° Canted Keel at 25° Heel Angle & 0.30 FN
Table- C-3: Effective draft table of 40° canted keel at 25° heel angle & 0.30 Fn

Keel Position Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF* (kN) | Ri (kN)
40° 25° 7 350 4,0 0,30 247 052 | 0,03
40° 25° 8 350 4,0 0,30 2,61 242 | 0,15
40° 25° 9 350 40 0,30 2,73 460 | 029

Ru+Rh (kN) | Slope Te? Te (m)
2,44 0,0635 0,31 0,55
25° Heel & 0.30 Fn-40° Canted Keel
2,80 2,73 y = 0,0635x + 2,4399
= 2,61 R? =0,9928
= 2,60
P 2,47 —0— Leeway (7-8-9)
240 T . Linear (Leeway (7-8-9))
0,00 1,00 2,00 3,00 4,00 5,00
SF? (kN?)
Figure- C-3: Graph of 40° canted keel at 25° heel angle and 0.30 Froude number
Effective Draft of 40° Canted Keel at 25° Heel Angle & 0.39 FN
Table- C-4: Effective draft table of 40° canted keel at 25° heel angle & 0.39 Fn

Keel Position | Heel |Leeway | Clock No | V-Full Size (m/s) | FN | Full Size Total-Rt (kN) | SF* (kN) | Ri (kN)
40° 25° 6° 450 513 0,39 3,97 311 | 0,10
40° 25° 8’ 450 513 0,39 4,50 19,53 | 0,62
40° 25° 9° 450 513 0,39 4,81 2965 | 0%

Ru+Rh (kN) | Slope Te? Te (m)
3,87 0,0318 0,37 0,61
25° Heel & 0.39 Fn-40° Canted Keel
5,00 4,81 y =0,0318x + 3,8721
= 30 R? =0,9998
= 4,50
= 3,97
& 400 —&— Leeway (6-8-9)
3 ~— — — L emeeee Linear (Leeway (6-8-9))
0,00 10,00 20,00 30,00 40,00
SF2 (kN2)

Figure- C-4: Graph of 40° canted keel at 25° heel angle and 0.39 Froude number
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D. Appendix - Effective Draft Graphs and Tables of 1/2-Full Straight Daggerboards
& 40° Canting Keel at 15° Heel Angle & 0.34 and 0.43 Froude Numbers

Effective Draft of 1/2 DBD at 15° Heel Angle & 0.34 FN
Table- D-1: Effective draft table of 1/2 DBD at 15° Heel Angle & 0.34 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No V-Full Size (m/s)| FN |Full Size Total-Rt (k)| SF (kN) | Ri (kN)
40° 1/2 DBD 50 15 | 275 | 400 4,56 0,34 3,56 7367 | L1l
40° 1/2 DBD 50 15° | 325° | 400 4,56 0,34 3N 8324 | 125
40° 1/2 DBD 50 15° [y 400 4,56 0,34 4,12 110,47 | 1,66

Ru+Rh (kN) | Slope Te? Te (m)
2,46 0,0150 1,00 1,00

Total Resistance vs. SF2 - 15° Heel - Fn=0,34-1/2 DBD

4,50 4,12
Z 4,00 3,56 3,72
< 3,50 y = 0,015x + 2,4645
% 300 R? = 0,9992
60,00 70,00 80,00 90,00 100,00 110,00 120,00
SF2 (kN?)

------ ®--- Leeway (2,75-3,25-4) Linear (Leeway (2,75-3,25-4))

Figure- D-1: Graph of 1/2-straight daggerboard at 15° heel angle and 0.34 Froude number

Effective Draft of 1/2 DBD at 15° Heel Angle & 0.43 FN
Table- D-2: Effective draft table of 1/2 DBD at 15° heel angle & 0.43 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN) | SF? (kN) | Ri (kN)
40° 1/2D8BD 50 15° 2,25° 500 571 043 5217 137,17 | 2,01
40° 1/2D8BD 50 15° 2,75° 500 571 0,43 6,28 203,72 | 2,98
40° 1/2DBD 50 15° 3,25° 500 571 043 6,77 24030 | 3,52

Ru+Rh (kN) | Slope Te? Te (m)
3,27 0,0146 0,65 0,81

Total Resistance vs. SF2 -15° Heel - Fn=0,43-1/2 DBD

__ 800 - 677
Z '
= 6,00 5':7’/_/’/.
& y =0,0146x + 3,2731
4,00 R2=0,999
110,00 130,00 150,00 170,00 190,00 210,00 230,00 250,00
SF2 (kN?)

------ o Leeway (2,25-2,75-3,25) Linear (Leeway (2,25-2,75-3,25))

Figure- D-2: Graph of 1/2-straight daggerboard at 15° heel angle and 0.43 Froude number
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Effective Draft of Full DBD at 15° Heel Angle & 0.34 FN
Table- D-3: Effective draft table of Full DBD at 15° heel angle & 0.34 F~

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No [V-Full Size (m/s)| FN |Full Size Total-Rt (kN)|SF* (kN)| Ri (kN)
40° FullDBD | 1200 | 15 1 400 46 0,34 3,05 4097 | 035
40° FullDBD | 1200 | 15° | 15° | 400 46 0,34 331 7486 | 0,63
40° FullDBD | 1200 | 15° | 275 | 400 46 0,34 431 198,55 | 1,68

Ru+Rh (kN) | Slope Te? Te (m)
2,69 0,0085 1,77 1,33
Total Resistance vs. SF? - 15° Heel - Fn=0,34-FULL DBD
5,00 4,37
;z; 4,00 505 3,31
& 3,00 y =0,0085x + 2,6872
2,00 R%2=0,9996
0,00 50,00 100,00 150,00 200,00 250,00
SF2 (kN?)
------ @ Leeway (1-1.5-2.75) Linear (Leeway (1-1.5-2.75))
Figure- D-3: Graph of full-straight daggerboard at 15° heel angle and 0.34 Froude number
Effective Draft of Full DBD at 15° Heel Angle & 0.43 FN

Table- D-4: Effective draft table of Full DBD at 15° heel angle & 0.43 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway | Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN){ SF* (kN) | Ri (kN)
40° FullDBD | 100 | 15° r 500 571 043 510 18411 | 154
40° FullDBD | 1200 | 15° | 15 | 500 571 043 5,66 27361 | 230

40° FullDBD | 1200 | 15° | 2,75 | 500 571 043 191 52451 | 440
Ru+Rh (kN) | Slope Te? Te (m)
3,48 0,0084 1,13 1,07
Total Resistance vs. SF? - 15° Heel-Fn=0,43-FULL
DBD
10,00 7,91
Sl
P y =0,0084x + 3,4753
% 30 R? = 0,9953
2,00 —
100 200 300 400 500 600
SF? (kN?)

...... @ Leeway (1-1.5-2.75)

Linear (Leeway (1-1.5-2.75))

Figure- D-4: Graph of full-straight daggerboard at 15° heel angle and 0.43 Froude number
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E. Appendix - Effective Draft Graphs and Tables of 1/2-Full Curved Daggerboards
& 40° Canting Keel at 10° and 25° Heel Angles & 0.30 and 0.39 Froude Numbers

Effective Draft of 1/2 DSS at 10° Heel Angle & 0.30 Fn
Table- E-1: Effective draft table of 1/2 DSS at 10° heel angle & 0.30 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)|SF* (kN) | Ri (kN)
40° 1/2DBD 35 10° & 350 40 0,30 2,74 4428 | 043
40° 1/2 DBD 35 10° 5° 350 40 0,30 2,84 66,81 | 0,65
40° 1/2D8BD 35 10° 6° 350 40 0,30 3,19 91,43 | 0,88

Ru+Rh (kN)| Slope Te? Te (m)
2,27 0,0097 2,01 1,42
10° Heel & 0.30 Fn - 1/2 DSS
3,40 3,19 y =0,0097x + 2,2699
Z 3,20 R? = 0,9206
= 3,00
P 2.80 —— Leeway (4-5-6)
260 - e Linear (Leeway (4-5-6))
40,00 60,00 80,00 100,00
SF2 (kN?)
Figure- E-1: Graph of 1/2-curved daggerboard at 10° heel angle & 0.30 Froude number
Effective Draft of 1/2 DSS at 10° Heel Angle & 0.39 Fx
Table- E-2: Effective draft table of 1/2 DSS at 10° heel angle & 0.39 Fn

Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° 1/2 DBD 35 10° 3 450 513 0,39 3,65 10,11 | 0,07
40° 1/2DBD 35 10° 4 450 5,13 0,39 3,82 37,05 | 027
40° 1/2 DBD 35 10° 5 450 513 0,39 4,09 76,17 | 0,55
40° 1/2DBD 35 10° 6° 450 513 0,39 4,44 120,10 | 0,86

Ru+Rh (kN)| Slope Te? Te (m)
3,56 0,0072 1,64 1,28
10° Heel & 0.39 Fn - 1/2 DSS
5,00 4,44 y =0,0072x + 3,5631
= 4,50 4,09 RZ = 0’997
g 4,00 365 382
& 3,50 —0— Leeway (3-4-5-6)
300 - eeeeeenee Linear (Leeway (3-4-5-6))
0,00 50,00 100,00 150,00
SF2 (kN?)

Figure- E-2: Graph of 1/2-curved daggerboard at 10° heel angle & 0.39 Froude number
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Effective Draft of 1/2 DSS at 25° Heel Angle & 0.30 Fn
Table- E-3: Effective draft table of 1/2 DSS at 25° heel angle & 0.30 Fn

Keel Position| DBD Position | %DBD | Heel |Leeway |Clock No V-Full Size (m/s)| FN [Full Size Total-Rt (kN)[SF* (kN) | Ri (kN)
40° 1/2DBD 50 25 [y 350 40 030 2,57 428 | 02
40° 1/20BD 50 25 5 350 4,0 0,30 3,03 1421 | 0,68
40° 1/2DBD 50 25 6 350 4,0 030 359 551 | 183
Ru+Rh (kN)| Slope Te? Te (m)
2,36 0,0482 | 040 | 0,64
25° Heel & 0.30 Fn - 1/2 DSS
400 y = 0,0482x + 2,3597
’ ¥°e R?=0,9997

= 3,50 3,03

Tx_,' 3,00 2,57 —0— Leeway (4-5-6)

& 2,50

200 e Linear (Leeway (4-5-
0,00 500 10,00 1500 20,00 2500 30,00 6))
SF2 (kN?)
Figure- E-3: Graph of 1/2-curved daggerboard at 25° heel angle & 0.30 Froude number
Effective Draft of 1/2 DSS at 25° Heel Angle & 0.39 Fn
Table- E-4: Effective draft table of 1/2 DSS at 25° heel angle & 0.39 Fn
Keel Position | DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)

40 1/2DBD 50 25° 3 450 513 039 4,03 095 | 0,02
40° 1/2DBD 50 25° & 450 513 0,39 4,18 618 | 013
40 1/2DBD 50 25° 5° 450 513 039 439 1767 | 038
40 1/2DBD 50 25° 6° 450 513 039 4,76 3422 | 073

Ru+Rh (kN)| Slope Te? Te (m)
4,02 0,0214 0,55 0,74

25° Heel & 0.39 Fn - 1/2 DSS

4,76

4,80 y =0,0214x + 4,021
__ 460 4,39 R?=0,9968
g 4,40 418
P 4,20 4,03 —0— Leeway (3-4-5-6)

4,00 .

380 Linear (Leeway (3-4-5-6))

0,00 10,00 20,00 30,00 40,00

SF2 (kN?)

Figure- E-4: Graph of 1/2-curved daggerboard at 25° heel angle & 0.39 Froude number
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Effective Draft of Full DSS at 10° Heel Angle & 0.30 Fn
Table- E-5: Effective draft table of Full DSS at 10° heel angle & 0.30 Fx

Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)|SF? (kN) | Ri (kN)
40° Full DBD 85 10° 6° 350 4,0 0,30 2,80 68,12 | 0,98
40° Full DBD 85 10° 8 350 4,0 0,30 317 %,31 | 1,38
40° Full DBD 85 10° 10° 350 4,0 0,30 3,52 12519 | 1,80
40° Full DBD 85 10° 12° 350 4,0 0,30 417 162,63 | 2,33

Ru+Rh (kN)| Slope Te? Te (m)
1,79 0,0143 1,36 1,16

10° Heel & 0.30 Fn - Full DSS

5,00 17 y=0,0143x + 1,7917
— 352 R?=0,9931
2 4,00 317 "
= 2,80 ’
& 3,00 —&— Leeway (6-8-10-12)

200 0 eesesenes Linear (Leeway (6-8-10-12))

60,00 80,00 100,00 120,00 140,00 160,00 180,00
SF2 (kN?)

Figure- E-5: Graph of full-curved daggerboard at 10° heel angle & 0.30 Froude number

Effective Draft of Full DSS at 10° Heel Angle & 0.39 FN
Table- E-6: Effective draft table of Full DSS at 10° heel angle & 0.39 Fx

Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF (kN) | Ri (kN)
4° Full DBD 85 10° 6’ 450 513 039 5,07 19841 | 1,92
4° Full DBD 85 10° 8 450 513 0,39 6,07 291,62 | 2,83
4° Full DBD 85 100 | 10 450 513 039 6,94 38761 | 376
40° Full DBD 85 100 | 12 450 513 039 8,04 502,40 | 4,87

Ru+Rh (kN)| Slope Te? Te (m)
3,19 0,0097 1,22 1,10

10° Heel & 0.39 Fn - Full DSS

9,00 8,04 y =0,0097x + 3,186
Zz 6,94 R%2=0,999
= 7,00 6,07
E 5,07 —&— Leeway (6-8-10-12)
00 e Linear (Leeway (6-8-10-
150,00 250,00 350,00 450,00 550,00 12))
SF2 (kN?)

Figure- E-6: Graph of full-curved daggerboard at 10° heel angle & 0.39 Froude number
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Effective Draft of Full DSS at 25° Heel Angle & 0.30 Fx

Table- E-7: Effective draft table of Full DSS at 25° heel angle & 0.30 Fx

Keel Position| DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN [Full Size Total-Rt (kN)| SF* (kN)| Ri (kN)
40° Full DBD 100 25° 6’ 350 4,0 0,30 3,46 1mmn | 037
4° Full DBD 100 25 8 350 4,0 0,30 3,95 3627 | 0,76
40 Full DBD 100 25° 10° 350 4,0 0,30 4,39 5930 | 1,25
40° Full DBD 100 25° 12 350 4,0 0,30 512 9545 | 2,01

Ru+Rh (kN)| Slope Te? Te (m)
3,14 0,0210 0,93 0,96
25° Heel & 0.30 Fn - Full DSS
6,00 5,12 y=0,021x + 3,135
Z 5,00 4,39 R? = 0,9959
=3 3,95
£ 4,00 346 —8— Leeway (6-8-10-12)
300 - — — — Linear (Leeway (6-8-10-12))
10,00 30,00 50,00 70,00 90,00 110,00
SF2 (kN?)

Figure- E-7: Graph of full-curved daggerboard at 25° heel angle & 0.30 Froude number

Effective Draft of Full DSS at 25° Heel Angle & 0.39 FN
Table- E-8: Effective draft table of Full DSS at 25° heel angle & 0.39 Fn

Keel Position | DBD Position | % DBD | Heel |Leeway |Clock No |V-Full Size (m/s)| FN |Full Size Total-Rt (kN)| SF* (kN) | Ri (kN)
40° Full DBD 100 25 6 450 513 0,39 6,22 84,80 | 121
40° Full DBD 100 25 8 450 513 0,39 7,28 15594 | 2,23
40° Full DBD 100 25 10° 450 513 0,39 8,34 23137 | 331
40° Full DBD 100 25° 12° 450 513 0,39 10,04 350,80 | 5,02

Ru+Rh (kN)| Slope Te? Te (m)
5,02 0,0143 0,83 0,91
25° Heel & 0.39 Fn - Full DSS
11,00 10,04 y = 0,0143x + 5,0249
2 _
S 9,00 — 8,34 R*=0,9999
= ’ —e— Leeway (6-8-10-12)
£ 7,00 6,22
500 e Linear (Leeway (6-8-10-
0,00 100,00 200,00 300,00 400,00 12))
SF2 (kN?)

Figure- E-8: Graph of full-curved daggerboard at 25° heel angle & 0.39 Froude number
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F. Appendix-Effective Draft and Resistance Calculations of Full Curved Daggerboard & 40° Canting Keel at 15° Heel Angle and 0.39 Fn

RUN No. Keel Pos. DBD Pos. DBD % Heel® Leeway® Clock No. Model Speed(m/s) V full size(m/s)
88 40 degrees FULL DBD 90 15 6 450 1,813 5,13
89 40 degrees FULL DBD 90 15 8 450 1,813 5,13
90 40 degrees FULL DBD 90 15 10 450 1,813 5,13
91 40 degrees FULL DBD 90 15 12 450 1,813 5,13
Model-DRAG (N) Model-Side F. (N) Model-Trim (mm) Model-Heave (mm) Fn
13,56 22,05 -0,33 -5,27 0,4
15,55 30,29 -0,28 -4,26 0,4
17,61 35,06 -0,16 -3,82 0,4
20,14 40,60 -0,12 -4,35 0,4
Cf hun Cf keel Cf rudder Cf buib Cf pep
0,0021 0,0038 0,0046 0,0028 0,0040
0,0021 0,0038 0,0046 0,0028 0,0040
0,0021 0,0038 0,0046 0,0028 0,0040
0,0021 0,0038 0,0046 0,0028 0,0040
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RV huil (n) RV keel (N) RV rudder (N) RV bulb () RV pep (n) RV total (kn) RW total (kn) Full size — Total Resistance (kN)
1481,06 295,60 0 143,75 205,73 2,13 3,33 5,45
1481,06 295,60 0 143,75 205,73 2,13 4,37 6,50
1481,06 295,60 0 143,75 205,73 2,13 5,45 7,58
1481,06 295,60 0 143,75 205,73 2,13 6,78 8,91

Full Size Side Force (kN)

Full Size SF? (kN)

Ri - Induced Drag (kN)

11,57 133,91 1,46
15,89 252,64 2,76
18,40 338,46 3,69
21,31 453,94 4,95
SLOPE Te? - Effective Draft | Te - Effective Draft

0,01

1,08

1,04
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G. Appendix- The Foil Configuration of the Le Figaro Bénéteau 3

There is a new monohull racing sailboat design which will be launched by Bénéteau. It
has been equipped with a very interesting and different foil configuration as compared
with the Open 60 foil shapes. The curved part of the new foil shape is turned down
unlike curved section of the Open 60 and the foil tends to move inward when the sailboat
Is heeled due to the wind force.

Based on the test observations and results of the thesis, they try to keep the 3D vector
directions of the foil parts (lift vertically and side force horizontally) close to the 2D
force vectors of the foil theory. This situation enables to generate the total side force
with less induced drag, so this enables to get the more effective draft. Also, it does not
lose excessive total side force energy due to moving inward when it is heeled. Because
the horizontal side force effect of the curved section turns into lift force vertically in the
heeling positions, so there is always some lifting force due to the shape of the foil hence
it is a very versatile configuration. Therefore, there is always some dynamic power gain
effectively, and this is a critical advantage for boat speed (drive force).

It seems that the foils are designed mainly for generating the side force (righting
moment) with lift force vertically. This design approach is similar to the new generation
foil configuration of the Open 60s. It can be said that the lifting advantage is a very
critical factor for the competitions based on the ranking list [27] of the Vendée Globe
2016-2017.

Figure- G-1: A view of the Le Figaro Bénéteau 3 [28]
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