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Abstract

The present thesis analyse and question an aspect of the modern boat design, which is the
choice of the keel aspect ratio. A standard sailing yacht concept with a high aspect ratio keel
is compared with a rather unconventional design of a yacht with a low aspect ratio keel. The
comparison has been done for two different boat lengths.

Both yachts have been analysed using methods of Computational Fluid Dynamics (CFD)with
respect to the occurring resistance and produced lift forces. The results have been compared
with a Velocity Prediction Program(VPP). The yacht with the high aspect ratio keel has the
better performance under all conditions, but it turns out that the yacht with low aspect ratio
keel has a considerably good performance as well. The results show that for certain
applications a keel with a low aspect ratio can be an interesting alternative.
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Nomenclature

AR
Fn
Sref
LOA
LWL
BWL

CFD
Vpp
cl
cd
Ar
As

Fs
Fg
Fb

LCB
Cp
t11
cw

Fd
Fh
Mh

Mp
Mres
Myaw
Sa

Sw
Rw

Q¢

u,v,w

o0

Wave length

Leeway(yaw) angle

Aspect ratio

Froude Number

Reference Area for normalization (wetted surface area)
Length over all

Length of water line

Beam at waterline

Draft

Computational fluid dynamics
Velocity prediction program

Lift coefficient

Drag coefficient

Driving force of the sail
Aerodynamic side force
Hydrodynamic resistance force
Hydrodynamic side force
Gravity force

Buoyancy force

Volume displacement (for practical reasons denoted as V in tables)
Longitudinal centre of buoyancy
Prismatic coefficient
Momentum thickness

Wave resistance coefficient
Skin friction coefficient
Hydrodynamic driving force
Hydrodynamic side force
Heeling moment

Righting moment

Pitching moment

Restoring moment

Yawing moment (moment around the vertical axis of the yacht)
Sail area

Wetted surface area

Wave Resistance

Velocity potential

Velocity

Velocity components in x,y and z direction
Source strength

Distance to source centre
Dipole strength

Angular coordinates
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Circulation

Disturbance velocity potential

Wave elevation

Wave elevation known from the previous iteration

Disturbance of wave height change between two successive iterations
Coordinates of local coordinate system

Coordinates of points where potential is to be calculated

Potential of unit dipole



Chapter 1 - Introduction

1.1 Motivation

Boat building is one of the oldest arts known by mankind. The hydrodynamic design of boats
as we find them nowadays on the market is a result of a rather long evolutionary process. It
appears sometimes that it is hard to find room for new innovations. In the following a
standard keel concept shall be compared with a rather unconventional keel concept.

In developing a new sailing boat and designing a suitable keel for it, a yacht designer will be
guided by a number of aspects. The most important consideration may be maximum
stiffness of the boat under sail, or minimum draft in order to access more harbours, or
minimum leeway, or maximum ruggedness to withstand grounding. Or the designer may be
tempted to make a complicated and clever keel with moving parts in order to gain even
greater performance in racing, or perhaps the opposite — to make the simplest possible
concept in order to make the keel utterly reliable.

Today, almost all new production sailboats come with a keel of one and the same kind, one
mostly associated with good performance — a relatively short chord, deep-draft fin keel with
a bulb.

The work behind this thesis was inspired by Yacht Designer Gabriel Heyman. Mr Heyman is
the designer of a 64 ft. LOA cruising ketch of 40 tons displacement, built in 2007. This yacht
was designed to use a very low-aspect full keel with only 1,6 m draft but assisted by twin
asymmetric daggerboards for upwind performance and ballast tanks for stability. However,
the daggerboards were subsequently not built, and the yacht’s performance had to rely only
on its shoal-draft keel.

Surprisingly, it showed a very good turn of speed, even to windward, leading Mr Heyman to
wonder: Could shoal draft keels, which are generally known to provide very lacklustre
performance in their usual applications on heavy motor-sailor type boats, be more
acceptable when dragged at higher speeds, i. e. when used on faster hulls?

This thesis analyses and questions this aspect of the modern boat design, namely the choice
of keel aspect ratio. The high aspect ratio, deep keel concept shall be compared with a
rather unconventional design of a low aspect ratio keel, with a shoal draft.



1.2 Overview

4 hulls have been computed, this includes a deep and a shallow configuration with a length
(LOA) of 20 meters as well as a deep and a shallow configuration with a LOA of 10 meters
length. A detailed description can be found in chapter 3.

The methods of computational fluid dynamics(CFD), namely potential flow theory and
boundary layer theory provides the tools to be used in this thesis. A theoretical background
is provided in chapter 2. The computational model and the result can be found in chapter 4.

Much time has been spend to improve the CFD model by means of grid dependence studies
as well as verification/validation with known results of the delft series. The keel and rudder
meshing has been validated with known results from the experiments with NACA profiles.

A velocity prediction program has been used to evaluate the data calculated by the CFD
computations. Polar plots are given to show and compare the results in chapter 5.

The drawn conclusions, recommendations and a outlook can be found at the end of this
thesis in chapters 6-8.

1.3 The used software and software modules

Within this thesis several different computer programs have been used, some of them shall
be described in this Chapter.

The work would not have been possible to do without the CAD software Rhinoceros to edit
the provided CAD data. FRIENDSHIP-Framework has been used to create the needed offset
files. Later the SHIPFLOW software has been used to compute the flow around the boat
hulls. Within SHIPFLOW the module XMESH provides the opportunity to generate a mesh
based on a offset file ,which then had been solved with the module XPAN. The SHIPFLOW
module XBOUND has been used to carry out boundary layer computations, to conclude
about the frictional resistance.

MATLAB has been used to develop software which reads out data from the SHIPFLOW
output files efficiently. MATLAB has also been used to reprocess the SHIPFLOW offset files to
the needed format.

Microsoft Excel has been extensively used for analysing and reprocessing of the calculated
CFD and VPP data.

A performance analyse has been carried out using the software Windesign — VPP, more
details can be found in Chapter 5.

1.4 Limitations

Since the goal of the thesis has been to compute the flow of four different hulls with varying
angles of heel, leeway and speed the thesis has been limited to potential flow and boundary
layer computations. It is believed that the computation of the keel (which is represented by
the panel method) will account for the flow features like the keel tip vortex(thus induced
resistance) and the lift in a sufficient way. These features are assumed to be of a big
importance. The computation of the free surface will account for the wave resistance.



It must be said that the panel method which is describing the lift at keel and rudder might be
to approximate for the actual flow situation at the shallow keel. It can be expected that
there is quite a high inaccuracy which might occur using this approach.

This thesis will reflect upon viscous effects with the help of the boundary layer (") method.
The boundary layer computation has been carried out after the potential flow computation,
since the data of velocity vectors is needed to perform the boundary layer computation.
Thus there is no feedback from the boundary layer computation to the potential flow
computation.

The boundary layer method has only been used to compute the viscous resistance in the
upright case. The cases of heel have been calculated by normalization of the changing
wetted surface. The wetted surface is changing with heel. It has been assumed that the
change of wetted surface is the main reason for the change in viscous resistance.

While importing the data into the VPP software it has been assumed that CI2 is behaving
linear over Cd. This assumption might be to approximate for the low aspect ratio keels.



Chapter 2 - Theory
2.1 Special features of low aspect ratio keel

To understand why a low aspect ratio is considered to be unbeneficial, one has to study the
flow around keels in general. It is important to know about the existence of keel vortices.
These vortices are occurring in the case that the flow around the keel has an angle of attack.
They are driven by the pressure difference between suction and pressure side of the keel.
Energy is taken away due to the fact that a vortex is occuring and thus induced drag occurs.

The induced drag is approximately inversely proportional to the aspect ratio. That means
that the higher the aspect ratio is the smaller is the induced drag.

Another consideration is that the lift force at the keel tip has to be zero since pressure
difference is zero at the keel tip. Having this in mind it is obvious, that for an efficient
production of side force the aspect ratio has to be high, since near to its tip the keel is not
working very efficient.

Considering both these aspects (low drag production with high aspect ratio, and little side
force production with lower aspect ratio) it appears why the modern trends goes to higher
aspect ratios.

The needed side force is given from the sails. The question is how much drag is produced by
the keel when generating the needed side force to balance the force from the sails.
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Figure 1 Flow around the keel and the rudder (Larsson&Eliasson(2007)).
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Figure 2 Influence of the aspect ratio on lift and drag coefficient (Larsson&Eliasson(2007)).

2.2 Potential flow method

Even though the potential flow method is well described in various literatures, it has been
felt that a short introduction shall be given in this chapter since it is of such basic concern.
This chapter cannot cover the whole theory behind potential flow but is meant to give a
introduction. The interested reader is referred to Janson, Carl-Erik (2007).

It shall be imagined that there is a quantity called velocity potential, in the way that the
gradient of this potential is the velocity itself. Mathematically this would be described by the
following expressions.

] =V =(u,v,w) or (OEOEOEJ = (u,v,w) (2.1)

O = 0P 0P 00
ox oy o0z

“lox oy oz

With ® as velocity potential, V the velocity with its components u, v and w. It can be understood in
the way that the rate of change of the velocity potential with respect to x, y or z is the velocity itself (in
these directions).



The governing expression of the potential flow method is the continuity equation.

ou 0u ov

—+—+—=0 (2.2)

ox o0y 0z

) . 0P 0d . .
Inserting the components of velocity (U=——,v=——and W=—) in the equation
oX ay y;
above leads to
2 2 2
6¢+66D+6d>:0 (2.3)

0x oy 0z

Which is called the Laplace equation.
It appears that the Laplace equation is linear which means that one can superimpose
solutions to the equation, those parts can be sources, sinks, vortices and dipoles. In this way

an arbitrary body in a flow field can be simulated.

First of all the expression of a velocity potential in the undisturbed free stream flow can be
described with

CDIUOOXD(+Uwy[y+UwZQ+C (2.4)

This can be reduced to

b=U_, x+C (2.5)

If the flow is aligned with the x direction!

Sources, sinks and vortices are then applied in form of different panels in a CFD software, as
it is SHIPFLOW within this thesis. A ship hull is thus represented by a number of small point

sources in form of hull panels. The velocity potential of a point source can be represented by
the following mathematical description

o=-9 4c (2.6)
iy g

While r is the distance to the source centre, q is the source strength. Similarly a sink could be described
by changing the sign of q in the equation.

Within this project it is necessary to compute the lift generated by the keel. The so called lift
panels are used to represent the keel surface. Lift panels represent a dipole distribution in
addition to a source distribution.



A dipole can be understood as a combination of a source and a sink when the distance
between both is zero. The mathematical description of the velocity potential could thus be
derived from the source/ sink equation and can be expressed as

o= - H $956) (2.7)
21T r

With u as dipole strength ,0 as angle coordinate .

Finally a expression of a fourth elementary solution is needed to describe circulation in the
flow. Namely this is the Vortex. The fluid is circulating irrotational around a centre. Its
velocity is decreasing proportionally to the distance of the of vortex centre. The
mathematical description the velocity potential due to a vortex is

o® = _r % +C (2.8)
2

I as circulation, @ being the angle coordinate and r distance describing the position of the point where
the velocity potential shall be calculated.

A circulation has to be added to the dipole distribution to ensure that the flow is leaving the
keel at its trailing edge. To ensure that the correct circulation is applied the Runge Cutta
condition is used. This means the flow is forced to leave the trailing edge parallel to the
bisecting line between both sides of the panel surface.

The lifting panels are organized in a number of lifting strips. The strips are starting on the
trailing edge with zero dipole strength continuing on the pressure side to the leading edge
and from here back to the trailing edge on the suction side. From here wake panels are
continuing the strips down the wake behind the trailing edge, wake panels does not contain
sources as the lifting panels do.

Such panels have a velocity potential expressed by
® = [ [y Qu(é,n) (2.9)

with /J(f ,/7) as dipole strength distribution and @4 as potential of unit dipole &n,¢.

The following expression can be imported above

¢ = d (2.10)

(€ -7+, -2+ -0

With & n,l as coordinates of local coordinate system and &,n,{; as coordinates of the point where the
potential is to be calculated.

To solve the problem a boundary condition is needed which describes the velocity in surface
normal direction. This boundary condition is normally set to be zero(F=0).

U=F (2.11)



So far the free surface has not been an issue of this explanations. The implementation of
the free surface is necessary to draw conclusions about the wave resistance. This free
surface is defined by the following equation

z=h(x,y) (2.13)

The free surface is represented by two boundary conditions. The first boundary condition
states that that the flow is tangent to the free surface i.e. there is no flow normal to the free
surface. This can be expressed the following way

[aﬁj _o (2.14)
on

This is the called the kinematic free surface boundary condition.

Furthermore it is assumed that the static pressure at the free surface must be constant. By
using the Bernoulli equation between a point within the wavy free surface and a point in the
far away undisturbed free surface it can be written that

2 2 2
p, +05pMZ =p, +050p (%:j +(%’j +[%iz)j +pyh (2.15)

This can be simplified to

2 2 2
0=0. (‘Ej + 9@ +(6i>j -UZ2 |+gh (2.16)
0x oy 0z

It shall be mentioned that this boundary conditions are non linear so that they need to be
linearised. Therefore the two unknowns of the problem will be split in their known and
unknown part. The exact solution will then be approximated by a known part and an added
disturbance.

g=0+¢ (2.17)

With ¢ as velocity potential, @ as velocity potential known from the previous iteration and ¢’ as
disturbance velocity potential.

And
h=H +h' (2.18)

With h as wave elevation, H as wave elevation known from the previous iteration and h’ as
disturbance of wave height change between two successive iterations.



Linearised boundary conditions can then be written down

Od¢ 0H a¢0H a¢ 0 oh’' GCDah’
0x 0x 6y ay 62 ax 6x 6y 6y

po L Uz_(agf_ L) (aﬁj v an  ad o o oh') |
2g] © \ox oy 0z ox 0x o0y oy 0z 9z

(2.20)

(2.19)

This is referred to as the basic solution ,it shall be mentioned that there are different types
of basic solutions. Most modern codes use the linearization about the double model
solution.

In this approach the result of the double model computation is used as basic solution in the

. . ® 0P 0P
computation. The velocities ——,—— are known, — =0 due to symmetry, the wave
ox oy 0z

height is assumed to be zero. Knowing this it follows for the free surface boundary
conditions that.

dg ddoh  ad oh
__+_

+9700 g (2.21)
0z 0x 0x 0y oy
2 2 1 ’
ol Ui-(aﬁj _[9®]) _[9®on’  oP N (2.22)
29 ox oy ox ox 0y oy

This method is known as the Dawson’s method. It can be used as a starting point for the
following iterative process which uses the solution based on equation 2.21 and 2.22 to

0P 0® 9P
calculate — ,——, — and H to solve the equations 2.19, 2.20 . This equations is use the

ox 0y 0z

wavy free surface calculated by 2.21 and 2.22 . This process can be repeated iteratively until
the changes of wave height compared to the previous iteration becomes little. Within the
SHIPFLOW software this is been used by using the nonlinear option within the XPAN module.



The lift can finally be computed by two methods , which are namely the pressure integration
and the Trefftz plane method. It turns out that the accuracy of pressure integration is very
much depending on the number of used panels so that the Trefftz plane method provides
much better results so that this method shall be described here.

According to this method it is possible to derive the lift force from the momentum flux:
05s

L=pU Djr(y) Caly (2.23)

05s
With I as vortex distribution in span wise direction

The kinetic energy can be used to calculate the induced drag
05s

D= —g 0[ T (y) (y)dy (2.24)

05s

With w(y)as downwash velocity at Trefftz plane

Pressure Integration

The wave resistance is finally obtained by integration of the pressure over the whole surface
which is represented by the panels. It is assumed that the pressure is constant over the
actual panel. In case of no free surface(double model) this resistance is zero according to the
d’Alembert paradoxon.

NB
ZCp,» [y 05,
c= (2.24)

! NB
25
j=1

2.3 Boundary layer

Starting point for the boundary layer method is the pressure distribution known by the
potential flow computation. One approach to start the process is to trace the streamlines
across the hull surface. Once the streamlines are known, the boundary layer development
can be computed along those streamlines. This can be done By using the e" method for
example.

It must be said that all streamlines are calculated separately. Since the derivatives in cross
flow directions are assumed to be zero, this is the so called cross flow approximation.
(Larsson&Raven(2004)).



2.4 Theory behind VPP software

2.4.1 Force and Moment balance on a sailing Yacht

To analyse the performance of sailing yachts VPP programs provides a powerful tool. Such
program (Windesign — VPP) has been used within the thesis to compare the two keel
concepts.

An equilibrium of forces and moments is the foundation of a VPP software on straight
course and on constant speed. This equilibrium is given in six degrees of freedom. Those are:

e Jf
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Figure 3 Forces on a sailing yacht (Larsson&Eliasson(2007)).
Forces balances:
A, = F, (2.25)

The driving force of the sail which is acting in the sail centre of effort is balanced by
the hydrodynamic resistance which is acting on the hull centre of lateral resistance.

A =F, (2.26)

The aerodynamic side force is balanced by the hydrodynamic side force. The
hydrodynamic side force is mainly provided by the lifting devices keel and rudder.
The hydrodynamic force is occurring when the yacht is sailing with a leeway angle.

F, =F, (2.27)

The buoyancy force is balanced by the gravity force. This is naturally satisfied.



Moment balances:
M, =M, (2.28)

Moment equilibrium around longitudinal axis. The heeling moment introduced by
the sail is equal to the righting moment of the hull. By fulfilling this condition a heel
angle is introduced to the hull.

Mo, =M (2.29)

res

Moment equilibrium around transverse axis. The pitching moment from the sails is
equal to the restoring moment from the hull.

M. =0 (2.30)

yaw

Moment equilibrium around yachts vertical axis. The yachts yawing moment is zero
since aero- and hydrodynamic forces are acting in the same direction.

(Larsson&Eliasson(2007)

2.4.2 Solving the equations

The VPP provides a tool to directly show the performance of the yachts. The VPP outputs a
polar plot which shows the predicted velocity of the yacht as function of wind speed and
wind angle. Additional data as leeway angle, velocities and hydrodynamic forces are shown
as well.

The simplest method used by VPP software is to solve equations 2.25, 2.26 and 2.28. An
iterative process is needed to solve those equations, since several input values of the
equations are unknowns. Those values are guessed at the start of the process. This process
is done for each combination of true wind speed and wind direction.
(Larsson&Eliasson(2007)).

Within this project the hydrodynamic forces are provided by the CFD- calculations whereas
aerodynamic forces are provided by the VPP program. The program calculates the
aerodynamic forces based on input information like sail area, and position. It would be
extremely time consuming if not impossible (in the time frame of this thesis) to include the
CFD calculation in an iterative process. Hence the hydrodynamic forces (lift and resistance
data) had to be provided in such a way that there is enough data to calculate a lift-
resistance curve for each combination of speed and heel angle. Chapter 5.1 describes in
detail how the data is imported into the VPP software.



Chapter 3- Descriptions of the yachts

To analyse the influence of the keel aspect ratio four boat hulls (provided by the yacht
designer Gabriel Heyman) have been analysed. Variations have been done with the keel
(deep or shallow) and the length (20m/10m LOA).

It has been decided that both keels (shallow and deep) shall have the same sail plan. This
can be motivated by saying that the difference in stability can be compensated to some
degree by fresh water or diesel ballast as well as batteries and lead. Beside the equal sail
plan, shallow and deep keels concepts are varying drastically.
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Figure 4 Hull statistics(Larsson&Eliasson(2007)).

3.1 Deep keel — LOA 20m

The present yacht of an overall length of 20m and a deep keel configuration can be seen as
the representation of a modern sailing boat. Its parameters are quite within the standards of

hull statistics. (Fig. 4) The parameters of slenderness ratio |_LW,_ /DUSJ, LWL/BWL and LWL/T

match the standards if one virtually extends the trends given of those statistics to a 20 meter
yacht.

Interesting is that the keel blade has a 63- series cross section, the upper part of the bulb has
a 65 series cross section, while the lower part of the bulb has a 0010-34 cross section with a
maximum thickness at 40 % length measured from the keel tip. The cross section of the
rudder has a 4-digit series.

This configuration will be referred to deep keel 20m yacht in this thesis.

s [T 5 Ly (] L L Lt 1]



Parameter Values
Length over all[m] 20
Displacement[m?] 28.75
Length off water line[m] 18.36
Beam at water line [m] 4.66
Draft[m] 3.2
Draft canoe body[m] 0.87
Prismatic coefficient 0.49
Wetted area of hull and appendages[m?’] 76.69
Sail area[m’] 198.86
Displacement length ratio [28300% /L, °| 131.46
Slenderness Ratio |_LW,_ /D1/3] 5.99
Sail area Displacement Ratio lSA/ | 2’3J 21.19
LWL/BWL 3.94
LWL/T 5.74
LCB(% backwards from midship) -7.9
Sa/Sw 2.59

Figure 5 Geometry of deep keel yacht with 20m LOA.

Table 1 Parametric description of deep keel yacht with 20m LOA.




3.2 Shallow keel- LOA 20m

The shallow keel boats have on the contrary a rather unusual concept. The reader might
take a look at the beaver tail of the keel and the integrated rudder.

For the keel blade 63 cross section have been used. The bulb is made from 0010-34 section
and for the rudder a 4 digit series has been used.

This configuration will be referred to shallow keel 20m hull in this Thesis.

Parameter Values
Length over all[m] 20
Displacement[m?] 28.76
Length off water line[m] 18.36
Beam at water line [m] 4.66
Draft[m] 1.58
Draft canoe body[m] 0.81
Prismatic coefficient 0.50
Wetted area of hull and appendages[m?] 88.99
Sail area[m?] 198.86
Displacement length ratio |_28300* a/ LWL3J 131.51
Slenderness ratio |_LW|_ /|:|1/3] 5.99
Sail area displacement Ratio |_SA/ 0 2/3J 21.18
LWL/BWL 3.94
LWL/TC 22.8
LCB(% backwards from amidships) -8.4
SA/SW 2.35

Table 2 Parametric description of shallow keel yacht with 20m LOA.

Figure 6 Geometry of shallow keel yacht with 20m LOA.



Figure 7 Sail plan of 20 meter yachts(provided by Heyman yacht design).



3.3 Deep keel - LOA 10m

This configuration will be referred to deep keel 20m hull in this thesis. The used cross
sections of keel and rudder are of the same type as the deep keel yacht with 20 m length.

Parameter Values
Length over all[m] 10
Displacement[m?] 4.886
Length off water line[m] 9.16
Beam at water line [m] 2.65
Draft[m] 1.86
Draft canoe body[m] 0.52
Prismatic coefficient 0.52
Wetted area of hull and apendages[m?] 23.03
Sail area[m?] 61
Displacement length ratio |_28300* o/ LWL3J 179.91
Slenderness Ratio |_LW|_ /|:|1/3] 54
Sail area Displacement Ratio |_SA/ O 2’3] 21.18
LWL/BWL 3.46
LWL/TC 17.65
LCB(% backwards from midship) 7.9
SA/SW 2.65

Table 3 Parametric description of deep keel yacht with 10m LOA.

Figure 8 Geometry of deep keel yacht with 10m LOA.




3.4 Shallow keel - LOA 10m

This configuration will be referred to shallow keel 10m Hull in this Thesis. The used cross
sections of keel and rudder are of the same type as the shallow keel yacht with 20 m Loa.

Parameter Values
Length over all[m] 10
Displacement[m?] 4.908
Length off water line[m] 9.16
Beam at water line [m] 2.65
Draft[m] 0.99
Draft canoe body[m] 0.52
Prismatic coefficient 0.51
Wetted area of hull and apendages[m?] 25.57
Sail area[m?] 61
Displacement length ratio |_28300* al/ LWL3J 180.72
Slenderness Ratio |_LW|_ /Dllsj 5.39
Sail area Displacement Ratio |_SA/ 0 2'3] 2112
LWL/BWL 3.46
LWL/TC 17.65
LCB(% backwards from midship) -7.8

Table 4 Parametric description of shallow keel yacht with 10m LOA.

Figure 9 Geometry of shallow keel yacht with 10m LOA.
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Figure 10 Sail plan of 20 meter yachts(provided by Heyman yacht design).



Chapter 4 - The CFD Computations

4.1 Description of the computational models

The performance analysis requires resistance and side forces at a number of different
Froude numbers, heel angles and leeway angles. Thus a 3 dimensional matrix of
computations had to be carried out for every hull.

Generally the potential flow computations have been carried out with free sinkage and trim.
The computation was considered to be nonlinear. The iterative solver within the software
module XPAN has been used to carry out the computations.

4.1.1 Boundary layer computation

The boundary layer method has only been applied for the upright cases. Experience from
previous studies had shown that it is too difficult to adjust the computation for every
heel/leeway angle. To apply the results of the boundary layer computations to those cases
the results have been normalized by the wetted surface.

For the boundary layer computation 10 streamlines with 40 stations have been used. To
understand the input values of the boundary layer computation a panel coordinate shall be
defined. This panel coordinate is starting with panel 1 at the hull bow and is ending with
panel 40 at the stern of the hull. The tracing of the streamlines is done in between the mid
of panel 5 and the mid of panel 37. The choice of momentum thickness and form factor has
been based on recommendations in the SHIPFLOW tutorials manual. Detailed information of
the data used in the boundary layer computation can be found in table 1 of appendix X.

4.1.2 Panelisation/Grid dependence studies

The SHIPFLOW mesh is based on an offset file which represents the geometry of the ship
hull including its appendages. The representation is done by a number of coordinates which
are sorted to their stations. Hull and appendages have been divided in starboard and
portside parts. It was not possible to take advantage of any symmetry plane since leeway
and heel angles lead to a unsymmetrical model (below the waterline).

4.1.2.1 Free surface

It turned out that the free surface mesh was one of the issues which needed much time and
consideration. For the free surface mesh, the grid had to be adapted to the different Froude
numbers. This was needed since wave patterns change dramatically with changing speed. As

a starting point the equation 4.1 has been used to find out about the wave length at the
actual yacht speed.

A=207Fn? L (4.1)
With L as length of waterline, Fn as Froude number and A as wave length.

The recommended value for the free surface mesh using the CFD software SHIPFLOW is 20-
30 panels per wave length (according to the SHIPFLOW documentation). As starting point 25



panels have been used. This finally allows to compute the needed number of panels per ship
length.

n = 25/(2GrFn?) (4.2)
With n as the required number of panels.

The mesh has been extended one ship length upstream. It has been designed so that all
waves leave the computational domain at the downstream boundary. Consistency between
the meshes of different Froude numbers was achieved by keeping the ratio between side
length and downstream length constant, see fig. 11. Detailed data of the free surface mesh
at different Froude numbers can be found in table 2 and 3 of appendix X.

Comparisen of mesh Freude KNr 0,15(lower pard)f and Frouds Hr G4 {upper par]

Figure 11 Comparison of free surface mesh for different Fn.

It turned out that it is not possible to compute the free surface with the recommended
number of panels at the low Froude numbers by using the iterative solver. The reason for
this problem was that the limits of the available memory had been reached. One way of
proceeding would have been to use the Gaussian solver instead. This would have increased
the computational time per case drastically and since a high number of computations had to
be made this was considered to be a bad choice. It was finally decided to limit the number of
panels in the low Froude number computations. A gird dependence study for the upright
case (with a half and symmetrical model) has shown that the error introduced due to that
limitation is rather small, as can be seen in table 4 of appendix X.

The free surface mesh and the hull mesh is divided into starboard and portside mesh. In case
of a heeled hull those two sides are not symmetric. For the non symmetric cases it was
necessary to adjust the point where starboard and port side of the free surface mesh meet



(in the downstream direction). This was done so that there are longitudinally in line with the
split position of both hull sides. By doing so, one avoids problems with diverging results. This
can be seen on picture 12.

For the 10m long hull this “reattachment” point had been moved downstream. For some
reason the XMESH module had troubles to attach the free surface mesh to the hull mesh
properly (at the stern). It was decided to make heeled and inclined cases consistent, and to
create a small gap between hull and free surface mesh. To summarize: the attachment
problem occurred only in heeled cases, but the gap has been created in all cases to have
consistent meshes. See picture 12.

Heel angle 0 5 10 25
Shift of port /starboard meeting point 0 0.035Lwl 0.05Lwl 0.075Lwl
Table 5 Needed adjustment of free surface mesh with heel.

Figure 12 gap in the free surface mesh in the heel cases (left upright case, right heeled case).

This problem did occur in upright case in a slightly different way, meaning that the first
created mesh (first iteration) was without gap, meshes created for later iterations showed
this gap. By moving the reattachment point backwards, the mesh had the gap right from the
beginning (with first iteration). Some time had been spend trying to solve this problem until
it was finally decided to perform the calculations with that gap. It shall be said that this gap
is the only difference between the free surface mesh for the 20 meter and for the 10 meter
Hulls.

4.1.2.2 Hull

A grid dependence study has been made for the main parameters of the boat hull mesh.
Once an acceptable meshing was found, it had been used for all different cases of Froude
numbers, heel angles and leeway angles. The hull mesh 1 (see table 5 of appendix 11) has
been used for all four different Hulls. Note that this grid dependence study has been carried
out without keel and rudder so that the cw value might not reflect the reality very well. For
a check of the grid dependency it is considered to be sufficient. The free surface mesh was
included in the grid dependence computations.

Special consideration had to be given to the heeled cases of the hull mesh. It turned out that
the software code only worked when the division of stations in port and starboard side was
made at the lowest part of the hull. To perform this division a MATLAB software had to be
written. This software rotates the hull and split the coordinates in port and starboard at the
lowest point of each hull station. The MATLAB code can be found in the Appendix.



One Idea which has been dropped was to adjust the number of the transverse hull panels
according to the heel angle. The Idea was to keep the transverse panel sizes constant when
the boat is heeled. When heeled the size of the port and starboard underwater part changes
and so different numbers of transverse panels would be required to keep an even meshing.
The problem is that the split of the hull in port and starboard side is at the lowest point of
the hull. The hull is very sharp at the bow and round at the stern, thus a split in the heeled
case gives an intricate (or not straight) split line between the two sides. It is thus impossible
to keep an even panel size along the hull by using one hull group for each side. It turned out
that trying to adjust the hull panels for the heeled case with respect to the stern will give an
unsatisfying result at the bow (and vice versa). The Idea had been dropped.

It turned out that it stabilizes the convergence of the result if one extends the hull mesh
above the free surface. It was decided to make use of this feature and to extend the mesh by
two panels above the free surface.

In the longitudinal direction of the hull a stretch function has been used. It makes sense to
use this feature because high pressure changes are expected at the bow and the stern while
less pressure changes are expected at amidships. In an area of a high pressure gradient, a
higher resolution need to be applied in order to obtain precise results. This helped to save
some panels and thus computational time.



4.1.2.3 Keel/rudder and lifting surface

The longitudinal number of panels as well as the size of the first panel(in longitudinal
direction) turned out to be most important for an accurate result. It is obviously of
importance to have a very dense mesh at the leading edge. Here the pressure gradient is
expected to be most drastic. It is not of much use to have a dense mesh in the middle (in
cord wise direction) of the keel since the flow features might not change much in this region.
To account for both this features it comes in handy to apply a stretch function in the
longitudinal direction.

Grid dependency had been checked and the results are shown in table 6 of appendix X. The
study has been performed with the appendages attached to the hull and with a free
surface. Finally mesh 1 (appendix X) has been used for the deep draft configuration. For the
shallow keel the cord wise number of panels has been increased to 50 panels, to account for
the increased length. 10 panels have been used in the girth wise direction to account for the
reduced depth.

The trailing edge of keel and rudder included a small gap. It turned out that this gap was not
possible to keep without introducing a large error, so that it had to be closed. By doing so
the trailing edge geometry has changed slightly. It is assumed that this simplification does
only have small influence in the result.

Figure 13 Gap at keel(right) and magnification(left).

The keel and rudder mesh had to be extended above the free surface with an extra panel.
The first geometry file provided by the yacht designer Gabriel Heyman included a keel
flange. Since the keel had to be extend above the free surface it was not possible to keep
this feature because an extension of such keel flange would lead to an unwanted result.

Closing of keel and rudder tip- at the deep keel configuration

Due to the arrangement of the offset files it was necessary to leave an opening at the down
most parts of the keel and the rudder (deep keel configurations). It turned out that this
opening lead to a quite high error when integrating the pressure around the keel. The result
would have been an incorrect resistance. Due to those circumstances two extra hull groups
had been introduced. This groups close the keel and rudder at their down most positions.



Figure 14 Closed opening at the down most part of the keel.

Meshing the Bulb — shallow keel

The geometry of the shallow keel differs somewhat from the deep keel geometry. Therefore
it had to be taken extra care when creating the shallow keel mesh. In the beginning it was
tried to mesh the lower part of the keel (including bulb and beaver tail) with lifting group
panels. That would have been the most accurate way. It turned out that it was very difficult
and time consuming to create the offsets coordinates of such complicated geometry in the
way that the SHIPFLOW software is able to create a lift panel surface. The reason is that the
lift groups are sorted longitudinally and to represent the bulb with longitudinal offsets they
would have been curved in two directions. The Idea had to be dropped.

Hull groups which have transverse offsets instead of longitudinal offsets are much easier to
produce (since they are only curved in one direction). It was finally possible to create offset
and thus panels representing the bulb.

Of course it has to be said that this way of meshing is somewhat incorrect since it does not
account for the lift represented by the lowest part of the keel(bulb). Anyhow it turned out to
be the only practical solution. Fig. 15 illustrates this composition of the offset file.



Figure 15//lustration of the keel offset (purple and light blue - Hull-group ,red and yellow -Lift
group).

Figure 16 Mesh of the shallow keel(red line divides bulb(hull group) and keel(lifting group)).



4.1.3 Validation of the computational models

Hulls of the delft series, namely hull number 1 and 28 have been used to validate the
computational model. These hulls have been tested in towing tanks and empirical formulas
are available to compute their wave and frictional resistance very precisely.

It is possible to estimate the frictional and wave resistance to a very good extend. fig. 17
show the results for hull 1 of the delft series for both resistance components at different
Froude numbers. It can be said that the trends are shown very well even though the
absolute values might differ somewhat. The wave resistance computed with SHIPFLOW
matches very well the results computed with empirical formulas which are taken form
Larrson&Elliason(2007). The frictional resistance seem to be under predicted- see fig. 17.

Validation with frictional and wave resistance of delft hull 1
(bare and upright hull, straight course)
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Figure 17 Upright case- without appendage.

Unfortunately it was not possible to compute the rudder residuary resistance with the help
of the empirical formulas. Anyway the SHIPFLOW model has been computed with keel and
rudder while the empirical computations does not consider any rudder. The impact of the
rudder on the resistance is considered to be small. It is interesting that the CFD result
considering frictional resistance and wave resistance together is matching very well the
values computed with empirical formulas. It might also be speculated why the discrepancy
between the empirical and SHIPFLOW results is smaller when the appendages are attached
(compare fig. 17 and 18) compared to the cases of the bare hull.

The meshing used to compute those cases is the same used for the later computed hulls
provided by Gabriel Heyman. For the upright resistance the model proved to be sufficient.



Validation with frictional and wave resistance of delft hull 1
(upright hull including appendages, straight course)
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Figure 18 Upright CFD calculation with Keel and rudder vs. empirical with keel only.

Such as the delft series has been used to validate the results of the hull resistance, the
meshing of the keel has been validated by first designing a proper mesh for a NACA 0012
section. For the NACA 0012 section experimental results are available. The Aspect ratio of
the plan form of the SHIPFLOW model had been set to 2.5, no hull had been attached within
this computations, so that the wing had two free ends. The experimental results (given for a
2 dimensional cross section)have been taken from Abbott &Doenhoff(1959). From this
results the cl values for the actual wing with a aspect ratio of 2.5 has been computed by the
method given in Larsson& Eliasson(2007).

The results of the SHIPFLOW computation is matching well the experimental result. As can
be seen at Fig 19. The flow situation with a keel attached to a hull is of course more complex
so that there might be speculations about how well a keel attached to a hull is reflected with
this validation.

Validation with Lift coefficient of NACA 0012 Section

045
0.4
035 2

<]

0

5025
02
0,15 %
0,1
0,05

0 x T T T T
0 2 4 6 8

Rldeg]

X Experimental result

&

O Treftz Plane calculation

>.

X

Figure 19 Comparison of experimental with a CFD trefftz plane computation. The aspect
ratio of the wing (Withhin the CFD model)has been 2.5. (Abbott & Doenhoff(1959).



4.2 Result of CFD

In these chapter the studied cases shall be analysed with respect to the question how the
shallow keel concept performs compared to the more standard - deep keel concept .The
deep keel can be seen as a reference to which the shallow keel shall be compared to. The
important values which are about to be analysed are the performance relevant measures
such as the total resistance with its components (induced resistance, wave resistance and
frictional resistance) as well as the created lift forces. Since many cases with different heel
and leeway angels have been computed the trends of lift and resistance with respect to
changing leeway angles as well as changing heel angles will be shown.

4.2.1 Total resistance

Totalresistance vs. Fn
(upright hull,straight course)
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Figure 20 Total resistance vs. Froude number for the four investigated hulls(upright, no
leeway angle).

It appears for the upright case that the shallow keel concept (at 10m and 20m) has a slightly
increased total resistance compared to the deep keel concept. The difference becomes more
significant with increasing Froude number. By taking a closer look it appears that both
residuary as well as frictional resistance are higher at the shallow keel yachts. Increased
resistance of the shallow keel appears in the most calculated cases of heel and leeway as
well, details can be found later in this document.

It is difficult to make statements about the influence of the heel angle on the total
resistance. It seems that the trends are differing in the deep and shallow case.

The computation of the shallow keel configuration is difficult when heel and leeway angles
are used in the computational model. Especially at low Froude numbers many cases of
rather unrealistic results occur. Looking in detail at the resistance decomposition it appears
that the wave resistance seems to be unrealistic/ or in error. As a possible cause the low
number of free surface panels could be addressed as the reason for this problem. This
appears logical since the number of free surface panels is known to be insufficient at very
low Froude numbers (see chapter4.1).



The problem occur only in the shallow keel configuration so that it might be speculated that
the rather unusual shape of the shallow keel is the cause of the problems described above.

However it has been decided that the results of the wave resistance for Froude numbers
0.15 and 0.206 (for the shallow keels) shall be not imported into the VPP software. The VPP
software cannot handle the unusual values.

Table 12 exemplarily shows the total resistance in a heel — leeway matrix . Matrices of all
resistance components and lift forces can be found in the appendix VI. The table illustrates
the difficulty to find a general trend of total resistance depending on leeway and heel angles.
Generally there is a trend of increasing resistance with increasing leeway angle. This trend is
due to increasing induced resistance. For the resistance in the heeled cases the trends are
not that clear.



20 meter shallow
Fn 0.15 Leeway Fn|0.26 Leeway Fn|0.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 685 773 993 0 1981 2425 2870 0 4832 5502 6893
5 0 660 689 5 1883 2000 2486 5 4733 4518 6750
10 688 494 469 10 1817 1688 2161 10 4798 5036 7428
25 810 326 -46 25 2145 1807 1945 25 6066 6525 0
Fn 0.21 Leeway Fn|0.3 Leeway Fn|0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 1121 1441 1761 0 2726 4394 0 0 10175 10768 13038
5 1259 1267 1503 5 2648 2847 3545 5 10233 10795 12824
10 1192 1066 1223 10 2583 2570 3307 10 10533 11126 12563
25 1401 949 697 25 3151 3063 0 25 12949 8274 O
20 meter deep
Fn 0.15 Leeway Fn|0.26 Leeway Fn|0.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 667 724 909 0 1784 1955 2501 0 4368 4743 6283
5 619 653 817 5 1628 1745 2237 5 4269 4714 6023
10 599 620 591 10 1541 1668 2179 10 4329 4838 6244
25 689 711 823 25 1864 2001 2616 25 5558 6371 O
Fn 0.21 Leeway Fn|0.3 Leeway Fn|0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 1092 1203 1549 0 2443 2671 3421 0 9353 10056 11898
5 1086 1154 1445 5 2308 2481 3257 5 9341 9934 16954
10 1024 1095 1382 10 2243 2447 3384 10 9609 10258 11500
25 1191 1238 1479 25 2795 3165 0 25 11784 O 0
10 meter shallow
0.15 Leeway Fn|0.26 Leeway Fn[0.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 120.7 133 169 0 340 369 425 0 852 932 1077
5 112.8 120 151 5 326 335 364 5 842 898 961
10 110.3 117 147 10 306 299 329 10 850 915 892
25 115.5 118 142 25 335 291 283 25 1065 1114 O
Fn 0.21 Leeway Fn|0.3 Leeway Fn|0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 241 259 286 0 452 487 560 0 1957 2237 2518
5 243 237 242 5 437 454 501 5 1975 2230
10 230 207 199 10 421 427 493 10 2022 3358 2694
25 227 152 93 25 495 513 O 25 2543 7026 O
10 meter deep
Fn 0.15 Leeway Fn|0.26 Leeway Fn]0.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 139 147 178 0 292 336 458 0 742 828 426
5 159 144 142 5 310 327 438 5 731 828 1016
10 152 116 94 10 250 292 410 10 739 437 1252
25 149 66 -12 25 281 330 -43 25 951 505 0
Fn 0.21 Leeway Fn|0.3 Leeway Fn|0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 200 225 295 0 396 454 624 0 1769 562 1282
5 194 210 274 5 371 424 616 5 1766 1993
10 178 194 262 10 355 413 648 10 1812 2302
25 184 198 246 25 432 576 O 25 2844

Table 6 Total resistance of the four computed Yachts for different heel and leeway angles.

The total resistance generally decrease or stay at an equal level when a heeling angle occurs.
Most often a high increased total resistance at 25 degree heel can be seen. The reason can
be found in the increased frictional resistance and in the increased wave/induced resistance
at the heeled cases. A more detailed analyses will be given within the discussion of those
resistance components.



Totalresistance vs. leeway angle
(upright hull, 20m Loa yachts)
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Figure 21 Total resistance vs. leeway angle at 0- heel (20m Loa).

Total resistance vs. heel angle
(straight course, 20m Loa yachts)
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Figure 22 Total resistance vs. heel angle at 0- leeway (20m Loa).




4.2.2 Decomposition of resistance

Before the different components are being analysed a general look at the decomposition of
resistance in the upright cases shall be taken. Within this thesis 3 resistance components are
accounted for. These components are namely the residuary resistance and the frictional
resistance. The residuary resistance includes the induced resistance as well as the wave
resistance. That explains the general increase of residuary resistance with increasing leeway
angle.

In fig. 23 - fig.26 the decomposition of the resistance for the 20meter Hulls at different
Froude numbers and leeway angles is presented. For the shallow keel three cases could not
be presented due to a lack of data.

There is a difference in the resistance decomposition between shallow and deep keel at 20m
Loa. This difference can be found in the residuary resistance(wave +induced resistance). The
induced resistance can be addressed as cause of the increase of residuary resistance. It
seems that there is a higher difference between both keel configurations at Froude number
0.3, while the configurations seem to be less different at Froude number 0.26 and 0.42.

The comparison between the two concepts at 10m Loa is showing a higher impact of the
residuary resistance (and thus induced resistance) at Froude numbers 0.26 and 0.3. At
Froude number 0.42 the residuary resistance of the deep keel is decreasing. This decrease in
unexpected.

Beside that differences and exceptions, the resistance decomposition of all boats seems to
be quite similar at the different boat configurations. The general trend is clear , higher
Froude number gives a higher percentage of wave/induced resistance, the frictional
resistance is a little higher for the shallow yachts. The frictional resistance has slightly higher
percentage at the long boats.
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Figure 23 Resistance decomposition of the deep keel configuration with 20m Loa.
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Figure 24 Resistance decomposition of the shallow keel configuration with 20m Loa.
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Figure 25 Resistance decomposition of the deep keel configuration with 10m Loa.
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Figure 26 Resistance decomposition of the shallow keel configuration with 10m Loa.

4.2.3 Wave/induced resistance and its dependence on heel and leeway angles

The wave/induced resistance has been computed for each case of Froude number, heel
angle and leeway angle with the SHIPFLOW software. The results of this computational
series can be found in appendix VI . The difficulties to compute the wave/induced resistance
for the cases with heel and leeway angles had already been mentioned in the discussion of
the total resistance. This problem occurred mostly within the computation of the shallow
keel configurations (see discussion of total resistance).

It shows in fig.27 that the wave/induced resistance of the shallow keel yachts is increased
compared to the deep keel yachts. The increase is small, so that it is hard to detect
differences by analysing wave patterns or wave cuts in order to compare shallow and deep
keel yachts (fig. 28). The magnification shows some small difference in the wave pattern
(fig.29) . The longitudinal wave cut finally show a slightly stronger wave at the second wave
crest/ trough for the shallow keel configuration at Fn. 0.3 (fig.30.) One can speculate that
due to the matching displacement of both ships the almost matching wave patterns can be
explained.
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Figure 27 Upright wave resistance curve.

Figure 28 Froude 0.42 -left shallow keel, right deep keel at 20meters.

—1.05=-002

—1.54=-002




ht, Hejman No i

L

Weve Height /

Figure 30 A longitudinal wave cut (at 0.2 LWL) comparing deep(green plot ) and shallow(red
plot) yacht at Fn 0.42.

Dependence of wave/induced resistance on heel angle

For a straight course(0-leeway angle) and at high Froude numbers one can see that the
residuary resistance(wave + induced resistance) is increasing with heel angle (see fig 32 ). At
the lower Froude numbers the wave/induced resistance is rather constant or even
decreasing. As already mentioned the computations have been carried out using free
sinkage and trim.
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Figure 32 Wave/induced resistance vs. heel angle at 3-leeway (20m Loa).

When the course is changed to 3 degree leeway it can be seen that problems of convergence
appear for some cases. Some results do not follow the general trend. This seems to be a
problem which generally occurs when heel and leeway angles are combined. However it is
still possible to see the evolution of the wave/induced resistance (fig 32). The general trend
seem to be quite similar compared to the trend at 0 degree leeway(fig.31). At the high
Froude numbers 0.42/ 0.366 the wave/induced resistance is rising with increasing the heel
angle. Where at lower Froude numbers (0.26) the wave/induced resistance is decreasing in
the shallow keel configuration and is increasing at the deep keel configuration with
increasing the heel angle. This difference between deep and shallow keel is quite significant
so that a closer look at the wave cut might be of interest here. Fig. 33 show a comparison of
wave cuts between the 20meter shallow and deep keel configuration at Froude number

0.26 with 25 heel and 3 degrees leeway. It is a little surprising that the wave cuts are pretty
similar.
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Figure 33 Comparison of 20meter shallow and deep Froude 0.26 with 25 heel and 3 degrees
leeway.(green plot - shallow keel, red plot- deep keel).

Severe problems occur at 6 degrees leeway. For the shallow keel yachts the results cannot
be trusted anymore. To illustrate this problem one shall have a look at table 7 here it shows
the wave/induced resistance of a straight course as well as 6 degrees leeway. The difference
between heeled resistance and upright resistance is shown here as well. Even negative
results in wave/induced resistance occur at low Froude numbers.



0 degree leeway 6 degree leeway
20meter shallow 20 meter deep 20 meter shallow 20 meter deep
Heel Rw difference | Rw difference to Rw difference Rw difference to
angle to upright upright to upright upright
0.15 |0 203 0 210 0 314 0 453 0
5 160 -51 77 -237 358 -95
10 167 -36 130 -81 -171 -485 122 -331
25 205 2 143 -67 -705 -1019 277 -175
0.206 |0 259 0 289 0 561 0 746 0
5 350 92 278 -11 320 -241 637 -109
10 265 7 198 -91 64 -497 556 -190
25 326 68 230 -59 -483 -1044 518 -227
0.259 |0 586 0 556 0 997 0 1273 0
5 478 -108 393 -163 635 -362 1002 -271
10 385 -201 279 =277 334 -663 917 -355
25 491 -95 395 -161 79 -918 1148 -125
0.3 0 901 0 839 0 0 0 1817 0
5 810 -91 694 -145 1085 1643 -174
10 710 -191 594 -245 851 1733 -83
25 1003 102 876 37
0.366 | 0 2160 O 2014 0 3231 0 3929 0
5 2044 -116 1901 -112 3050 -181 3655 -274
10 2060 -99 1909 -105 3673 442 3825 -104
25 2923 763 2743 729
042 |0 6665 0 6268 0 8030 0 8812 0
5 6696 31 6237 -31 7665 -366 13851 5039
10 6925 260 6438 170 7250 -780 8329 -483
25 8767 2102 8094 1826

Table 7 Heeled wave resistance(and difference to upright ) for 0 and 6 degree leeway angle,
Rw is referring to wave/induced resistance.

Dependence of wave/induced resistance on leeway angle

It can be expected that the wave/induced resistance is increasing with increasing leeway
angles. Shallow and deep yacht behaving similar in this respect. It is interesting that the
wave/induced resistance of the deep keel configuration is increasing with a higher slope. 10
meter and 20 meter hull showing a similar behaviour here(fig. 34 and 35).
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Figure 34 Dependence of wave/induced resistance on the leeway angle (10m Yachts).
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Figure 35 Dependence of wave/induced resistance on the leeway angle (20m Yachts).

4.2.4 Frictional resistance

The frictional resistance of the heeled cases has been calculated based on the upright
resistance. This has been done by normalization with the wetted surface. The frictional
resistance is not affected by a change of the leeway angle since the wetted surface does not
change with leeway angles, one can argue how much that reflects the reality.

The reason for the increased frictional resistance of the shallow keel can be found in an
increased wetted surface. The shallow keel has in both cases(at 10m and 20m) an increased

wetted surface compared to the deep keel. This is valid for all investigated heeled cases as
well.




Looking at table 8 it becomes obvious that the calculated frictional resistance has to increase
with the heel angel since the wetted surface is increasing with heel angle.

Sref [mZ]
Heel Deep keel(20m) Shallow keel (20m) Deep keel (10m)  Shallow keel (10m)
0 77.48m’ 87.25m’ 23.4m° 25.8m°
5 77.71m’ 87.56m’ 23.5m’ 25.9m’
10 78.55m’ 88.35m’ 23.7m’ 26.1m’
25 84.74m’ 94.49m’ 25.5m’ 27.9m°

Table 8 Change of wetted surface with heel angle.
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Figure 36 Frictional resistance vs. Froude number at 20 meter Loa.
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Figure 37 Frictional resistance vs. Froude number at 10 meter Loa.



4.2.5 Induced resistance and produced Side Forces

Within this thesis the trefftz plane method (including a free surface) has been used to
calculate the side forces and induced resistances.

One of the most important parameters influencing the performance of a sailing yacht is the
side force which is mainly produced by its keel, thus this force and its slope in the lift/leeway
curve is of importance for this thesis. This is true since the resistance is increasing with
leeway angle.

The side force is especially important for this thesis because in the investigated cases, the
calculated resistance values seem to be similar for shallow and deep keel configurations.
Which would mean that if there is any difference in performance , the difference in
produced side force is the main cause of the difference in performance.

It is expected from studying literature sources (Larrson&Elisason(2007)) and it can also be
proofed by the CFD calculations that the deep keel with it's much higher aspect ratio will
lead to a much steeper slope of the lift curves. A lower slope of the lift curve means that
higher leeway angles occur to provide the needed side force. Higher leeway angles lead to
higher resistance. The question here is how much side force the extreme low aspect ratio
keel of the shallow yacht (AR = 0.087 for the 20 m shallow yacht) can produce and how
much resistance is produced in that case.

Table 9 is comparing lift curve slopes (with respect to leeway angles in radians)

20meters 10meters

deep

keel shallow keel deep keel shallow keel
Aspect ratio 1.14 0.087 1.03 0.12
lift curve slope at Fn. 0.15 0.53 0.17 0.55 0.19
lift curve slope at Fn. 0.3 0.53 0.13 0.55 0.19
lift curve slope at Fn. 0.42 0.55 0.19 0.54 0.21
deep keel slope/shallow keel slope 0.31 0.35

Table 9 Lift curve slopes at different Froude number for the calculated cases.

The results are proving the expectations in the way that the low aspect ratio keels produce
much less side force at given leeway angles. The resistance will thus be much higher for the
needed side force. The average quotient between the slopes is 0.31 at the 20meter hulls and
0.35 at the 10 meter hulls. In other words that would mean that a yacht with a shallow keel
sailing in the seaway will have approximately a three times higher drift then a yacht with a
deep keel. This means that the resistance computed at this angle would be higher as well.
This can be stated from by the results shown for the resistance vs. Leeway plots which can
be found earlier in this chapter. How this will affect the actual performance will be shown in
the chapter 5.

When looking at the ratios between lift curve slopes it also appears that there is a lower side
force slope of the shallow keel concept at the 10m compared to the 20 m hulls, if that will
finally create a performance disadvantage cannot be judged by now -the created resistance
need to be considered, this will be done in the next chapter(4.2.6).
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Figure 38 Lift Force vs. leeway angle at Fn 0.3 for deep and shallow keel concept.

Together with the produced side force it has to be considered how much induced resistance
is produced by the keel when the Yachts sailing at a leeway angle. The results can be seen in
Fig 39.
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Figure 39 Induced resistance vs. leeway angle at Fn 0.3 for deep and shallow keel concept.

As already said, it does not give much information about performance of the yachts to look
at Fig.39 or 38. Separately. One needs to combine lift and resistance coefficients. A first
attempt is done in Fig. 40.. In this diagram one can have a first idea how deep and shallow
keel performance will differ from each other. The shallow keel has a significant disadvantage
since Cd values for given Cl values are generally much higher for the shallow keel. One has to
see how much impact the other resistance components(wave and frictional resistance) have
on the performance before a clear statement can be given. This will be done in the following
subchapter.
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Figure 40 Comparison of both keel concepts in Lift- induced drag polar a Fn 0.42.
4.2.6 Lift- Drag polars

So far the performance relevant measures like resistance and side force, as well as its
dependence on heel and leeway angles (as far as there are clear trends observable) has been
shown. It is not possible to judge a yachts performance just by its produced side force or
resistance alone. There is a need to combine both measures in one picture. Before making
the effort of producing a VPP polar plot it is worth to look at the lift- drag poplars of the
yachts in order to compare them. With this polars it can be observed how much resistance
the yacht will have at a given side force or vice versa.

Due to a lack of data it was not possible to compare the yachts at 10m and 20 m at the same
Froude numbers. So that one might argue that it is not possible to clearly judge about the
influence of the yacht length here. In fig. 41(Yachts with 10m Loa) the shallow yacht has a
considerable higher Cd for a given Cl such a difference can be seen in fig. 40(Yachts with 20m
Loa) as well. It seem that the influence of the yacht length is of less importance with respect
to a performance difference between deep and shallow keel. However it is difficult to make
clear statement here.

It shall be said that even the shallow hull has a disadvantage, the resistance difference
between shallow and deep keel is small but increases with the cl value. It also has to be
mentioned that the lift — drag polar don’t show the whole picture. In reality the plots will be
much extended so that one should not thing CL= 0.018 is the highest possible lift coefficient
the yacht can produce. In fact it can be expected that the maximum produced Cl does not
depend a lot on aspect ratios (Larrson&Elliason(2007)).

It is interesting to note that the Cd values of the shallow hull are smaller on straight courses
so one might think that there is an advantage of the shallow hull here. It turns out that the
surface to calculate the actual force Sref is bigger in the shallow case so that the resistance
forces are always a little higher.
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Figure 42 Lift Drag polars (20 meter yachts).

Chapter 5 - Performance analyses with VPP software

Windesign

5.1 Import and reprocessing the data for the vpp so

The VPP software Windesign offers the direct experimental data input mode. By using this
mode it is needed to provide the following results of the CFD computation and to import
them into the VPP program:

1 Upright resistance curve Fd(v) . This data is easily given by the CFD calculation

2 The following data is needed 2.1-2.2 at a number of speeds. ( the more speeds are
provided the more precise the VPP result will be)



2. 1.The resistance data for different heel angles at a 3 specific side force. The CFD
calculation provides data of side force and resistance for given leeway angles. That
means that the CFD results have to be processed. It appears that Fs® is changing
linearly when plotted as a function of Fd. Thus one can linearly interpolate the FD
values for a given Fs value and the required data is available. See fig. 43 for
illustration. (Fs refers to hydrodynamic side Force, Fd refers to hydrodynamic drag)

Reprocessing input data for VPP software
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Figure 43 lllustration of the VPP data processing.
2.2.The VPP program furthermore requires information describing the linear side

force-yaw F, = f () function at the four chosen heel angles. The user needs to

import the side force at zero yaw as well as the slope of the F, = f (/) curve into

the program.

2.3. The distance between mast plane datum and the centre of side force in vertical
direction. Unfortunately the SHIPFLOW software does not provide the centre of side
force as output value. Instead the values suggested by the VPP software based on
the given geometry have been used.

10 meter 20 meter
deep keel | shallow keel | deep keel |[shallow keel
0.685m 0.336m 1.181m 0.8m

Table 10 table with centers of side force.
3 Hydrostatical data is required and has been computed with the hydrostatic software LPP.
This hydrostatic computation has been based on a IMS-offset file. The offset file has been

made with the software Autoship.

4.Data of a sail plan is required and has been provided by Heyman yacht design.



Values 1 and 2 had to be stored in a .dex file, which then was imported in the VPP program,
the .dex files can be found in the appendages. More details about the .dex file can be found
in appendix Il.

5.2 Results of VPP

The results of the VPP is expected to be most precise in speed ranges where data from the
CFD calculation has been provided. Since 10 and 20 meter hulls have been analysed at the
same Froude numbers those ranges are not the same for the different length. The CFD
computations have been done in a speed range between Fn 0.15-0.42. For the 10m yachts
that is equivalent to a speed range of 2.8 to 7.7 knots, for the 20 m yachts this is equivalent
to 4-11 knots. The wind speeds in the VVP calculation has been chosen in way that yacht
speeds are within that range (as far as that was possible).

In fig. 43 the results of calculations obtained by internal VPP formulations have been
compared with the results obtained from VPP calculations based on results of the CFD
computations. This can be seen as a validation of the imported CFD data. The results are
matching surprisingly well, especially in the upwind courses for the deep keel.

By comparing the performance plots (fig 45 and fig 46) it shows that the shallow keel yacht
has significant drawbacks compared two the deep keel yachts. This is valid for all analyzed
courses and speeds. Basically two reasons can be addressed for the drawbacks. One reason
is the resistance of the shallow keel yachts, which is increased in the most analysed cases. In
the performance plot this becomes obvious by looking at downwind courses. At downwind
courses the heel and leeway angle is small and thus the created side force will be small.
Since the created side force is of little influence on the performance at those courses, the
resistance has the most important influence here.

As already said in the previous chapters the slope of the lift - leeway curve together with the
resistance belonging to each side force is of high importance for the yacht performance. This
can be stated by the VPP calculation as well. By looking at appendix IV one can see that
besides the drawbacks in Vs and Vmg the created side forces are rather similar comparing
shallow and deep keel yachts. What is differing here is the leeway angle at which the needed
side force is created (and thus the created resistance). This is expected to be the reason for
performance difference . It is interesting to mention that the ratio between leeway angles of
deep and shallow yachts is quite constant around 0.315 this ratio is quite similar to the lift
curve-slope-ratio in chapter 4.2.

The lift force becomes of more importance when sailing closer at the wind. This is because
the yacht keel will have to balance a higher aerodynamic side force. And so does the
difference in drift between shallow and deep keel becomes higher.

It is interesting to note that the 20m hull with shallow keel has some kind of “hollow” in the
VPP plot for 8 knots and 10 knots. When looking at 120 degrees wind angle the velocity
difference between deep and shallow keel is higher than usual. A reasonable explanation
has not been found.

An important value to quantify a yachts performance is the velocity made good (Vmg) since
this value describes the velocity component of the yacht in the wind direction. A general
trend can be seen which shows that the shallow keel has a disadvantage.
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Chapter 6 - Conclusions

Even if the performance of the shallow keels cannot reach the performance of the deep
keels it can be said that it is certainly possible to sail even upwind courses with the shallow
keel yachts at reasonable speeds.

Certainly there are cases where a possible shallow keel is of a high interest, this is when a
sailing yacht is not designed for hunting performance such as a racing yacht. This could be a
cruising yacht for example where it might be more important to use a harbour with a small
depth than having a high performance or when tides make a turn with a deep keel more
difficult. Sailing in such areas as the archipelago of Goteborg, where rocks in the water can
severely damage a yacht with a deep draft can also be a good motivation of using a shallow
keel.

Chapter 7 - Future work /Recommendations

The computer code being used had troubles computing the cases which had leeway and
heel angles at the same time, further investigations could be made here to find the reasons
for that problems in order to improve the computational model or the used computer code.

Improvement could be made on several ways. For future computations maybe smaller
leeway and heel angles could be tested and used as input data for the VPP software. It
seems that the chosen cases with 6 degree of leeway and 25 degree heel have been putting
the CFD code to its limits, in the retrospective this was possibly not necessary.

Another possible solution for this problem might be to use computers with higher memory
capacity. With such computers it would be possible to use a proper meshing of the free
surface in the cases with low Fn(which are the ones with the biggest problems). However It
is not sure that this will solve the problem.

It turned out that the assumption that CI* over Cd is linear might have been a too big
approximation for the shallow keels (this was needed to interpolate the resistance for a
number of side forces, the data was needed for the VPP). It seems that this approximation is
questionable for the low aspect ratio keels. One could argue that a polynomial or spline
interpolation could have been used here. This idea has been dropped since the number of
computed leeway angles has been 3 (0, 3 and 6 deg) -which would have been a to small
number for a spline in the cases where one of those leeway angle calculations did not work.
However for future work the author recommends to calculate a higher number of leeway
angles to make those interpolations possible and to improve the precision of the VPP
calculation.



Chapter 8 - Outlook

Basically it can be said that there are two big steps in approximation which have been done
in this study. The first one by creating a CFD model of the yacht- with all its necessary
approximations. The second one is done by the use of the VPP software, which also is based
on several assumptions. Even so the hydrodynamic forces which have been computed with
CFD might be correct - there is a approximation done by interpolating between the know
data in the VPP software.

However this shall be said two illustrate that a study like the one being done should be
backed up by an experiment. So that the hydrodynamic part has a higher confidence. A
towing tank could not help to improve or validate the VPP calculation. Here a measure
onboard such a shallow keel yacht would be of high interest.

It has been shown that a low aspect ratio keel can work reasonably good, now it would be
of interest if a quantification is possible. A series of aspect ratios could be computed to find
a trend in efficiency. To validate such series a low aspect ratio keel should be tested in a
towing tank.
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Appendix Il — Notes on Direct Experimental(DEX) Met  hod
(profided by wolfson Unit)

Notes on Direct Experimental (DEX) Method — WinDegin VPP
15 June 2005

Experimental Direct data input.

| &= 10°

Sy \/4
a s A
V/ O%R—UZJD_&GUL%”/\

& M

sFo o /ST;L
ks

The picture above shows a typical set of datadgrl® deg heel.

At each speed V1-V4 the drag ( R) varies lineaiit sideforcé.

Thus at any value of Sideforce can be determinetthdoy/PP if it knows the slope and intercept of
each line. Itis this data that is defined in ¢éixperimental direct dialog.

Define SFO and SF2 and the 8 corresponding drages@ drags at 2 sideforce values for 4 speeds.
These points are circled on the picture above.

Recent Changes - 12 June 05

» Addition of vertical center of hydrodynamic pressur
» Addition of lift curve
e Completion of 3-SF Method of Direct Exp. Input

NOTE: If you are using DEX files, you will need to gnthe DEX dialog box, and hit the ‘Update’
key in the lower right to have the program addchim tertical center of pressure and lift curve data.

General

The method fits through the data, rather than isqsares fit. This means that the data needs to be
reasonable enough to allow for fair fits througé tfata.

The upright curve represents drag (kN) vs. boat@dend should extend to the highest expected speed
the yacht might obtain.



The heel and side force data sets represent vagitargities at a number (n) of prescribed speeds.
There need to be enough of these data sets to ttmvesinge of expected speeds, or at least the rang
of speeds where you need valid results. Outsidkeofowest (Vg and highest (V3 speeds of these
data sets, the results become less accurate Bmgedgram is assuming that various quantitiesad,d
effective span, etc. either remain the same or wapyoportion to upright drag.

Fitting procedures
At this point, the following simple method is used:

We need to evaluate drag, vertical center of presap, and yaw angl&, and possibly effective span
Te for any given speed Vs, heel angleand side force (SF).

There are several slightly different formats foegaribing the data for a given speed and heel set:

» Effective Span
* 2 Side Force Method
* 3 Side Force Method

(Note, the 2- Side Force method needs to be cat/éntthe effective span method . So the user
should click “Calculate Effective Span” in the diglbox to generate the Te values.)

At a given speed, data is required for four heglem It is best if the first heel angle is O e,
This is not absolutely necessary, but it is bdttan having the program extrapolate its fit downdoy
small or zero angles.

In the 3-SF case, the program will fit a quadrgp@rabola) through the drag vs. side force for edch
the four heel angles (at each speed.) Internatign the program evaluates total drag at a giden s
force, heel angle and speed, it will start withsthgarabolic fits through the three side force fsoin
Then evaluate the curves for a given side fort@ow has four points of drag for the four heellasg
It fits a cubic spline (with free end conditionkjdugh these four points. It evaluates the dragfo
given heel angle. This is its estimate of drathat specific speed, at a specific side force aatific
heel angle. It does this for all the speeds fackit has a heel-side force data set. It thendispline
through these drag vs. speed points.

For the 3-SF method, outside the range of lowésf @nd highest (Vi3 speeds, it will proportion the
drag in proportion to the upright drag. This i$ oorrect, but does provide sufficiently accurate
information to obtain solutions outside the rarabeit not for use in deltas or accurate perforreanc
predictions.

For the effective span method, this extrapolatimcedure is more accurate, because it is extrapglat
the effective span and additionally it is extratiolg the heel drag ratio and applying it to thewn
upright drag values outside the lowest {Mand highest (M3 speeds. This is a reasonable approach.
Lift Curve and Yaw Angle Calculation

The yaw angle is evaluated from a lift curve udifigurve areas. The input data requires an aapt
(ALo) and a slope (ALS). These are in lift areas €AL/q) where q is dynamic pressure and lift is
side force (in kN). Ak is the lift area the yacht produces at zero leeataygiven speed and heel
angle. ALS is the lift curve slope with respecytov angle in radians.

Thus the side force is:

SF = Alg+ ALS A

ALS, and ALS are now required input into the DEX file @ach heel angle line.



Vertical Center of Hydrodynamic Pressure

This is the distance in meters from datum in thetrptane to the hydrodynamic center of pressure.
This information is required in the DEX file.

***Ejle Format

Variable Description

1 dexVersion version number (1.0) “%f\n”
one
float

2 cDescript description "%[Mn]\
"

3 nRt number of (Vs,Rt) "%d\n"
one
integer

41 VsRt[0],Rtu[0] List of speed (kts) “%f

4.2 VsRt[1],Rtu[1] upright resistance pair ( | %f\n”

. kilo newtons) two
floats
separat
ed by
space

4.n Vs[nRt-1], Rtu[nRt-1] Last point of upright “%f

resistance list %f\n”
two
floats

5. nHY Number of Heel-Yaw "%d\n"

Data Sets identified by | one
Vs (kts) integer
6.1.1 VsHYI[O] Seeed in knots for this “%f\n”
0" Data Set one
float

6.1.2 xMethod, wResl1, wRes2, wRes3 Data Set Method used "%d

or entered for 0" Data | %d %d
Set %d\n”

xMethod =0:heel drag | four
(SF0=0) and effective | integer

span values
xMethod=1:drag at heel | separat
and two side forces ed by
(SF0=0, SF1[kN]) space

xMethod=2:drag at
three side forces for
nonlinear Drag vs SF"2
Force squared
wRes1,2,3 are
reserved (set to 0)

6.1.3 SFO[0], SF1[0], SF2[0] Side Force List [KN] for | “%f %f
0" set — three values %fn”
if xMethod=0, just set three
all to 0.0. For float
xMethod=1 need values

SF0=0, SF1 specified. separat
For xMethod=2 need ed by
SF0=0.0, and SF1 and space
SF2 specified




6.1.4 Heel0[0],Drag00[0],Drag01[0],Drag02[0],TeO[ | » HeelO = deg. at "%0f %of
0],1cs0[0],vchp0[0],fResO this VsHY [0] %f %f
(Heel=0.0) %f 9%of
Values in this row are %f
this Heel Angle HeelO, %fAn"
and this speed VsHY[0]
« Drag0at eight
SF=SF0[0]=0.0 kN. float
. Drag 1 at values
SF=SF1[0] for separat
xMethod=1 & 2 ed by
otherwise setto 0 space
e Drag?2at
SF=SF2[0] for
xMethod=3 only
otherwise set to 0.0
. TeO[0] Effective
span (m)
e ALO
Lift Curve Intercept
. ALS
Lift curve slope
. VCHP vertical
center of hydrodynamic
pressure
6.1.5 Heel1[0],Drag10[0],Drag11[0],Drag12[0],Tel[ | Data for second heel "%f %f
0],al0[0],als[0],vchp[0] angle Heell, same as %f %of
above for this speed %f %of
VsHYI[O0]. %f
%f\n"
6.1.6 Heel2[0],Drag20[0],Drag21[0],Drag22[0],Te2[ | Data for third heel "%f %f
0],al0[0],als[0],vchp[0] angle Heel2, same as %f %of
above for this speed %f %of
VsHYI[O0]. %f
%f\n"
6.1.7 Heel3[0],Drag30[0],Drag31[0],Drag32[0],Te3[ | Data for fourth heel "%f %f
0],al0[0],als[0],vchp[0] angle Heel3, same as %f %of
above for this speed %f %of
VsHYI[O0]. %f
%f\n"
6.2.1 "%f %of
Data Set of 7 cards for | %f %f
. second speed VsHY[1] | %f %f
6.2.7 %f
%f\n"
. "%f %of
.Data Set of %f %f
subsequent speeds %f %of
VsHY(] %f
. %f\n"
6.nHY.1 Data Set of 7 cards for | "%f %f
last speed VSHY[NHY- | %f %f
. 1] %f %f
6.nHY.7 %f

%f\n"




Appendix Ill — DEX Files
File 1 - 10 meter deep

1.0

Condition 1 [10meterdeep.lpp 08/14/09 20:48:55]
6

2.81 0.120

3.79 0.199

4.78 0.291

5.52 0.394

6.75 0.739

7.74 1.761

2

4.78

2 0 0 0

0.000 2.870 4.060
0.0 0.290 0.370 0.460 0.000.000 12.800 0.685
5.0 0.310 0.380 0.440 0.000.020 12.230 0.685
10.0 0.250 0.340 0.430 0.000.020 12.360 0.685
25.0 0.280 0.460 0.650 0.000.050 12.510 0.685
5.52
2 0 0 0
0.000 3.820 5.400
0.0 0.390 0.520 0.640 0.000.000 12.420 0.685
5.0 0.370 0.480 0.600 0.000.010 12.470 0.685
10.0 0.350 0.510 0.660 0.000.010 12.380 0.685
25.0 0.430 0.900 1.380 0.000.000 9.920 0.685



File 2- 10meter shallow

1.0

Condition 1 [20m-shallowi\
0

6

2.81 0.138

3.79 0.240

4.78 0.338

5.52 0.450

6.75 0.848

7.74 1.948

2

4.78

2 0 0 0

0.000 1.070 1.510
0.0 0.340 0.380 0.420 0.000.000 4.780 0.336
5.0 0.320 0.350 0.370 0.000.020 4.690 0.336
10.0 0.300 0.320 0.330 0.000.030 4.560 0.336
25.0 0.340 0.270 0.200 0.000.070 3.750 0.336
5.52
2 0 0 0
0.000 1.430 2.020
0.0 0.450 0.530 0.600 0.000.000 4.510 0.336
5.0 0.440 0.480 0.520 0.000.010 4.720 0.336
10.0 0.420 0.460 0.500 0.000.010 4.600 0.336
25.0 0.490 0.590 0.690 0.000.030 3.590 0.336



File 3- 20 meter deep

1.0

Condition 1 [deep.lpp 07/22/09 18:05:02]\

0

6

3.98

5.38

6.78

7.83

9.58

10.98

5

3.98

2 0
0.000
0.0
5.0
10.0
25.0

5.38

2 0
0.000
0.0
5.0
10.0
25.0

6.78

2 0
0.000
0.0
5.0
10.0
25.0

7.83

2 0
0.000
0.0
5.0
10.0
25.0

9.58

2 0
0.000
0.0
5.0
10.0
25.0

0.610
1.030
1.720
2.370
4.270
9.240

0
6.130
0.610
0.570
0.570
0.680

0
11.240
1.030
1.040
0.970
1.180

0
17.990
1.720
1.570
1.490
1.830

0
23.920
2.370
2.250
2.190
2.760

0
36.390
4.270
4.200
4.260
5.500

8.670
0.710
0.660
0.630
0.790

1.230
1.210
1.190
1.420

2.030
1.870
1.820
2.450

2.800
2.700
2.750
4.070

5.130
5.000
5.170
7.810

0.820
0.750
0.690
0.890

15.900
1.430
1.380
1.420
1.660

25.440
2.340
2.170
2.160
3.080

33.820
3.240
3.150
3.300
5.380

51.460
5.990
5.800
6.080

0.000.002
0.000.058
0.000.128
0.000.210

0.000.002
0.000.029
0.000.088
0.000.177

0.000.002
0.000.022
0.000.058
0.000.146

0.000.001
0.000.016
0.000.020
0.000.004

0.000.005
0.000.050
0.000.106

10.130 0.000.174

40.890
40.446
39.145
34.292

41.056
40.579
40.098
34.062

41.357
40.796
40.249
33.986

41.252
40.589
40.166
32.123

41.868
41.315
40.456
32.400

1.181
1.181
1.181
1.181

1.181
1.181
1.181
1.181

1.181
1.181
1.181
1.181

1.181
1.181
1.181
1.181

1.181
1.181
1.181
1.181



File 4- 20 meter shallow

1.0

shallow\n

I

6

3.98 0.610
5.38 1.030
6.78 1.720
7.83 2.370
9.58 4.270
10.98 9.240
4

6.78

2 0 0 0

0.000 6.740 9.530
0.0 1.980 2.190 2.390 0.000.000 14.940 0.800
5.0 1.880 1.970 2.050 0.000.040 14.720 0.800
10.0 1.820 1.780 1.750 0.000.090 14.230 0.800
25.0 2150 1590 1.030 0.000.230 11.520 0.800
7.83
2 0 0 0
0.000 8.810 12.460
0.0 2730 7.760 12.780 0.000.000 11.570 0.800
5.0 2650 2.780 2.920 0.000.020 14.840 0.800
10.0 2580 2.660 2.740 0.000.050 14.440 0.800
25.0 3.150 2.270 1.380 0.000.120 14.110 0.800
9.58
2 0 0 0
0.000 13.750 19.440
0.0 4830 5.370 5.910 0.000.000 15.250 0.800
5.0 4730 5.240 5.740 0.000.030 15.020 0.800
10.0 4800 5.630 6.460 0.000.050 14.620 0.800
25.0 6.050 6.650 7.240 0.000.070 11.840 0.800
10.98
2 0 0 0
0.000 20.150 28.490
0.0 10.170 10.910 11.650 0.00@M00 16.400 0.800
5.0 10.230 10.720 11.210 0.00M60 16.330 0.800
10.0 10.520 10.680 10.850 0.0020 15.880 0.800
25.0 10.120 10.090 10.180 0.00BO0 10.240 0.800



Appendix IV-— Performance numbers calculated by win

Calculation 1 Yacht with 20 m Loa and a deep keel

Vit
6

00O 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00O O O O O O O O O O OO OO O O O O O O O O O

Bt
32
36
40
45
52
60
70
75
80
90

100

110

120

130

135

140

150

160

165

170

180
32
36
40
45
52
60
70
75
80
90

100

110

120

130

135

140

150

160

Vs
4.857
5.468
6.121
6.762
7.287
7.704
8.073
8.166
8.184
7.983
7.317
6.755

6.01
5.028
4.491
4.049
3.493
3.196
3.111
3.057
3.019
6.729
7.254
7.674
8.207
8.789
9.156
9.394
9.453
9.479
9.435
9.252
8.796
7.646
6.583
6.065
5.576
4.791
4.299

Vmg
4.119
4.424
4.689
4,782
4.486
3.852
2.761
2.113
1.421

0

-1.271

-2.31

-3.005

-3.232

-3.176

-3.102

-3.025

-3.003

-3.005

-3.011

-3.019
5.706
5.868
5.878
5.804
5.411
4.578
3.213
2.447
1.646

0

-1.607

-3.008

-3.823

-4.231

-4.288

-4.271

-4.149

-4.04

Heel Rf/Tw Flat

5.8
6.5
7.2
7.8
8.2
8.1
7.6
7.2
6.6
53
3.4
2.3
1.3
0.6
0.4
0.3
0.2
0.1
0.1
0.1
0
10.7
11.6
12.3
13
13.4
12.9
11.5
10.7
9.8
7.9
6.1
3.9
2.2
11
0.8
0.5
0.3
0.2

1

R R R R R R R R R R RRRBRRRRRBPRRRRRRRPRRRRBRRRRBRRRRBRRR R

P R P R R PR RRPRRPRRRLRRPRRRPRRRPERRRRLRRRRRBRRRRRRRRBRRRRRR

Va
10.43
10.9
11.38
11.78
11.93
11.87
11.56
11.29
10.93
9.97
8.62
7.34
6.01
4.74
4.25
3.9
3.45
3.19
3.1
3.04
2.98
14.13
14.46
14.67
14.9
15
14.77
14.18
13.79
13.35
12.32
11.1
9.66
7.83
6.3
5.67
5.17
4.54
4.22

Ba
17.6
18.7
19.6
20.9
23.1
25.7
28.9
30.6
32.4
36.8
43.3
50.2
59.9
75.7
86.7
98.1

119.6

140
149.9
159.9

180

17.1
18.5
20
21.7
24.1
27.1
31.2
333
35.5
40
44.9
51.1
62.2
76.8
85.9
96.1
118.1
139.6

Lee
2.09
1.84
1.63
1.46
1.28
1.1
0.91
0.84
0.77
0.66
0.57
0.44
0.33
0.23
0.19
0.16
0.13
0.1
0.08
0.05

1.99
1.82
1.68
1.48
1.26
1.08
0.89
0.81
0.74
0.61

0.5
0.45
0.33
0.23
0.19
0.15
0.12
0.09

design

=
c
o

O O O O OO O 0O 0O 0O 000000000000 0ODO0O0ODO0ODO0OO0ODO0OO0ODO0OOOoOOoOOoOo o oo

Fh
468
523
579
631
659
655
615
581
538
432
303
203
119

58
38
27
16
10

846
918
969
1019
1047
1014
916
853
786
642
495
348
196
100
69
49
27
17

P P P PP NMNMNDNWONMNMNWLOWWWWWPERERERPRRPRPRRPRPRPENNDNDNDNDNWWWWWWWWWWSSoS



8

8

8
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

165
170
180
32
36
40
45
52
60
70
75
80
90
100
110
120
130
135
140
150
160
165
170
180

4.155
4.063
3.999
7.573
8.089
8.576
8.995
9.374
9.669
9.91
9.985
10.031
10.031
9.904
9.647
9.178
8.062
7.33
6.811
6.004
5.458
5.285
5.171
5.09

-4.013
-4.001
-3.999
6.422
6.544
6.57
6.361
5.771
4.834
3.389
2.584
1.742

-1.72
-3.3
-4.589
-5.182
-5.183
-5.218
-5.2
-5.129
-5.105
-5.092
-5.09

0.2
0.1

14.4
15.1
15.8
16.5
17.2
17.1
14.9
13.7
12.5
10
7.6
5.4
3.2
1.7
1.2
0.8
0.5
0.3
0.2
0.2

R R R R R R R R R RRRRRRRBRRRPERRBRRR R

1

1

1
0.92
0.898
0.891
0.904

o
©
|

P R P R R R R RRRPRRRRPRRR

4.13
4.06
4
16.82
17.11
17.34
17.4
17.22
16.81
16.1
15.67
15.18
14.05
12.72
11.24
9.62
7.83
7.08
6.48
5.66
5.22
5.08
4.99
491

149.9
160
180

17.7
19.3
20.8
22.8
25.8
294
34.2
36.7
39.2
44.4
50.1
56.3
64.2
78
87.9
97.5
118
139

149.4

159.6
180

0.08
0.05

2.03

1.8
1.61
1.47
1.37
1.24
1.01
0.91
0.82
0.65
0.52

0.4
0.33
0.23
0.19
0.16
0.12
0.09
0.07
0.05

O O OO OO0 0O 00000000000 OoOOoO oo oo

13

1120
1169
1216
1265
1313
1305
1160
1076
987
801
615
441
286
151
104
75
43
27
21
14

P P P PP RPRPNMNNWWOWNWWOWNWDEWWWWRPRP P



Calculation 2 Yacht with 20 m Loa and a shallow keel

Vt

00O 0O 0O 00O 00O 00 00 OO0 00 OO0 00 OO0 OO0 00 00 00 00 00O 00O 00O 00O Oy Oy Oy O O O OO OO OO OO OO OO OO OO OO OO0 Oy O Oy O OO

Bt
32
36
40
45
52
60
70
75
80
90

100

110

120

130

135

140

150

160

165

170

180
32
36
40
45
52
60
70
75
80
90

100

110

120

130

135

140

150

160

165

170

180

Vs
4.686
5.261
5.734
6.215
6.732
7.229
7.574
7.589
7.493
7.181
6.737
6.241
5.526
4.573
4.123
3.777
3.331
3.083
3.011
2.965
2.932
6.401
6.939
7.235
7.542
8.013
8.538
8.982
9.103
9.171
9.165
8.924
7.432
6.993
6.147
5.676
5.234
4.535
4.106

3.98
3.9
3.844

vmg
3.974
4.257
4.393
4.395
4.145
3.615
2.59
1.964
1.301
0
-1.17
-2.134
-2.763
-2.939
-2.915
-2.893
-2.885
-2.897
-2.908
-2.92
-2.932
5.428
5.614
5.542
5.333
4.933
4.269
3.072
2.356
1.592
0
-1.55
-2.542
-3.497
-3.951
-4.013
-4.01
-3.927
-3.858
-3.845
-3.841
-3.844

Heel Rf/Tw Flat

5.6
6.2
6.7
7.1
7.4
7.4
6.9
6.4
5.8
4.5
3

2
1.2
0.6
0.4
0.3
0.2
0.1
0.1
0.1
0
10.2
111
11.6
11.9
104
10.8
10.8
10.1
9.3
7.5
5.7

1.9

0.7
0.5
0.3
0.2
0.2
0.1

1

R R R R R R R R R RRRRRRRRRRRRRRBRRRRRRRRBRRRBRRRRRRRR R

R P R R R PR RRPRRRRRPRRRRPRRRRRRRER R

0.874
0.928

P R P R R PR RRRRRR R R

10.27
10.7
11.01
11.27
11.43
11.45
11.13
10.8
10.36
9.35
8.21
7.02
5.78
4.65
4.24
3.94
3.53
3.28
3.19
3.12
3.07
13.82
14.17
14.27
14.3
14.34
14.25
13.84
13.51
13.11
12.12
10.87
8.86
7.55
6.21
5.66
5.22
4.66
4.37
4.28
4.21
4.16

Ba
17.9
19.1
20.3
21.9
24.2
26.7
30.2
32.2
34.5
39.8
46.1
53.4
64.1
81.1
91.6

102

121.9

141.2

150.9

160.5

180
17.5
19
20.6
22.7
25.6
28.5
32.2
34.2
36.3
40.8
46.1
58
66.6
80.7
89.8
99.9

120.9

141.3

151.1

160.8

180

Lee
6.03
5.37
4,93
4,51
4.04
3.45
2.87
2.65
2.47
2.13
1.63
1.27
0.94
0.67
0.57
0.5
0.39
0.3
0.24
0.17
0.01
6.12
5.71
5.45
5.1
3.85
3.45
2.99
2.68
2.41
1.95
1.59
1.62
1.03
0.67
0.55
0.47
0.38
0.3
0.25
0.17
0.01

Rud Fh

O O O O OO OO O 0O 000 OO0 000000000000 O0ODO0OO0ODO0ODO0OO0OO0O OO OoOOoOOoO o oo

457
509
549
584
607
609
567
527
476
370
267
179
104
50
35
26
16
10
8

5

0
820
889
925
947
833
869
868
814
753
617
469
268
170
91
64
47
28
18
14
10

n
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10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

32
36
40
45
52
60
70
75
80
90
100
110
120
130
135
140
150
160
165
170
180

7.288
7.459
7.698
8.067
8.705
9.206
9.579
9.682
9.741
9.757
9.655
9.396
8.209
7.321
6.891
6.456
5.733
5.235
5.077
4.974
4.901

6.181
6.035
5.897
5.705

5.36
4.603
3.276
2.506
1.692

-1.677
-3.214
-4.104
-4.706
-4.872
-4.946
-4.965
-4.919
-4.904
-4.899
-4.901

15.4
13
11.2
14.2
16.9
16.1
143
13.1
12
9.5
7.2
5.1
2.7
1.5
11
0.8
0.5
0.3
0.2
0.2

R R R R R R R R R R RRRRRARRRRRBR R

0.833
0.713
0.871

R P R R R PR RRRRRRRRRR

16.54
16.55
16.58
16.59
16.63
16.43
15.85
15.44
14.97
13.86
12.57
111
9.24
7.71
7.07
6.54
5.79
5.39
5.26
5.17
5.1

17.9
20.2
22.3
24.3
26.8
30.3
35
374
40
45.3
50.9
57.4
69.7
83.4
915
100.6
120.3
140.6
150.5
160.4
180

7.03

5.7
4.58
5.18
4.99
4.13
3.24
2.87
2.55
2.02
1.59
1.23
1.28
0.81
0.59
0.48
0.37
0.28
0.23
0.16
0.01

O O O OO O 0O 00000000 OoOOoOOoOoOo o o

1187
1026
896
1112
1291
1242
1118
1039
954
774
594
424
243
134
98
73
43
28
21
15
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Calculation 3 Yacht with 10 m Loa and a shallow keel

10
Vt

00O 0O 0O 00O 00O 00 00 00 OO0 OO0 00 OO0 OO0 00 00 00 00 00O 00O 00O 0O Oy Oy O O O O OO OO OO OO OO OO OO OO OO OO0 OO0 Oy Oy O O

m
Bt
32
36
40
45
52
60
70
75
80
90
100
110
120
130
135
140
150
160
165
170
180
32
36
40
45
52
60
70
75
80
90
100
110
120
130
135
140
150
160
165
170
180

Shallow direct

Vs
3.967
4.557
4.941
5.258
5.669
6.054
6.244
6.275
6.272
6.165
5.831
5.147
4.476
3.608
3.335
3.129
2.839
2.663
2.61
2.575
2.555
5.235
5.428
5.717
6.082
6.377
6.592
6.77
6.821
6.849
6.832
6.719
6.502
6.053
5.165
4.8
4.443
3.864
3.547
3.459
3.403
3.37

Vmg
3.364
3.686
3.785
3.718
3.49
3.027
2.136
1.624
1.089
0
-1.012
-1.76
-2.238
-2.319
-2.358
-2.397
-2.459
-2.502
-2.521
-2.536
-2.555
4.439
4.391
4.38
4.3
3.926
3.296
2.315
1.766
1.189
0
-1.167
-2.224
-3.027
-3.32
-3.394
-3.403
-3.346
-3.333
-3.341
-3.351
-3.37

Heel Rf/Tw Flat

8.7
9.8
104
10.8
111
10.8
9.7
8.9
8.1
6.4
4.6
2.7
15
0.8
0.6
0.5
0.3
0.2
0.2
0.1
0
15.9
15.8
15.1
15.3
15.5
16
13.8
12.6
11.4

6.7
4.4
2.7
14
11
0.8
0.5
0.4
0.3
0.2

1

P R P R R PR RRPRRPRRRRPRRRPRRRRERRRRRPERRRPERRRPERRRRRPERRRBRRRRRR

R R R R R R R R R R RRRBRRRPRRRBRRRBR R

o
©
o

0.894
0.885
0.913

R R R R R R R R R RRRRBRRR

Va
9.58
10.02
10.25
10.36
10.44
10.38
9.98
9.69
9.36
8.57
7.59
6.43
5.4
4.6
434
4.13
3.81
3.61
3.54
3.49
3.45
12.66
12.7
12.82
12.92
12.8
12.49
11.97
11.64
11.28
10.44
9.46
8.39
7.23
6.13
5.72
5.41
5.04
4.82
4.74
4.69
4.63

Ba
19.1
20.3
21.7
23.7
26.3
29.4
33.8
36.2
38.6

44
50.9
61.2
74.1
93.1

102.1

110.8

128.2

145.4

154
162.6
180
18.7
20.8
22.7
24.9
28.2
32.1
37.5
40.2
43.1
49.1
55.7
63.3
73.5
89.8
98.6

108.2

127.5

145.4

154.1

162.8

180

Lee
6.46
5.57
5.05
4.54
3.91
3.38
2.85
2.62
2.39
1.98
1.62
1.21
0.88
0.68
0.61
0.54
0.44
0.34
0.27
0.19
0.01
6.71
6.15
5.28
4.77
441
4.27
3.49
3.14
2.81
2.25
1.77
1.34
0.92
0.65
0.54
0.48
0.42
0.34
0.27
0.19
0.01

Rud
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Fh
108
121
129
133
136
134
120
111
102
81
58
36
20
10
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188
187
180
183
185
190
167
154
140
112
85
59
37
19
14
11
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10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

32
36
40
45
52
60
70
75
80
90
100
110
120
130
135
140
150
160
165
170
180

5.479
5.855
6.148
6.382
6.607
6.771
6.972
7.064
7.137
7.198
7.132
6.962
6.684
6.324
6.034
5.628
5.019
4.636

4.51
4.426
4.375

4.647
4.737

4.71
4.513
4.068
3.386
2.385
1.828
1.239

-1.239
-2.381
-3.342
-4.065
-4.267
-4.311
-4.347
-4.357
-4.356
-4.359
-4.375

16.1
15.8
15.9
15.8
15.7
16.9
16.9
16.4
14.8
11.5
8.5
5.9
3.7
2.2
1.7
1.3
0.8
0.6
0.4
0.3

0.986
0.965
0.95
1

1

[ER

R PR R R PR RRP R R R R

0.729
0.689
0.702
0.747
0.814
0.821
0.946

R R R R R R R R R R R R RR

14.82
15.01
15.09
15.04
14.81
14.36
13.7
13.35
12.99
12.14
11.13
9.99
8.82
7.66
7.15
6.74
6.19
5.86
5.76
5.69
5.63

20

22
241
26.8
30.7
351
40.8
43.7
46.9
53.6
61
69.2
79
90.8
98.3
107.5
126.1
144.3
153.3
162.2
180

6.11
5.29
4.89

4.6
4.35
4.32
4.09
3.86
3.39

2.6
1.98
1.49
1.01
0.68
0.57

0.5
0.39

0.3
0.24
0.17
0.01

O O O OO O 0O 00000000 OoOOoOOoOoOo o o

189 11
188 11
190 10
193
195
200
200
195
178
143
107
75
49
30
22
17
11
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Calculation 4 Yacht with 10 m Loa and a shallow keel
10 m deep

Vt

00O 0O 00O 00O 00O 00 00 OO0 OO0 OO0 00 OO OO0 00 00 00 00 00O 00O 00O 0O Oy Oy Oy O O O OO OO OO OO OO OO OO OO OO OO0 Oy O Oy Oy O

[
o

Bt
32
36
40
45
52
60
70
75
80
90

100

110

120

130

135

140

150

160

165

170

180
32
36
40
45
52
60
70
75
80
90

100

110

120

130

135

140

150

160

165

170

180
32

Vs
4.63
5.056
5.35
5.762
6.196
6.424
6.563
6.592
6.598
6.541
6.374
5.763
4.983
4.147
3.715
3.405
3.003
2.772
2.704
2.661
2.634
5.433
5.852
6.17
6.405
6.62
6.796
6.957
7.01
7.042
7.04
6.944
6.76
6.401
5.618
5.146
4.8
4.201
3.805
3.691
3.619
3.576
5.955

Vmg
3.927
4.091
4.098
4.074
3.815
3.212
2.245
1.706
1.146

0

-1.107

-1.971

-2.492

-2.665

-2.627

-2.609

-2.601

-2.605

-2.612

-2.62

-2.634
4.608
4.734
4.727
4.529
4.076
3.398
2.379
1.814
1.223

0
-1.206
-2.312

-3.2

-3.611

-3.639

-3.677

-3.639

-3.575

-3.565

-3.564

-3.576

5.05

Heel Rf/Tw Flat

10
11
11.5
12.2
12.5
12
10.6
9.8

7.2
5.4
3.2
1.7
0.9
0.6
0.5
0.3
0.2
0.2
0.1

15.1
15.4
15.7
16
16.1
16.2
14.6
13.4
12.1
9.6
7.2

2.9
1.6
11
0.8
0.5
0.4
0.3
0.2

16.3

1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

R P R R R P RPRRRPRRRBRRRRRERRRER R

.:
o]
e

0.871
0.854
0.859
0.894
0.963

P R P R R PR RRRRRR R R

0.686

Va
10.2
10.49
10.63
10.82
10.9
10.7
10.24
9.94
9.61
8.84
7.94
6.75
5.56
4.61
4.28
4.04
3.72
3.52
3.46
3.41
3.37
12.86
13.1
13.23
13.2
13.01
12.65
12.1
11.77
11.41
10.56
9.58
8.5
7.33
6.15
5.68
5.31
4.84
4.61
4.54
4.48
4.42
15.27

Ba
17.8
19.2
20.8
22.5

25
28.3
32.7

35
37.3
42.3
47.8
56.6
69.1
86.4
97.1

107.2

126.2

144.4

153.3

162.2

180
18.5
20.2
21.9
24.2
27.6
31.6
36.8
39.6
42.4
48.2
54.6
61.7
70.9
85.6
95.2

104.5

124.3

143.6

152.8

161.9

180
19.4

Lee
1.94
1.74
1.58
1.4
1.25
1.1
0.93
0.85
0.77
0.63
0.49
0.43
0.31
0.22
0.19
0.17
0.14
0.11
0.09
0.06
0
1.98
1.73
1.59
1.5
1.42
1.36
1.16
1.04
0.93
0.73
0.55
0.41
0.32
0.22
0.19
0.16
0.13
0.1
0.09
0.06
0
1.77

X
c
o

Fh

0 120

O O O OO O O OO0 0O 00D OO0 OO0 00000 O0ODO0O0ODO0ODO0ODO0ODO0OO0DO0OODOLOODOLOOOOoOOoOo oo

130
137
144
149
143
128
118
109
88
67
43
24
12
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175
179
182
185
187
188
172
159
145
116
88
62
40
21
15
11
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10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

36
40
45
52
60
70
75
80
90
100
110
120
130
135
140
150
160
165
170
180

6.262
6.454
6.628
6.812
6.956
7.147
7.238
7.314

7.39

7.34
7.169
6.871
6.561
6.341
6.031
5.275

4.87
4.744
4.659
4.605

5.066
4.944
4.687
4.194
3.478
2.445
1.873

1.27

-1.275
-2.452
-3.435
-4.217
-4.484

-4.62
-4.568
-4.577
-4.582
-4.588
-4.605

16.4
16.3
16.3
16.2
17.7
17.7
17.2
15.6
12.3
9.1
6.3
3.7
2.3
1.7
1.3
0.8
0.5
0.4
0.3

0.991 0.683
0.968 0.717
0.947 0.766
0.932 0.838

1 0.82
0.945

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

P R P R R R R RRRPR R R R R

15.38
15.36
15.25
14.98
14.48
13.81
13.44
13.08
12.23
11.21
10.06
8.86
7.66
7.11
6.63
6.04
5.67
5.56
5.47
5.4

214
23.6
26.3
30.2
345
40.2
43.1
46.3
52.8
60
68.1
77.8
89
95.9
104.2
124.1
142.9
152.2
161.5
180

1.63
1.56
1.49
1.43
1.43
1.36
1.28
1.12
0.85
0.63
0.45
0.36
0.24
0.19
0.16
0.13

0.1
0.08
0.06

O O OO OO OO0 O0OO0OO0OO0OO0OOouOOoOOouoOo o o o

191
194
196
199
204
204
199
182
147
111
78
51
31
23
18
11
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Appendix V— SHIPFLOW command file example

xflow

end

xmesh

hull( yach )
offset( file = "Y:\offset-files\Odeg\myfile4.tx
Ipp = 18.455, xori = -1, zori = 0,ysign=1 )
program( xmesh,xpan)
symmetr( nosym )
vship( vm_s=[2.778], reflen=18.455)
title( title = "Sailing yacht, Hejman Nol1")
osflow(number=1,flow =[0])

lift( grno = 1, offsetg = "KEEL",

station = 20, point = 30,str1=5,d|1=0.0005, df1=0.
lift( grno = 2, offsetg = "KEELside2",ymir, statio
dl1=0.0005, df1=0.001)

lift( grno = 3, offsetg = "rudder",ymir,

station = 20, point = 30,str1=5,d|1=0.0005, df1=0.
lift( grno = 4, offsetg = "rudderside2", station =
str1=5,dI1=0.0005, df1=0.001)

body( grno = 5, offsetg = "Hullside1",station = 40
df2 =0.01, di2 = 0.01, expa=2)

body( grno = 6, offsetg = "Hullside2",ymir, statio
point = 12, str2 = 5,df2 = 0.01, dI2 = 0.01, expa=
body( grno = 7, offsetg = "BULB",station = 40, poi
body( grno = 8, offsetg = "BULBside2",ymir, statio
body( grno = 9, offsetg = "ruddertip”,station = 5,
body( grno = 10, offsetg = "ruddertip2",ymir, stat
free( grno = 11, point = 20, strl = 1, df1 = 0.02,
y4side = -1.5, stau = 50, stam = 50, stad = 75,xup
xdow = 2.5,xd1=1.15, yd1=0)

free( grno = 12, point = 20, strl = 1, di1 = 0.02,
y2side = 1.5, stau = 50, stam = 50, stad = 75,xups
xdow = 2.5, xd4=1.15, yd4=0)

strip( grno = 13, station = 20, point = 30, poiw =

wext=3, strw=1, dfw=0.007, efinal = 0.1, zcm
wastart=3, zrot=0)

strip(grno = 14, station = 20, point = 30, poiw =

wext=3,efir=0.05, zcmax=10.0, fins,

end

xbound

end

xpan

end

wastart=3, zrot=0 )

trace( group = 5, station = 40, stream = 10, istar
s1=5.5,sn=37.5,p1=0.3,pn=0.7)
trace( group = 1, station = 40, stream = 10, ist
s1=2.5,sn=27.5,p1=0.3,pn =0.7)
trace( group = 4, station = 40, stream = 10, istart
s1=2.5,sn=27.5,p1=0.2,pn =0.8)
inicon( sgroup = 1, t11 =[0.0001], h12 = [1.4],

inicon( sgroup = 4, t11 = [0.0001], h12 =[1.4

inicon( sgroup =5, t11 = [0.0001], h12 =[1.4], t

control( free, nonlin))
iterati( maxit = 20)

001)
n = 20, point = 30,str1=5,

001)
20, point = 30,

, point =12, str2 = 5,

n = 40,

2)

nt=5)

n =40, point = 5)
point = 3)

ion = 5, point = 3)
nbd2 =1, ibd2 = [5],
s=-1,

nbd4 = 1, ibdé = [6],
= -]_’

31, nbds = 2, ibds = [1,2],
ax=10.0, finsym ,

21, nbds = 2, ibds = [3,4],

t = 20,parametric,
art = 3,parametric,
= 3,parametric,
turb )

], turb)
urb)



Appendix VI- Lift and resistance Forces calculated with ship flow
Total resistance of the 4 computed yachts
Numbers in Newton
20 meter shallow
Fn 0.15Leeway Fn [0.26Leeway Fn 10.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 685 773 993 |Heell0 1981 2425 2870 | Heel |0 4832 5502 6893
5 0 660 689 5 1883 2000 2486 5 4733 4518 6750
10 688 494 469 10 1817 1688 2161 10 4798 5036 7428
25 810 326 -46 25 2145 1807 1945 25 6066 6525 0
Fn 0.21 Leeway Fn 0.3 Leeway Fn 10.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 1121 14411761|Heell0 2726 4394 O Heel [0 10175 10768 13038
5 1259 12671503 5 2648 2847 3545 5 10233 10795 12824
10 1192 10661223 10 2583 2570 3307 10 10533 11126 12563
25 1401 949 697 25 3151 3063 O 25 12949 8274 0
20 meter deep
Fn 0.15Leeway Fn [0.26Leeway Fn 10.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 667 724 909 |Heell0 1784 1955 2501 | Heel |0 4368 4743 6283
5 619 653 817 5 1628 1745 2237 5 4269 4714 6023
10 599 620 591 10 1541 1668 2179 10 4329 4838 6244
25 689 711 823 25 1864 2001 2616 25 5558 6371 0
Fn 0.21 Leeway Fn 0.3 Leeway Fn 10.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 1092 12031549|Heell0 2443 2671 3421 | Heel |0 9353 10056 11898
5 1086 11541445 5 2308 2481 3257 5 9341 9934 16954
10 1024 10951382 10 2243 2447 3384 10 9609 10258 11500
25 1191 12381479 25 2795 3165 O 25 11784 0O 0
10 meter shallow
Fn 0.15Leeway Fn [0.26Leeway Fn 10.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 120.7 133 169 |Heell0 340 369 425 | Heel [0 852 932 1077
5 112.8 120 151 5 326 335 364 5 842 898 961
10 110.3 117 147 10 306 299 329 10 850 915 892
25 1155 118 142 25 335 291 283 25 1065 1114 0
Fn 0.21 Leeway Fn 0.3 Leeway Fn 10.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 241 259 286 |Heell0 452 487 560 | Heel |0 1957 2237 2518
5 243 237 242 5 437 454 501 5 1975 2230
10 230 207 199 10 421 427 493 10 2022 3358 2694
25 227 152 93 25 495 513 O 25 2543 7026 0
10 meter deep
Fn 0.15Leeway Fn [0.26Leeway Fn 10.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 139 147 178]|Heell0 292 336 458 | Heel [0 742 828 426
5 159 144 142 5 310 327 438 5 731 828 1016
10 152 116 94 10 250 292 410 10 739 437 1252
25 149 66 -12 25 281 330 -43 25 951 505 0
Fn 0.21 Leeway Fn [0.3 Leeway Fn 10.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 200 225 295 |Heell0 396 454 624 | Heel [0 1769 562 1282
5 194 210 274 5 371 424 616 5 1766 1993
10 178 194 262 10 355 413 648 10 1812 2302
25 184 198 246 25 432 576 O 25 2844




Wave resistance of the 4 computed yachts

Numbers in Newton

20 meter shallow

Fn 0.15Leeway Fn 0.259Leeway Fn 0.366Leeway
0 3 ¢ 0 3 6] 0 3 6]
Heel 0203 229 314|Heel 0 586 997[Heel 0 2160 2602 3231
5 0 121 77 5 478 496 635) 5 2044 1625 3050
10167 -35-171 10 385 182 334 10 2060 2048 3673
25 205 -272 -705 25 491 145 79 25 2923 3143 0
Fn 0.206Leeway Fn 0.3Leeway Fn 0.42Leeway
0 3 ¢ 0 3 6] 0 3 6]
Heel 0259 0 561Heel 0 901 OlHeel 0 6665 7032 8030
5350 300 320 5 810 866 1085 5 6696 6824 7665
10265 99 64 10 710 572 851 10 6925 7046 7250
25 326 -118 -483 25 1003 851 0 25 8767 0
20 meter deep |
Fn 0.15Leeway Fn 0.259Leeway Fn 0.366Leeway
0 3 ¢ 0 3 6] 0 3 6]
Heel 0210 268 453|Heel 0 556 727  1273|Heel 0 2014 2390 3929
5160 194 358 5 393 510 1002 5 1901 2346 3655
10130 151 122 10 279 406 917 10 1909 2419 3825
25143 165 277 25 395 532 1148 25 2743 3556 0
Fn 0.206Leeway Fn 0.3Leeway Fn 0.42Leeway
0 3 ¢ 0 3 6] 0 3 6]
Heel 0289 400 746|Heel 0 839 1066 1817|Heel 0 6268 6971 8812
5278 345 637 5 694 867 1643 5 6237 6830 13851
10 198 269 556 10 594 798 1733 10 6438 7087 8329
25230 277 518 25 876 1245 0 25 8094 0 0
10 meter shallow |
Fn 0.15Leeway Fn 0.259Leeway Fn 0.366Leeway
0 3 ¢ 0 3 6] 0 3 6]
Heel 0 49 57 88Heel 0 100 130 186|Heel 0 392 472 617
5 68 54 51 5 85 93 122 5 380 435 499
10 60 25 2 10 61 54 83 10 379 445 422
25 44 -39 -116 25 56 11 4 25 529 578 0
Fn 0.206Leeway Fn 0.3Leeway Fn 0.42Leeway
0 3 ¢ 0 3 6] 0 3 6]
Heel 0 85 102 130|Heel 0 139 174 247|Heel 0 1350 1631 1911
5 85 80 84 5 122 139 186 5 1364 1620
10 69 46 38 10 101 106 173 10 1401 2737 2073
25 44 -31 -90 25 130 147 25 1835 6318 0
10 meter deep |
Fn 0.15Leeway Fn 0.259Leeway Fn 0.366Leeway
0 3 ¢ 0 3 6] 0 3 6]
Heel 0 37 49 86|Heel 0 68 112 234|Heel 0 316 402 0
5 29 36 67 5 85 102 213 5 302 400 588
10 24 31 61 100 21 62 181 10 302 0 815
25 16 19 43 25 16 65 25 446 0 0
Fn 0.206Leeway Fn 0.3Leeway Fn 0.42Leeway
0 3 ¢ 0 3 6] 0 3 6]
Heel 0 54 79 149Heel 0 104 163 332Heel 0 1207 0 720
5 47 64 128 5 77 130 323 5 1201 1429
10 29 44 113 10 56 114 349 10 1237 1726
25 11 25 74 25 86 230 0 25 2179




Frictional resistance of the four computed Yachts

Numbers in Newton
20 meter shallow

Fn 0.15 Leeway Fn 0.26 Leeway Fn 0.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 482 506 506 | Heel 0 1395 0 1395 | Heel 0 2672 2672 2672
5 0 510 510 5 1405 1405 1405 5 2689 2689 2689
10 519 519 519 10 1430 1430 1430 10 2738 2738 2738
25 593 593 593 25 1636 1636 1636 25 3132 3132 0
Fn 0.21 Leeway Fn 0.3 Leeway Fn 0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 862 0 901 | Heel 0 1825 1825 0 | Heel 0 3509 3509 3509
5 908 908 908 5 1838 1838 1838 5 3534 3534 3534
10 924 924 924 10 1871 1871 1871 10 3598 3598 3598
25 1057 ### ### 25 2141 2141 0 25 4116 4116 0
20 meter deep
Fn 0.15 Leeway Fn 0.21 Fn 0.26 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 456 456 456 | Heel 0 803.4 803 803 | Heel 0 1228 1228 1228
5 459 459 459 5 808.1 808 808 5 1235 1235 1235
10 469 469 469 10 825.7 826 826 10 1262 1262 1262
25 546 546 546 25 960.9 961 961 25 1468 1468 1468
Fn 0.3 Leeway Fn 0.37 Leeway Fn 0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 1605 ### #i### | Heel 0 2354 2354 2354 | Heel 0 3085 3085 3085
5 1614 ### ##H# 5 2368 2368 2368 5 3103 3103 3103
10 1649 ### #it# 10 2419 2419 2419 10 3171 3171 3171
25 1919 ### 0 25 2815 2815 0 25 3690 0 0
10 meter
shallow
Fn 0.15 Leeway Fn 0.26 Leeway Fn 0.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 90 90 90 | Heel 0 240 240 240 | Heel 0 460 460 460
5 90 90 90 5 241 241 241 5 462 462 462
10 92 92 92 10 246 246 246 10 470 470 470
25 105 105 105 25 280 280 280 25 536 536 0
Fn 0.21 Leeway Fn 0.3 Leeway Fn 0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 157 157 157 | Heel 0 313 313 313 | Heel 0 607 607 607
5 158 158 158 5 315 315 315 5 611 611 611
10 160 160 160 10 320 320 320 10 621 621 621
25 183 183 183 25 365 365 365 25 708 708 0
10 meter deep
Fn 0.15 Leeway Fn 0.26 Leeway Fn 0.37 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 84 84 84 | Heel 0 224 224 224 |Heel 0 426 426 426
5 84 84 84 5 225 225 225 5 429 429 429
10 86 86 86 10 230 230 230 10 437 437 437
25 99 99 99 25 265 265 265 25 505 505 0
Fn 0.21 Leeway Fn 0.3 Leeway Fn 0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 146 146 146 | Heel 0 292 292 292 |Heel 0 562 562 562
5 147 147 147 5 293 293 293 5 565 565 565
10 150 150 150 10 299 299 299 10 576 576 576
25 173 173 173 25 345 345 0 25 665 665 665




Induced resistance of the four computed Yachts
Induced resistance of the four computed Yachts

20 meter shallow

Fn 0.15 Leeway Fn 0.259 Leeway Fn 0.366 Leeway
0 3 6 0 3 6 0 3 6
Heel 0O 0 38 173 Heel O 0 0 478 Heel O 0 228 990
5 0 30 102 5 0 99 446 5 -1 204 1011
10 2 11 122 10 2 76 397 10 0 250 1017
25 11 5 65 25 18 27 230 25 11 249 0
Fn 0.206 Leeway Fn 0.3 Leeway Fn 0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0O 0 0 299 Heel O 0 101 O Heel O 0 226 1498
5 0 59 275 5 0 143 622 5 3 436 1625
10 3 43 235 10 1 127 584 10 10 481 1715
25 18 10 123 25 7 72 0 25 66 379 0
20 meter deep
Fn 0.15 Leeway Fn 0.259 Leeway Fn 0.366 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 -0 64.77  227|Heel 0 -0 191 670.4]|Heel 0 -0.15 405.9 1361.1
5 0.43 5599 213 5 0.32 176 643.9 5 0.853 397.2 1366.1
10 1.92 48.62 2.04 10 1.67 157 616.7 10 -0.23 402.6 1368.6
25 7.12 31.47 163 25 10.6 102 480.2 25 2.646 330.5 0
Fn 0.206 Leeway Fn 0.3 Leeway Fn 0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 -0 1185  416]Heel 0 -0.01 252 884.8|Heel 0 -0 539.5 1843.8
5 0.32 108 399 5 0.03 243 863.7 5 2.11 580.4 758.93
10 2.09 93.04 377 10 0.12 230 854 10 7.95 619 1920.7
25 10.6 59.7 297 25 409 158 0 25 27.07 0 0
10 meter
shallow
Fn 0.15 Leeway Fn 0.259 Leeway Fn 0.366 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 0 7 32|Heel 0 0 21 86|Heel 0 0 41 178
5 0 5 25 5 0 18 79 5 0 45 184
10 1 2 21 10 1 14 71 10 0 48 191
25 3 1 12 25 4 6 44 25 1 53 0
Fn 0.206 Leeway Fn 0.3 Leeway Fn 0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 0 13 54|Heel 0 0 28 115|Heel 0 0 21 277
5 0 10 49 5 0 26 112 5 1 75 1557
10 1 7 42 10 0 24 106 10 3 97 318
25 4 2 24 25 1 14 ##H# 25 24 2 0
10 meter deep
Fn 0.15 Leeway Fn 0.259 Leeway Fn 0.366 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 0 11 39|Heel 0 0 31 115|Heel 0 0 76 0
5 0 9 36 5 0 28 109 5 0 66 334
10 0 8 34 10 0 26 104 10 0 0 248
25 1 5 27 25 1 18 133 25 1 0 0
Fn 0.206 Leeway Fn 0.3 Leeway Fn 0.42 Leeway
0 3 6 0 3 6 0 3 6
Heel 0 0 20 72|Heel 0 0 42 152]Heel 0 0 52 285
5 0 17 68 5 0 41 148 5 1 83  #HHHH
10 0 15 63 10 0 38 147 10 2 HHHH 350
25 1 10 51 25 0 28 0 25 2 ##H# 26614




Side Force of the four computed

Yachts

20 meter shallow

Fn 0.15Leeway Fn  0.26Leeway Fn 0.366Leeway
0 3 6] 0 3 6| 0 3 6]
Heel 0 01532 3273Heel 0 -1 0 9527|Heel 4 9002 19412
5 01349 2608 5 -244 4178 9145 338 8482 19444
10 -327 1130 2778 10 -570 3631 8504 10 621 9217 19167
25 -625 520 1866 25 -1401 2041 5942 25 903 8426 0j

Fn 0.206 Leeway Fn 0.3Leeway Fn 0.42Leeway
0 3 6] 0 3 6] 0 3 6]
Heel 0 0 0 5988Heel -1 4918 OHeel 0 11 13393 27424
5 -209 2570 5706 -154 5785 12464 985 14207 28268
10 -499 2178 5206 10 -389 5393 11889 10 1955 14633 28495
25-1099 1018 3463] 25 -953 3782 0j 25 4727 11909 0)

20 meter deep

Fn 0.15Leeway Fn  0.26Leeway Fn 0.366Leeway
0 3 6] 0 3 6] 0 3 6]
Heel 54375 9003|Heel 9 12812 26385|Heel 0 61 17519 53342
5 -1234200 8777 -132 12508 25886 604 26202 53181
10 -269 4037 0j 10 -352 12133 25317 10 1284 26538 52767
25 -4413209 7105 25 -889 9686 20786 25 2114 22730 0)

Fn 0.206 Leeway Fn 0.3Leeway Fn 0.42Leeway
0 3 6] 0 3 6] 0 3 6]
Heel 0 88016 16502|Heel 9 17038 35089|Heel 47 34532 70706
5 -1107820 16193 5 132 16938 34648 5 1523 35500 0
10 -337 7504 15772 10 165 16764 34339 10 2980 36332 70164
25 -6785982 13006 25 32 13690 0j 25 4568 0 0)




10 meter shallow

Fn 0.15Leeway Fn 0.26Leeway Fn 0.366Leeway
0 3 6 0 3 6) 0 3 6)
Heel 0 0 242 525Heel 0 0 715 1519|Heel 0 1 1435 3093
5 -36 208 48] -48 657 1444 49 1485 3110
10 -64 172 436 10 -100 585 1350 10 85 1504 3113
25-112 80 296 25 -222 344 970 25 230 1454 0
Fn 0.206 Leeway Fn 0.3Leeway Fn 0.42Leeway
0 3 6 0 3 6) 0 3 6)
Heel 0 0 450 958|Heel 0 0 956 2031]Heel 3 1616 4436
5 -42 402 902 -22 925 1981 227 2187 10247
10 -92 340 825 10 -54 870 1896 10 442 2465 4625
25-180 173 566 25 -130 630 503654 25 1019 31 0
10 meter deep
Fn 0.15Leeway Fn 0.26Leeway Fn 0.366Leeway
0 3 6 0 3 6 0 3 6
Heel 0 0 6811400[Heel 0 5 1977 4075|Heel 0 2 2891 0
5 -34 6381349 63 1896 3951 5 127 4038 9743
10 -53 6021299 10 -61 1850 3871 10 237 0 8298
25 -78 4771076 25 -143 1492 3837 25 413 0 0
Fn 0.206 Leeway Fn 0.3Leeway Fn 0.42Leeway
0 3 6 3 6 0 3 6
Heel 0 012432558|Heel 0 6 2639 5421{Heel 0 4 4322 10562
5 -3011902485) 5 26 2611 5312 5 298 4923 #HHH
10 -6911352403 10 33 2576 5283 10 554 ##HH# 11111
25-117 9041991 25 6 2108 0 25 285 ###H#H 60372




Appendix VII -resistance forces calculated based on Delft series
Calculations according to formulas in chapter 5: Hull Design in Principles of yacht design
HULL Delft 1
1. Input Values
Lwl 10.04 m
Fur hulls  L=0.7 Lwl 7.028 m
v 0.000001 m?/s
1025 kg/m~*3
Wetted surface: Sw 25.4 m?
T, 0.794 m
midship coeffient Cwmic 0.793433347
T 2.16 m
distance from surface tokeel center of
buoyancy Zcbk 1.3870 m
displacemanet keel 0.6037 m~3
keel wetted surface Swk 5.984294283 m~2
rudder wetted surface Swr 2.115618814 m"2
LCB(fpp) 5.25092 m
Displacement(canuebody) (volume) 9.266536668 m~"3
LCF(fpp) | 5.671399013 m
Cp 0.568
Bwil 3.17 m
Waterline area Aw 21.8 m?
Wetted Cannoe body area Sc 25.4 m?
mean cord of keel Lkeel 2.125 m
mean cord of rudder Lrudder 0.6575 m




2. Frictional resistance

2.1. Frictional resistance of the
Hull

Frictional resistance: Rf=

Cf*0,5*p*V?*Sw in N
Cf=0,075/(log Rn - 2)?

Fn 0.3 0.35 0.4 0.45
Vv 2.98 3.47 3.97 4.47
Rn 2.09E+07 2.44E+07 2.79E+07 3.14E+07
Cf 0.0026493 0.002583868 0.002529128 0.002482276
Rf 305.71 405.82 518.83 644.47
2.2. Frictional resistance of the

keel _ _ _ _

Rnkeel 6326762.75 7381223.21 8435683.67 9490144.13
Cfkeel 0.00265 0.00258 0.00253 0.00248
Rfkeel 72.02 95.61 122.24 151.84
2.3. Frictional resistance of the

rudder _ _ _ _

Rn rudder 1957574.83 2283837.30 2610099.77 2936362.24
cf rudder 0.00407 0.00395 0.00384 0.00376
Rf rudder 39.14 51.64 65.69 81.25
Rfres(hull+keel) 377.73101 501.43591 641.06170 796.31330
cfres 0.00265 0.00258 0.00253 0.00248
Rfres(hull+keel+rudder) 416.86691 553.08044 706.75603 877.56472
cfres 0.00292 0.00285 0.00279 0.00274




3. Residuary resistance
3.1 Residuary resistance of hull

Fn 0.3 0.35 0.4 0.45
a0 0.0056 0.0032 -0.0064 -0.0171
al -0.8005 -0.1011 2.3095 3.4017
a2 0.4891 -0.0813 -1.5152 -1.9862
a3 0.0269 -0.0382 0.0751 0.3242
a4 0.0519 0.032 -0.0858 -0.145
a5 -0.0313 -0.1481 -0.5349 -0.8043
a6 0.0292 0.0837 0.1715 0.2952
a7 0.7314 0.0223 -2.455 -3.5284
a8 -0.3619 0.1587 1.1865 1.3575
speed 2.97730012 3.473516806 3.969733492 4.465950179
Rc/(weigth displaced water) 0.0026456 0.005792072 0.017135595 0.040894065
cw 0.0021363 0.003436196 0.007783219 0.014676256
Rc 247 540 1597 3810
3.1 Residuary resistance of keel } ) )
Fn 0.30 0.35 0.40 0.45
a0 -0.01110 -0.00713 -0.03581 -0.0047
al 0.01421 0.02632 0.08649 0.11592
a2 0.00069 -0.00232 0.00999 -0.00064
a3 0.00021 0.00039 0.00017 0.00035
RRk/dispk*p*g 0.0004 0.0048 0.0489 0.0726
Rk 2.20422068 29.24313517 296.8652869 440.9303131
cwkeel 0.000081 0.000790 0.006142 0.007208
Rres 249 569 1894 4251

cwres

0.00174 0.00293 0.00747 0.01325




Calculations according to formulas in chapter 5: Hull Design in Principles of yacht design

Hull Hejman 20m deep keel

1. Input Values

Fur hulls L=0.7 Lwl

Wetted surface:

midship coeffient

distance from surface tokeel
center of buoyancy

displacemanet keel
keel wetted surface
rudder wetted surface

Displacement(canuebody) (volume)

Waterline area
Wetted Cannoe body area

mean cord of keel
mean cord of rudder

Lwl

Sw

CMc

Zcbk

Swk
Swr

LCB(fpp)

LCF(fpp)
Cp
Bwil
Aw
Sc

Lkeel
Lrudder

18.455
12.9185
0.000001
1025
76.69

0.877

0.79343335
3.201

2.011639
0.9640
11.6
3.677

10.648535
28.758
10.833085
0.49

4.656
56.83

63.1

1.9
0.66

m”3
m”2
m”2




2. Frictional resistance

2.1. Frictional resistance of
the Hull

Frictional resistance: Rf=

Cf*0,5*p*V?*Sw in N
Cf=0,075/(log Rn - 2)?

Fn 0.3 0.35 0.4 0.45
Vv 4.04 471 5.38 6.05
Rn 5.21E+07 6.08E+07 6.95E+07 7.82E+07
Cf 0.00229451 0.00224171 0.00219742 0.00215944
Rf 1469.43 1954.03 2501.78 3111.59
2.2. Frictional resistance of the

keel } } ) }

Rnkeel 7669488.21 8947736.24 10225984.28 11504232.31
Cfkeel 0.00229 0.00224 0.00220 0.00216
Rfkeel 222.26 295.56 378.42 470.65
2.3. Frictional resistance of the

rudder _ _ _ _

Rn rudder 2664138.01 3108161.01 3552184.01 3996207.01
cf rudder 0.00383 0.00372 0.00362 0.00354
Rf rudder 117.58 155.31 197.71 244.70
Rfres(hull+keel) 1691.69345 2249.59039 2880.19743 3582.24477
cfres 0.00271 0.00265 0.00260 0.00255
Rfres(hull+keel+rudder) 1809.27482 2404.89740 3077.91007 3826.94257
cfres 0.00290 0.00283 0.00278 0.00273




3. Residuary resistance
3.1 Residuary resistance of hull
Fn 0.3 0.35 0.4 0.45
a0 0.0056 0.0032 -0.0064 -0.0171
al -0.8005 -0.1011 2.3095 3.4017
a2 0.4891 -0.0813 -1.5152 -1.9862
a3 0.0269 -0.0382 0.0751 0.3242
a4 0.0519 0.032 -0.0858 -0.145
a5 -0.0313 -0.1481 -0.5349 -0.8043
a6 0.0292 0.0837 0.1715 0.2952
a7 0.7314 0.0223 -2.455 -3.5284
a8 -0.3619 0.1587 1.1865 1.3575
speed 4.03657274 4.70933487 5.38209699 6.05485911
Rc/(weigth displaced water) 0.00161006 0.00475446 0.01641626 0.03739565
cw
Rc 466 1375 4747 10814
vin knt ) ) }
3.1 Residuary resistance of keel _ _ _
Fn 0.30 0.35 0.40 0.45
a0 -0.01110 -0.00713 -0.03581 -0.0047
al 0.01421 0.02632 0.08649 0.11592
a2 0.00069 -0.00232 0.00999 -0.00064
a3 0.00021 0.00039 0.00017 0.00035
RRk/dispk*p*g 0.0007 0.0042 0.0529 0.0731
Rk 6.65970112 40.5270591 512.426678 708.805544
cwkeel | 0.000069 0.000307  0.002976  0.003252 |
Rres 472 1415 5259 11522

cwres

0.00076 0.00167 0.00474 0.00821




Appendix VIII Matlab Programm-(Rotate Hull)
%%%%%%% %% %% %% %%software to rotate hull offset%%%%%%86%%% %% %% %% %% %% %% %%
%%%%%%%%%%coordinates and split between port and%%% %%%%% %% %% %% %% % %% %%
%%%%%%0%0% %% %% %% %% %starboard at Zmin%%%% %% % % Y848%8%8%08%8%8%8%48/0 %6 % % %0 %% % % %
clear;
alpha=input(  'rotationswinkel?"' );
fid = fopen( '‘document3.txt' );
C = textscan(fid, '%s "' );
imax = size(C{1},1);
i=1;
while  (i<imax);
nh =stremp(  'HULL' ,C{1}(i));
nk =strcmp(  'KEEL' ,C{1}(i));
nr = stremp( 'RUDDER',C{1}(i));
nb = strcmp(  'BULB' ,C{1}(i));
nt= strcmp( 'RUDDERTIP' ,C{1}(i));
if nh>0
ih=i+1;
end
if nr>0
ir=i+1;
end
if nk>0
ik=i+1;

end
if nb>0

ib=i+1;
end
if nt>0

it=i+1;
end
i=i+1;
end
Ch=C{1}(ih:ib-2);
Ck=C{1}(2:ir-2);
Cr=C{1}ir:ih-2);
Cb=C{1}(ib:it-2);
Ct=C{1}(it:i-1);
sr = size(Cr,1);
sh = size(Ch,1);
sk = size(Ck,1);
sb = size(Cb,1);
st = size(Ct,1);
s=1,;
while (s<sr+1);
Cri(s) = str2double(Cr(s));
s=1+s;
end
s=1,;
while (s<sh+1);
Chi(s) = str2double(Ch(s));
s=1+s;
end
s=1,;
while (s<sk+1);
Ck1(s) = str2double(Ck(s));
s=1+s;
end
s=1,;



while (s<sb+1);

Cb1(s) = str2double(Ch(s));

s=1+s;

end

s=1;

while  (s<st+1);

Ct1(s) = str2double(Ct(s));

s=1+s;

end

% sort data in matrices%

s=1;

s4=1;

while s<sr/4+1;
R(s,1)=Cr1(s4);
R(s,2)=Cr1(s4+1);
R(s,3)=Cr1(s4+2);
R(s,4)=Cr1(s4+3);
s=s+1;
S4=s4+4;

end

s=1;

s4=1;

while s<sh/4+1;
H(s,1)=Ch1(s4);
H(s,2)=Ch1(s4+1);
H(s,3)=Ch1(s4+2);
H(s,4)=Ch1(s4+3);
S=s+1;
S4=s4+4;

end

s=1;

s4=1;

while s<sk/4+1;
K(s,1)=Ck1(s4);
K(s,2)=Ck1(s4+1);
K(s,3)=Ck1(s4+2);
K(s,4)=Ck1(s4+3);
s=s+1;
S4=s4+4;

end

s=1;

s4=1;

while s<sb/4+1;
B(s,1)=Ch1(s4);
B(s,2)=Cb1(s4+1);
B(s,3)=Cb1(s4+2);
B(s,4)=Cb1(s4+3);
s=s+1;
S4=s4+4;

end

s=1;

s4=1;

while s<st/4+1;
T(s,1)=Ctl1(s4);
T(s,2)=Ctl(s4+1);
T(s,3)=Ct1(s4+2);
T(s,4)=Ct1(s4+3);
s=s+1;
S4=s4+4;



end
R1(;,1)=R(:,1);
R1(:,2)=R(:,2)*-1;
R1(:,3)=R(:,3);
R1(:,4)=R(:,4);
H1(;,1)=H(:;,1);
H1(:,2)=H(:;,2)*-1;
H1(:,3)=H(:,3);
H1(:,4)=H(:,4);
K1(:,1)=K(:,1);
K1(:,2)=K(:,2)*-1;
K1(:,3)=K(:,3);
K1(:,4)=K(:,4);
B1(:,1)=B(:,1);
B1(:,2)=B(:;,2)*-1;
B1(:,3)=B(:,3);
B1(:,4)=B(:,4);
T1(:,21)=T(;,1);
T1(,2)=T(:,2)*-1,;
T1(:,3)=T(:,3);
T1(:,4)=T(:,4);
%sorting melting matrices together to get proper st
q=1;
r=2;
ri=1,
Hres = zeros(1,4);
rhl = size(H,1);
while r<rh1+1;
if H(r,4)==1
H2 = H(rl:r-1,)
%this part stay in the same order
if g==1
aqg=r;
end
Hmir =H1(rl:r-1,:);
%this part shall be in inverse order
q=q+1;
H3=[Hmir;H2];
H3 = sortrows(H3,2);
Hres = [Hres;H3];
%putting both sides of the stations together
ri=r,
end
r=r+1;
end
H2 = H(rl:r-1,:)
%this part stay in the same order
Hmir =H1(r1:r-1,:);
%this part shall be in inverse order
q=q;
H3=[Hmir;H2];
H3 = sortrows(H3,2);
Hres = [Hres;H3];
%putting both sides of the stations together
i=size(Hres,1);
Hres=Hres(2:i,:);
il=size(Hres,1);
i=size(Hres,1)/q;
I=1;
Hresl=Hres;
ic=size(Hres1,1);

ations



ic1=1;
ic1=1;
while icl<ic
if Hresl(icl1+1,1)==Hres1(ic1,1)
Hres1(ic1,4)=0;
Hres1(ic1+1,4)=1;
end;
icl=ic1+1;
end;
ic1=1;
while icl<ic
if Hresl(icl,4)==1
Hres1(ic1+1,5)=1;
end
icl=icl+1;
end;
Hresl1(:,4)=Hres1(:;,5);
Hres1(:,5)=[];
Hres1(size(Hres1,1),4)=9;
Hres1(2*qq,4)=1;
Hres=Hres1,
Hres1=[];
s=1,;
while s<sr/4+1;
Rnew(s,1)=R(s,1);
Rnew(s,2)=R(s,2)*cosd(alpha)-R(s,3)*sind(alpha)
Rnew(s,3)=R(s,3)*cosd(alpha)+R(s,2)*sind(alpha)
Rnew(s,4)=R(s,4);
s=s+1,;
end
s=1,
while s<il+1;
Hnew(s,1)=Hres(s,1);
Hnew(s,2)=Hres(s,2)*cosd(alpha)-Hres(s,3)*sind(
Hnew(s,3)=Hres(s,3)*cosd(alpha)+Hres(s,2)*sind(
Hnew(s,4)=Hres(s,4);
S=s+1,
end
s=1,;
while s<sk/4+1;
Knew(s,1)=K(s,1);
Knew(s,2)=K(s,2)*cosd(alpha)-K(s,3)*sind(alpha)
Knew(s,3)=K(s,3)*cosd(alpha)+K(s,2)*sind(alpha)
Knew(s,4)=K(s,4);
S=s+1,
end
s=1,
while s<sb/4+1;
Bnew(s,1)=B(s,1);
Bnew(s,2)=B(s,2)*cosd(alpha)-B(s,3)*sind(alpha)
Bnew(s,3)=B(s,3)*cosd(alpha)+B(s,2)*sind(alpha)
Bnew(s,4)=B(s,4);
s=s+1,;
end

s=1,;

while s<st/4+1;
Tnew(s,1)=T(s,1);
Tnew(s,2)=T(s,2)*cosd(alpha)-T(s,3)*sind(alpha)
Tnew(s,3)=T(s,3)*cosd(alpha)+T(s,2)*sind(alpha)
Tnew(s,4)=T(s,4);

alpha);
alpha);



S=s+1,
end
Hsidel1=[];
Hside22=[];
Hsidel=[];
Hside2=[];
Hinter1=[];
Minval=[];
Hintel=[];
n=2;
nhl = size(Hnew,1);
while n<nh1+1;
if Hnew(n,4)==1,;
firstl=n;
n=nh1+1;
end
n=n+1,;
end
o=first1+1;
ol=firstl;
ohl = size(Hnew,1);
while o<oh1+1;
if Hnew(o0,4)==1,;
H = Hnew(o1:0-1,);
imax = size(H,1);
i=1;
while i< imax
[mv,Imin] = min(H(:,3));
if  H(Imin)==H(Imin+1);
absmin=H(Imin,:);

else
absmin=H(Imin,:);
end
i=i+1;
end

Hsidel= sortrows(Hsidel,3);
Hside2= sortrows(Hside2,3);
Hsidel(:,4)=0;
Hside2(:,4)=0;
Hsidel(1,4)=1;
Hside2(1,4)=1;
Hsidell=[Hsidel1;Hsidel];
Hside22=[Hside22;Hside?2];
end
0=0+1,;
end
Hsidell(size(Hsidel11,1),4)=9;
Hside22(size(Hside22,1),4)=9;
Hsidell=[Hnew(1,:);Hside11];
Hsidell=[Hnew(1,:);Hsidel11];
alphal=alpha;
s=1,
while s<sr/4+1;
R1lnew(s,1)=R1(s,1);
R1new(s,2)=R1(s,2)*cosd(alphal)-R1(s,3)*sind(alp
R1new(s,3)=R1(s,3)*cosd(alphal)+R1(s,2)*sind(alp
R1new(s,4)=R1(s,4);
s=s+1,
end
s=1,
s=1,

hal);
hal);



while s<sk/4+1;

Klnew(s,1)=K1(s,1);
K1lnew(s,2)=K1(s,2)*cosd(alphal)-K1(s,3)*sind(alp
K1lnew(s,3)=K1(s,3)*cosd(alphal)+K1(s,2)*sind(alp
Klnew(s,4)=K1(s,4);

S=s+1,

end

s=1,;

while s<sb/4+1;

Blnew(s,1)=B1(s,1);
Blnew(s,2)=B1(s,2)*cosd(alphal)-B1(s,3)*sind(alp
Blnew(s,3)=B1(s,3)*cosd(alphal)+B1(s,2)*sind(alp
Blnew(s,4)=B1(s,4);

s=s+1,;

end

s=1,

while s<st/4+1;

Tlnew(s,1)=T1(s,1);
T1lnew(s,2)=T1(s,2)*cosd(alphal)-T1(s,3)*sind(alp
T1lnew(s,3)=T1(s,3)*cosd(alphal)+T1(s,2)*sind(alp
T1lnew(s,4)=T1(s,4);

S=s+1,

end

tmax=size(Hside11,1);

t=1,

while t<tmax+1

Hsidell(t,2)=Hside11(t,2)*-1;

t=t+1,;

end

tmax=size(R1new,1);

t=1,

while t<tmax+1

Rnew(t,2)=Rnew(t,2)*-1;

t=t+1,;

end

tmax=size(K1new,1);

t=1,

while t<tmax+1

Knew(t,2)=Knew(t,2)*-1;

t=t+1,

end

tmax=size(Blnew,1);

t=1,;

while t<tmax+1

Bnew(t,2)=Bnew(t,2)*-1;

t=t+1,

end

tmax=size(T1lnew,1);

t=1,;

while t<tmax+1

Tnew(t,2)=Tnew(t,2)*-1;

t=t+1,

end

Hside11(1,4)=1;
Hside11(3,4)=0;
Hside11(4,4)=0;

L=2;
Lmax = size(Hside11,1);
R=1,

hal);
hal);

hal);
hal);

hal);
hal);



y=Hsidel1l;

L=2;
Lmax = size(Hsidel1,1);

y(1,4)=1;

y(3,4)=0;

y(4,4)=0;

St1=[f;

while L< Lmax+1
if y(L,4)==1
y(L,4)=1;
y(L-10:L-1,)=[];

L=Lmax;
end
L=L+1;
end
Hsidell=y;
Hside22(1,4)=1;
Hside22(3,4)=0;
Hside22(4,4)=0;
L=2;
Lmax = size(Hside22,1);
R=1,
y=Hside22;
L=2;
Lmax = size(Hside22,1);
y(1,4)=1;
y(3,4)=0;
y(4,4)=0;
St1=];
while L< Lmax+1
if y(L,4)==1

y(L,)=[1;

L=Lmax;

end
L=L+1;
end
Hside22=y;
%0%%%%%0%0%% %% %% %% %% %% %% %% % %% %% %% % % %%
%

strmat = str2mat( 'KEEL' );

casewrite(strmat, 'myfile4.txt' );

dimwrite( 'myfile4.txt' , Knew, ‘'-append' , 'delimiter’ ,
\t' , 'precision’ , 6);

fid=fopen(  'myfiled.txt' ,at o)

fprintf(fid, 'RUDDER\n' );

fclose=(fid);

dimwrite( 'myfile4.txt' , Rnew, ‘'-append' , 'delimiter’ | S
'precision’ , 6);

id=fopen( 'myfile4.txt' ,at o)

fprintf(fid, 'KEELside2\n' );

fclose=(fid);

dimwrite(  'myfile4.txt' , Klnew, ‘'-append' , 'delimiter’ ,
\t' , 'precision’ , 6);

fid=fopen(  'myfiled.txt' ,at o)

fprintf(fid, 'RUDDERside2\n' );

fclose=(fid);



dimwrite(  'myfile4.txt'
'precision’ , 6);
fid=fopen(  'myfile4.txt'
fprintf(fid, 'Hullside1\n'
fclose=(fid);

dimwrite( 'myfile4.txt'

\t' , 'precision’ , 6);
fid=fopen(  'myfiled.txt'
fprintf(fid, 'Hullside2\n'
fclose=(fid);

dimwrite( 'myfile4.txt'

\t' , 'precision’ , 6);
fid=fopen(  'myfile4.txt'
fprintf(fid, 'BULBsidel\n
fclose=(fid);

dimwrite(  'myfile4.txt'

\t' , 'precision’ , 6);
fid=fopen(  'myfile4.txt'
fprintf(fid, 'BULBside2\n
fclose=(fid);

dimwrite(  'myfile4.txt'

\t' , 'precision’ , 6);
fid=fopen(  'myfile4.txt'
fprintf(fid, 'Ruddertip\n’
fclose=(fid);

dimwrite(  'myfile4.txt'

\t' , 'precision’ , 6);
fid=fopen(  'myfile4.txt'
fprintf(fid, 'Ruddertip2\n'
fclose=(fid);

dimwrite( 'myfile4.txt'

\t' , 'precision’ , 6);
fid=fopen(  'myfile4.txt'
fprintf(fid, 'END\n" );

fclose=(fid);
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Appendix IX Matlab Programm-(read output data)

fid = fopen( 'Y:\shallow keel 10meters\run.bat' );
C1 = textscan(fid, '%s' , ‘'delimiter' , \n' )
fclose(fid);

Str= 'cd y:' ;

L=size(C1{1});

L=L(1,1);

n=1;

Store=[];

while n<L+1;

Cbit=strncmp(C1{1}(n), Str, 5);

if Chit==1

strTemp = (C1{1}(n));

Store=[Store;strTemp];

end

n=n+1,;

end

Srefl=[];

CD=[];

CHL=[;

Iter=[];

L1=size(Store,1);

nl=1;

R1=[];

Lh1=[];

counter=0

while nl<L1+1;

%%%%% %% %% %% %% %% Y% master 100p% %% %% %% %% % %%
counter=counter+1;

pfad=mat2str(cell2mat(Store(nl)));

%%%%%%

fid = fopen([pfad(4:53), ‘\hejmanll m2_OUTPUT' 1J);
C = textscan(fid, '%s' , ‘delimiter’ ;o \nto);
fclose(fid);

%%%%% %% %% %% %% %% %% %% %read density value%%%%%
Str2= 'dens' ;
L=size(C{1});
L=L(1,1);
n=1;
dens=[];
while n<L+1;
Cbit=strncmp(C{1}(n), Str2, 4);
if Chit==1
strTemp = mat2str(cell2mat(C{1}(n)));
dens=[strTemp(10:21)];
end
n=n+1;
end
%%%%% %% %% %% %% %% %% %% %% %read speed value%% % Y0 e U e /0% % % % %% % %
Str2= 'vm_s' ;
L=size(C{1});
L=L(1,1);
n=1;
vm_s=[[;
while n<L+1;
Cbit=strncmp(C{1}(n), Str2, 4);
if Chit==1
strTemp = mat2str(cell2mat(C{1}(n)));
vm_s=[vm_s;strTemp(10:21)];
end

%0%%9%0%%%%%%



n=n+1,;
end
%%%% % %% %% %% %% %% % %% %% %% %% % %read Cd value%
Str2= 'CDRAG';
L=size(C{1});
L=L(1,1);
n=1;
CDRAGE[];
while n<L+1;
Chit=strncmp(C{1}(n), Str2, 5);
if Chit==1
strTemp = mat2str(cell2mat(C{1}(n)));
CDRAG=[CDRAG;strTemp(50:71)];
end
n=n+1,;
end
%%%%%%%% % %% %% %% % %% %% %%%read Cl-horizontal valu@88%8%8%80%%%%%%%%%%% %%
Str2= 'CHTRFS';
L=size(C{1});
L=L(1,1);
n=1;
CHLIFT=[];
while n<L+1;
Cbit=strncmp(C{1}(n), Str2, 5);
if Chit==1
strTemp = mat2str(cell2mat(C{1}(n)));
CHLIFT=[CHLIFT;strTemp(50:71)];
end
n=n+1;
end
%%%%% %% %% %% % % %% % % %% % % %% % % %% % %% %read SHaRo%aME88R888080%%% %% %% %%
Str2= 'Sref*
L=size(C{1});
L=L(1,1);
n=1;
Sref=[];
while n<L+1;
Cbit=strncmp(C{1}(n), Str2, 4);
if Chit==1
strTemp = mat2str(cell2mat(C{1}(n)));
Sref=[Sref;strTemp(50:71)];
end
n=n+1;
end
%%%%%%%% %% %% %% %% %% %% % %% % % %read iteration vald6%%Ye%%%0%0% % %% % % %% %%
Str2= 'Case’ ;
I=size(C{1});
I=I(1,1);
n=1;
iter=[];
while n<I+1;
Chit=strncmp(C{1}(n), Str2, 4);
if Chit==1
strTemp = mat2str(cell2mat(C{1}(n)));
iter=[strTemp(50:66)];
end
n=n+1,;
end
Chit2=0;
%%%%%%%%%%%%calculate resistance and lift forces %% %%%%% %% %% %% % %% %% %%
if size(CDRAG,1)==0;

%0%%%%%%



CDRAG=0;
CHLIFT=0;
Sref=0;
Chit2=1;
end
if Cbit2==0;
CDRAG = str2num(CDRAG(size(CDRAG,1),3));
CHLIFT= str2num(CHLIFT(size(CHLIFT,1),:));
Sref = str2num(Sref(size(Sref,1),:));
end
dens = str2num(dens(size(dens,1),));
vm_s = str2num(vm_s(size(vm_s,1),:));

Lpp=9.14;
R=CDRAG*0.5*dens*Sref*vm_s*vm_s*Lpp*Lpp;
Lh=CHLIFT*0.5*dens*Sref*vm_s*vm_s*Lpp*Lpp;
CD=[CD;CDRAG];

CHL=[CHL;CHLIFT];

Lhl=[Lh1;Lh];

R1=[R1;R];

Srefl=[Srefl;Sref];

Iter=[lter;iter];

nl=nl+1,

end
Lh2=[Lh1(1:12),Lh1(13:24),Lh1(25:36),Lh1(37:48),Lh1

I;

R2 =[R1(1:12),R1(13:24),R1(25:36),R1(37:48),R1(49:6
CHL1=[CHL(1:12),CHL(13:24),CHL(25:36),CHL(37:48),CH
)I;
CD1=[CD(1:12),CD(13:24),CD(25:36),CD(37:48),CD(49:6
R31=[R2(1:3);R2(4:6);R2(7:9);R2(10:12)]
R32=[R2(13:15);R2(16:18);R2(19:21);R2(22:24)]
R33=[R2(25:27);R2(28:30);R2(31:33);R2(34:36)]
R34=[R2(37:39);R2(40:42);R2(43:45);R2(46:48)]
R35=[R2(49:51);R2(52:54);R2(55:57);R2(58:60)]
R36=[R2(61:63);R2(64:66);R2(67:69);R2(70:72)]
Lh31=[Lh2(1:3);Lh2(4:6);Lh2(7:9);Lh2(10:12)]
Lh32=[Lh2(13:15);Lh2(16:18);Lh2(19:21);Lh2(22:24)]
Lh33=[Lh2(25:27);Lh2(28:30);Lh2(31:33);Lh2(34:36)]
Lh34=[Lh2(37:39);Lh2(40:42);Lh2(43:45);Lh2(46:48)]
Lh35=[Lh2(49:51);Lh2(52:54);Lh2(55:57);Lh2(58:60)]
Lh36=[Lh2(61:63);Lh2(64:66);Lh2(67:69);Lh2(70:72)]
CHL21=[CHL1(1:3);CHL1(4:6);CHL1(7:9);CHL1(10:12)]

CHL22=[CHL1(13:15);CHL1(16:18);CHL1(19:21);CHL1(22:
CHL23=[CHL1(25:27);CHL1(28:30);CHL1(31:33);CHL1(34:
CHL24=[CHL1(37:39);CHL1(40:42);CHL1(43:45); CHL1(46:
CHL25=[CHL1(49:51);CHL1(52:54);CHL1(55:57); CHL1(58:
CHL26=[CHL1(61:63);CHL1(64:66);CHL1(67:69);CHL1(70:

CD21=[CD1(1:3);CD1(4:6);CD1(7:9);CD1(10:12)]

CD22=[CD1(13:15);CD1(16:18);CD1(19:21);CD1(22:24)]
CD23=[CD1(25:27);CD1(28:30);CD1(31:33);CD1(34:36)]
CD24=[CD1(37:39);CD1(40:42);CD1(43:45);CD1(46:48)]
CD25=[CD1(49:51);CD1(52:54);CD1(55:57);CD1(58:60)]
CD26=[CD1(61:63);CD1(64:66);CD1(67:69);CD1(70:72)]

(49:60),Lh1(61:72)

0),R1(61:72)];
L(49:60),CHL(61:72

0),CD(61:72)];

24)]
36)]
48)]
60)]
72)]



Appendix X Tables describing the used meshes & grid dependence
studies
General input values for boundary layer computation
turbulent flow
t11 0.0001
h12 1.4 (Form factor at data point)
Deep configuration
number of start of tracing first panel last panel start end
streamlines
Hull
40 10 20 5.5 375 0.3Lwl 0.7Lwl
Keel
40 10 20 25 27.5 0.3Lwl 0.7Lwl
Rudder
40 10 20 25 27.5 0.2Lwl 0.8Lwl
Shallow configuration
number of start of tracing first panel last panel start end
streamlines
Hull
40 10 20 5.5 375 0.3Lwl 0.7Lwl
Keel
40 10 20 25 47.5 0.3Lwl 0.7Lwl
Rudder
40 10 20 25 27.5 0.2Lwl 0.8Lwl
Bulb
40 10 20 5.5 45.5 0.3Lwl 0.7Lwl

Table 1 of Appendix IX General input values for boundary layer computation.

»t11“ is referring to momentum thickness at a specific data point, “h12” is referring to the
form factor at a data point, “start of tracing” is referring to the station from where the
streamline tracing is started, “first panel” and “last panel” is referring to the stations which
are defining the boundaries of the streamline tracing in the longitudinal direction, “start”
and “end” is referring to the positions which are defining the boundaries of the streamline

tracing in transverse direction (in the SHIPFLOW coordinate system).




General data

Hull length 1wl
hyperbolic strech
functionin y direction

one specified end

Number of panels

recommended

panels used panels  used panels used panels used panels

Fn A at amidships at amidships upstream downstream y-direction
0.15 0.14Lwl 177 50 50 67 20
0.21 0.28Lwl 90 50 50 75 20
0.26 0.42Lwl 59 50 50 95 20
0.30 0.57Lwl 44 40 40 88 20
0.37 0.86Lwl 29 30 30 75 20
0.42 1.11Lwl 23 23 23 64 20

Table 2 of Appendix IX Data defining the free surface mesh (number of panels).

“recommended panels” is referring to the recommended number of free surface panels (25
per wave length) in the longitudinal direction,”used panels at amidships” is referring to the
number of free surface panels which have finally been used at amidships (in the longitudinal
direction), “used panels upstream” is referring to the number of free surface panels which
have been used upstream the hull (in the longitudinal direction). “used panels y-direction” is
referring to the number of free surface panels which have been used in the transverse
direction.

Size of mesh

size of first mesh size- mesh size — mesh size -

Fn panel y direction upstream downstream
0.15 0.020Lwl 1.40Lwil 1Lwil 2.34Lwil
0.21 0.020Lwl 1.50Lwil 1Lwl 2.50Lwl
0.26 0.020Lwl 1.74Lwl 1Lwl 2.90Lwl
0.30 0.022Lwl 1.92Lwil 1Lwl 3.20LwI
0.37 0.033Lwl 2.10Lwl 1Lwl 3.50Lwl
0.42 0.035Lwl 2.28Lwl 1Lwil 3.80LwI

Table 3 of Appendix IX Data defining the free surface mesh .

“size of first panel” is referring to the size of the first panel of the free surface in the y
direction (transverse direction),”mesh size- y direction” is referring to the size of the free
surface mesh in the transverse direction, “mesh size — upstream” is referring to the
longitudinal extension of the free surface in the upstream direction, “mesh size -
downstream” is referring to the longitudinal extension of the free surface mesh in the
upstream direction.



Grid dependency study

Froude Nr. 0.15

Leeway 0

Heel 0

Mesh data

Nr. Panels (trans. Direction) 30

Size of first panel(trans.

direction) 0.02

Specific grid data mesh 1 mesh 2 mesh 3
Nr. panels amidships

(long. direction) 50 100 150

Nr. panels downstream

(long. direction.) 50 100 150

Nr. panels upstream

(long. direction.) 25 50 75
Results

cw 7.9972E-03 7.8262E-03 7.7188E-03
V(displacement) 2.3262E-03 2.3235E-03 2.3215E-03
Nr. of Iterations 5 7 20(max)

Table 4 of Appendix IX Free surface grid dependence study for low Fn.

“Nr. Panels (trans. Direction)”, is referring to the number of free surface panels which have
been used in the transverse direction “Size of first panel(trans. direction)” is referring to
the size of the first panel in y direction, “Nr. panels amidships (long. direction)” is
referring to the number of free surface panels which have been used at amidships in the
longitudinal direction, “Nr. panels downstream (long. direction.)” is referring to the
number of free surface panels which have been used downstream the hull in the
longitudinal direction, “Nr. panels upstream (long. direction.)” is referring to the number
of free surface panels which have been used upstream the hull in the longitudinal direction.

Mesh 1 2 3 4 5 6 7
Parameters
first panel size 0.01LwlI 0.01Lwl 0.09LwI 0.008Lwl  0.007Lwl  0.006Lwl  0.001LwlI
last panel size 0.01Lwl 0.01Lwl 0.09Lwl 0.008Lwl 0.007Lwl 0.006LwlI 0.001Lwl
stations 30 40 44 50 57 67 80
points 12 12 12 15 17 20 24
stretch
function 5 5 5 5 5 5 5
Results
cw 7.777E-03 7.841E-03  7.738E-03  7.764E-03 7.741E-03 7.710E-03 7.678E-03
displacement 4,595E-03 4.614E-03  4.603E-03 4.619E-03 4.622E-03 4.624E-03 4.623E-03
iterations 5 5 5 5 6 6 5

Table 5 of Appendix IX Hull grid dependence study (mesh 1 has been used)

In table 6 the term “first panel size” is referring to the size of the first hull panel (at the
bow) in longitudinal direction, “last panel size” is referring to the size of the last hull panel
(at the stern) in longitudinal direction, “stations” is referring to the number of hull panels in



longitudinal direction. “Points” is referring to the transverse number of hull panels. Stretch
function 5 is a hyperbolic stretch function with two specified ends.

Grid dependence keel

Fn 0.15
Leeway 6
Heel 0

Hyperbolic stretch function

two specified ends

station | point dil dfl cd cl
mesh 1 20 30 0.0005 0.001 0.0025 -0.0271
mesh 2 20 50 0.0002 0.0004 0.0026 -0.0282
mesh 3 20 15 0.001 0.002 0.0029 -0.0287
mesh 4 30 30 0.0005 0.001 0.0026 -0.0280

Table 6 of Appendix IX grid dependence of shallow keel variation lengthwise and girth wise
panels.

In Table 6 “point” is referring to the number of the keel panels in the keels longitudinal
direction, "station” is referring to the number of the keel vertical direction. “df1” is referring
to the size of the first panels (in longitudinal direction), “dl1” is referring to the size of the
last panel (in longitudinal direction).



