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Abstract

The most widely used model for sail force coe Lciehts is probably Hazen’s model. The
model, which is presented in [18], o [erk great flexibility and can be used for a wide range
of di Cerknt sail plans. However, even if it has been extensively used since Hazen presented
the model in 1980 and is still used today 4 decades later, it has shown not to be fully
satisfying for downwind analysis of sails. To properly analyze the Olympic sailing class
dinghy ILCA 7 sailing downwind, the aerodynamic sail coe [ciehts of the new bi-radial
MKII sail first has to be retrieved from experimental wind tunnel tests.

The sail coe [ciehts can then be used in a Velocity Prediction Program (VPP), where they
are balanced against the corresponding hydrodynamic coe [ciehts, obtained from experi-
mental towing-tank tests of a full-scale ILCA dinghy in 2014 at SSPA, a Swedish Maritime
Consulting Company, situated at the main campus of Chalmers University of Technology
in Gothenburg Sweden. With the output from the VPP, in the form of a polar plot, the
optimal way to sail the ILCA 7 dinghy can be established, which is of great value for the
Swedish elite ILCA 7 dinghy sailor, who will have the honor of representing Sweden at the
Summer Olympics 2024.

A 1:7 scale model of the new bi-radial MKII sail, released in 2016, was manufactured by
North Sails and tested for downwind sailing in flat water conditions, in the low turbulence
subsonic wind tunnel, at Chalmers University of Technology. The sail model was tested
for two di Lerent apparent wind speeds that represented light and strong wind conditions.
The Reynolds numbers for these two conditions were 1.8 < 10° and 3.0 x 10°, respectively.
Even though the flow at these Reynolds numbers presumably is turbulent, a grid, that
induced turbulence with an intensity of 2% was used and the sail model was therefore with
certainty tested in turbulent flow. For the light wind condition, the sail model was tested
for five di[erknt headings, three dilerknt heel angles (upright condition included), seven
di [erkent sheet angles and for each configuration of these, three di [erknt settings with the
kicker were tested. For the strong wind condition, only the heading corresponding to when
the ILCA 7 dinghy is sailed dead downwind in a planing mode was of interest; for that
heading, the sail model was tested for the upright sailing condition, i.e. with a heel angle
of 0°, for four dilerknt sheet angles and three diLerknt settings with the kicker. For each
configuration of these variables, for both wind conditions, the other two trim controls,
the outhaul and the cunningham were continuously trimmed. Altogether 327 dilerent
configurations of the above mentioned variables were tested.

This Master’s Thesis describes how the aerodynamic sail coe [Ciehts were retrieved from
experimental tests in Chalmers low-turbulence subsonic wind tunnel and how the mea-
surements were corrected for blockage e [edts, after performing a numerical analysis with
Reynolds Averaged Navier-Stokes (RANS) simulations, using the commercial CFD-code
STAR-CCM+. The final results is a full set of sail coe [ciehts needed for optimizing
downwind sailing of the ILCA 7 dinghy, using a VPP.

Keywords: ILCA 7, MKII Sail, Scaling, Chalmers Subsonic Wind Tunnel, Blockage Ef-
fects, Sail Coe Lciehts, STAR-CCM+, RANS, DES, Verification & Validation

Vi






Acknowledgments

I would like to pay my sincere gratitude to the persons below, who all made it possible
for me to carry out this Master’s of Science Thesis in Naval Architecture and Ocean En-
gineering.

Professor Lars Larsson, my supervisor, for his tolerance and continuous support, during
the whole project.

Professor Rickard Bensow, my examiner.

Richard Lindstrand Levin, a former Ph.D. student at Chalmers, for his support in the
initial phase of the project.

Arash Eslamdoost, Associate Professor at Mechanics and Maritime Sciences, Division of
Marine Technology, for continuously providing me with a valid academic power of demand
(PoD) license to the commercial CFD-code STAR-CCM™.

Adam Persson, Ph.D. student, at Chalmers University/SSPA Sweden AB, for letting me
borrow his CAD model of the old MKI sail for the ILCA 7 dinghy.

Valery Chernoray, Research Professor and Director of Chalmers Laboratory of Fluid and
Thermal Science, and Isac Johnsson, Research Engineer, at Applied Mechanics for their
help and support, when performing the experimental tests in Chalmers low turbulence
subsonic wind tunnel.

The personnel at North Sails in Gothenburg, who did a fantastic job manufacturing the
sail model.

The personnel in the mechanical workshop, at SSPA Sweden AB for manufacturing the
nice mast model.

Daniel Birgmark, Swedish Olympic Finn class sailor and head trainer at The Royal Gothen-
burg Yacht Club (GKSS); the elite ILCA 7 dinghy sailors at GKSS, for their expertise and
help in the prephase, when analyzing how the ILCA 7 dinghy should be sailed and in the
initial phase of the experimental tests, evaluating the manufactured sail model; assisting
the author with trimming the sail model.

The computations were performed on resources at the National Supercomputer Centre
(NSC) and Chalmers Centre for Computational Science and Engineering (C3SE), pro-
vided by the Swedish National Infrastructure for Computing (SNIC); | want to thank the
personnel at C3SE for their support.

Gustaf Magnander, Gothenburg, October 2022

viii









Contents

List of Figures XV
List of Tables xli
1 Introduction 5
1.1 Background . . . . . . . . . .. e e e 5
1.2 Objective . . . . . . . 7
1.3 Delimitation's . . . . . . . .. 7
2 Theory 9
2.1 Governing Flow Equations . . . . . . . . .. . ... 9
2.1.1 The Navier-Stokes Equation . . . . . . . ... ... ... .. ..... 9
2.2 Turbulence . . .. . .. e 11
221 TurbulentMean Flow . . . ... ... ... ... .. ... ...... 12
2.3 Discretization . . . . . ... 15
231 Meshing . . . . . . . . e 16
2.3.2 Boundary Conditions . . . . .. .. ... 16
2.4 AerodynamiCs . . . . . . .. 18
241 TheAirowAroundaSail. .. ..................... 18
2.4.2 The Velocity Triangle & Velocity Made Good (VMG) . .. ... .. 21
2.5 Chalmers Low Turbulence Subsonic Wind Tunnel . . . . . . ... ... ... 22
251 Airowinthe Wind Tunnel . . . . . ... ... .. ... ... ... . 23
2.5.2 Wind Tunnel Equipment . . . . . . . ... ... . ... 29
26 Scaling . . . . . .. 32
2.6.1 Dimensional Analysis & Similarity . . . . ... ... ... ...... 32
26.2 ScalelLaw . . . . .. . . .. 33
26.3 Hooke'slLaw . . ... ... . ... 35
2.6.4 Elemental Case for a Cantilever Beam . . . . . . ... ... ..... 36
2.6.5 AreaMomentoflnertia . ... ... .. ... ... ... ... .. 38
2.6.6 Flexural Rigidity . . . . . . . . . . ... 39
2.7 Sail Area Measurement with the ORC Method . . ... ... ... ..... 39
2.8 Grid Dependence Study . . . . . . ... 40
2.8.1 Isotropic Volume Grid Generation . . . ... ... .......... 40
2.8.2 Anisotropic Sub-Layer Grid Generation . . ... ... ........ 41
2.9 \Verication & Validation. . . . . ... ... . L 41
2.9.1 Verication . . . ... . . . . 41
29.2 Validation . .. .. .. ... ... 41
2.9.3 ErrorEstimation . . . ... ... ... o 42
2.10 Chalmers Compute Cluster . . . . . . . . . . . . . it 46



Contents

3 Test Object 47
3.1 ThelLCADInghy . . . . . . . . . 47
3.1.1 The Old MKI Sail and the New MKIl Sail . . . .. ... ....... 47
3.1.2 TheMast&theBoom . . ... ... ... ... ... ... ...... 48
3.1.3 Trim Controls on the Full-Scale ILCA Dinghy . . . . ... ... ... 49
3.1.4 Sailing the ILCA 7 Dinghy Downwind . . .. .. .. ......... 52
4 Methods 57
4.1 Experimental Setup . . .. . . . ... 57
4.1.1 Downwind Sailing and Sail Trim Analysis . . .. ... ... ..... 57
4.1.2 The Sail Prototype . . . . . . . . . . 60
4.1.3 The MastPrototype . . . . . ... . ... .. .. .. .. . .. ... 60
4.1.4 Elemental Case for a Cantilever Beam . . . . . ... ... ...... 60
415 Scaling . ... ... 65
416 The SailModel . .. ... ... ... . ... ... .. 70
417 The MastModel .. ... ... . ... ... ... ... .. 70
41.8 TheBoomModel . . .. ... ... ... .. ... ... 72
419 ScaleEects . ... .. ... 72
4.2 Wind Tunnel Equipment . . . . . . . . .. ... 74
4.2.1 Design and Manufacture of the Mounting Bracket . . ... ... .. 74
4.2.2 Design and Manufacture of the Test Section Floor and the Alu-
minum Cover Plate . . . . . . . . . .. . . ... ... ... 76
4.2.3 Installation of the Balance and the Mounting Bracket . . .. .. .. 77
4.2.4 Installation of the Pitot-Static Tube . . . . ... ... ... ... .. 78
4.2.5 Installation of the Mast Model and the Sail Model . . . .. ... .. 78
4.3 Experimental Tests . . . . . . . . . . e 79
4.3.1 Trimming The Sail Model . . . .. ... ... ... .......... 79
4.3.2 Test Procedure and Data Acquisition. . . . .. ... ... ...... 81
433 TunnelTests . . ... . . . . . . . . . . e 82
4.4 Numerical Setup . . . . . . . . . e 90
441 SaillModel .. ... .. .. ... 90
4.42 Computational Domains . . . . . . ... ... ... 90
4.4.3 Grid Dependence Study . . . ... ... ... oo e 92
4.4.4 Veri cation Analysis of Discretization Uncertainty . . . . . ... .. 96
445 Sail Camber & Sheet Angle Analysis . . . . ... ... ........ 96
44.6 Blockage Eects .. .. ... ... . .. .. ... e 100
4.4.7 Sail Area Measurement with the ORC Method . . . . . ... .. .. 100
45 Post-Processing . . . . . . . . . e 100
4.5.1 Correction of the Sampled TestData . . . . ... ... ........ 101
4.6 Validation . . . . . . . .. 102
5 Results 103
5.1 Numerical Investigation . . . .. .. .. .. ... .. .. .. ... ... 103
5.1.1 Grid Dependence Study . . . . . . ... ... 103
5.1.2 RANS Simulations . . . . . . ... 104
5.1.3 Verication Analysis of Discretization Uncertainty . . . .. ... .. 106
5.1.4 Sail Camber & Sheet Angle Analysis . . . . ... ... ... ..... 106
5.1.5 Detached-Eddy Simulation (DES) . ... ... ... ......... 116
5.1.6 Blockage Eects . ... ... ... . ... ... 119
5.2 Experimental Tests . . . . . . . . . . . e 121

Xli



Contents

5.2.1 MastData (Full-Scale) . . . .. ... ... .........
5.2.2 Mast Data (Model-Scale) . . ... .............
5,23 ScaleEects ... .. ... .. .. ...
53 Wind Tunnel Tests . . . . . . . .. . . . . . .. . .. . .. . ....
531 BalanceTests . . . ... ... ... . ... ... ... ...
532 LightWindTests. . . ... ... ...............
533 StrongWindTests . . . . ... ... ... .........
5.4 Validation . . . . . .. ... e
5.4.1 Plotted and Tabulated Data of Sail Coecients . . . . . . .

6 Conclusions
Bibliography

A Appendix

A.l Turbulence . . ... ... . .. ...
A1l The Exact vVOV0 Equation . . ... ..............
Al12 ThekEquation. . ... ... ... ... . . .........
A.1l.3 The" Equation . . .. ... ... .. .. ... .. ......
A.1.4 The Boussinesq Assumption . . . . . . ... ... .....
Al5 Thek "Model ... ... ... ... ... ... . ...

A.2 Turbulence Intensity . . . . . .. .. .. ... .. .. .. . ...

A.3 Acquisition Settings . . . . .. ...

A.4 Numerical Investigation . . . .. .. .. ... ... .........
A.4.1 GCrid Dependence Study . . . .. ... ... ........
A.4.2 Veri cation Analysis of Discretization Uncertainty . . . . .

A5 Sail Camber & Sheet Angle Analysis . . . . ... ... ......

A.5.1 Grid 3 of the Normal Domain & Cambered Sail Model

A.5.2 RANS Simulations . . . . ... .. ... ... ... ...
A.5.3 Detached-Eddy Simulations (DES) . . ... .. .. .. ..
A6 Wind Tunnel Tests . . . . . . . . . . .. .. . . . ... ...
A6.1 LightWindTests. . . ... ..................
A6.2 StrongWindTests . . . . .. .. .. .. ... .. ......

Xiii



Contents

Xiv



2.1

2.2

2.3

2.4

2.5

2.6
2.7
2.8
2.9

2.10

2.11
2.12

2.13

2.14

2.15

2.16
2.17

List of Figures

Top view of a 2D sail pro le, where the theoretically zero sail thickness is shown as well as the
chord, which is the imaginary straight line from the lu to the leech. The maximum camber
and its position along the chord are also illustrated.

Laminar air ow around the ILCA 7 dinghy sail, showing the pressure side and the suction side.
The closer streamlines, the higher the velocity magnitude, and vice versa.

The normal pressure force and the tangential friction force, in every point on the 2D sail
pro le, have been replaced by a resultant force, i.e. the total aerodynamic force, which here is
decomposed into a lift force and a drag force. The Center of E ort (CoE), where the resultant
total aerodynamic force "works" is also illustrated.

The image shows a 2D case of the ILCA 7 dinghy sailing downwind. The apparent wind speed,
the total aerodynamic force and its components, i.e. the drive force, which is aligned with the
apparent wind, and the side force are illustrated.

The velocity triangle for the ILCA 7 dinghy, sailing downwind. Note that it is assumed that

no leeway exists. The Velocity Made Good (VMG), which is the component of the boat speed
Vg that is aligned with the direction of the true wind, is also illustrated.

Pro le view of Chalmers subsonic semi-closed loop tunnel.

The acceleration of the air ow in the nozzle, in Chalmers low turbulence subsonic wind tunnel.

A close-up image of one cell in the grid used for generating turbulent ow in the test section.
Picture of the octagonal test-section, where the grid can be seen behind the sail model, which
in the picture is tested for a heel angle of 20 °, a sheet angle of 90° and with the light trim with
the kicker.

Picture of the Twisted Flow Wind Tunnel (TFWT), at the University of Auckland SW, in New
Zeeland, which is an open circuit wind tunnel; equipped with vertical turning vanes that can

be twisted and generate twisted ow. The picture is published with the approval of Professor
Richard GJ Flay, at The University of Auckland, New Zeeland.

Growth of a boundary layer on a at plate. The image is modeled from Fig. 7.3 in [36].

The picture shows the external 6-comp. strain-gauge wind tunnel balance, mounted under the
test section, that was used in this project.

lllustration of the coordinate system in Chalmers wind tunnel, where the drag force D points
in the opposite direction of the air ow.

lllustration of the coordinate system of the 6-component wind tunnel balance, where + X points
in the opposite direction of the air ow

Top-view illustration of the round-nosed Pitot-static tube that was used for measurement of
the total pressure Pyt and the static pressure Pstat in the test section.

Elemental case for a cantilever beam, Table 32.1 in [14].

Cross sections of the aluminum mast bottom section and the aluminum mast top section, where

a1 and by are the outer and inner radius of the mast bottom section; a» and b, are the outer

and inner radius of the mast top section, respectively.

18

18

19

20

21
22
24
25

25

26
27

29

30

30

31

36

38

XV



List of Figures

XVi

2.18

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

3.9

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9
4.10

4.11
412
4.13
4.14

4.15
4.16

4.17

4.18

4.19
4.20

The image illustrates how the measures are taken in a main sail with the ORC-method.

ILCA 7 MKI Sail.

ILCA 7 MKII Sail.

The bottom section for the ILCA 7 dinghy (from ILCA).

The top section (aluminum) for the ILCA dinghy (from ILCA).

The boom for the ILCA dinghy (from ILCA).

The trim controls on the full-scale ILCA dinghy, i.e. the sheet, kicker, cunningham & outhaul.
Downwind sailing in light wind conditions. The picture is taken from the ILCA guide [34] and
published with the approval of SSF.

Downwind sailing in strong wind conditions. The picture is taken from the ILCA guide [34]
and published with the approval of SSF.

Trim recommendations on the downwind leg, from the Laser Guide [34], compiled by SSF.

The gure shows a top view of the ILCA 7 dinghy and the ve di erent headings and the
seven di erent sheet angles  for the downwind analysis of the MKII sail, as well as the direction
of the air ow in the wind tunnel, i.e. the apparent wind, the apparent wind angle and the angle
of attack.

The illustrations show the three di erent heel angles and three di erent settings with the
kicker that the sail model was tested for in the wind tunnel tests, where LKT, MKT and HKT,
stands for Light Kicker Trim, Medium Kicker Trim and Hard Kicker Trim, respectively.

The free body diagram illustrates the combined mast and the di erent de ned lengths of the
mast foot, the overlap and the two sections, the point load P, the internal reaction forces and
moments over the cuts. .

Flexural tests of the ILCA 7 mast, for the analysis of the displacement curve.

The image shows how the geometrical center of e ort CoE in the sail model, only varies slightly
in the z-direction, for the three heel angles, i.e. 0 °, 10° and 20°. .

A CAD model of the manufactured mounting bracket, positioned on the wind tunnel balance.
The trim controls and the other small equipment such as blocks and cleats are also shown.
Top view of the rotation pattern that was milled in the test section oor for the align- -ment
of the sail model.

Top view of the aluminum plate that covered the rotation pattern in the oor and prevented
leakage.

Installation of the wind tunnel balance and the mounting bracket in the test section.

A picture of the round-nosed Pitot-static tube that was used for the measurements of the total
and static pressure in the wind tunnel tests.

The mast model and the sail model mounted in the mounting bracket, inside the test section.
Trim controls on the full-scale sail.

Trim controls on the sail model.

The owchart shows the test procedure and data acquisition, when performing the wind tunnel
tests, for both wind speeds.

The owchart for the repeatability tests.

Drag tare test 1. Only the mounting bracket is present in the test section, in order to isolate
and register its contribution of the drag tare.

Drag tare test 2. The mounting bracket is lowered under the wind tunnel oor and the contri-
bution of the drag tare from everything under the sail is registered.

A close-up picture of the balance, mounted in the calibration frame, and the weight carrier,
with the calibrated control weights.

An oblique view of the at sail model positioned in the normal computational domain.

An oblique view of the at sail model positioned in the large computational domain.

40

a7
a7
48
48
49
50
52

53
53

59

59

61

72

75

75

76

76
77

78
78
80
80

81
87

88
89
89

91
91



List of Figures

4.21
4.22

5.1

52

5.3

54

55

5.6

5.7

5.8

5.9

5.10

511

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

Cross sectional dimensions [mm] of the inlet, of the normal computational domain.

Cross sectional dimensions [mm] of the inlet, of the large computational domain.

Calculated drive force coe cients Cg,, [] vs grid, for both computational domains with the
at sail model.

Calculated drive force coe cients Cf,, [] Vs step size l:g No: Cells, for the at sail model in
the normal computational domain. .
Calculated drive force coe cients Cg,, [] Vs step size 1=B No: Cells, for the at sail model in
R

ni =n;, for the at sail

the large computational domain.
Drive force coe cients Cg,, [] vs the relative step size hj =h; =
model in the normal domain, showing the observed order of convergence p = 0:5 and the

o

ni =nj, for the at sail

estimation of the uncertainty U = 1:8%.

Drive force coe cients Cfg,, [] vs the relative step size hj =h; =
model in the large domain, showing the observed order of convergence p =0:9 and the estima-
tion of the uncertainty U = 1:5%.

Calculated drive force coe cients Cg,, [] vs turbulence model, for the at sail model (FSM)
and the cambered sail model (CSM) in the normal computational domain (NCD).

Calculated drive force coe cients Cg,, [] Vs turbulence model, for the at sail model (FSM)
and the cambered sail model (CSM) in the large computational domain (LCD).

Calculated drive force coe cients Cg,, [] vs turbulence model, for the cambered sail model
(CSM), in the normal computational domain (NCD) are compared with measured drive force
coe - -icients from the wind tunnel tests.

Numerical/Experimental ratio of the calculated drive force coe cients Cg, [ vs turbulence
model for the cambered sail model (CSM), in the normal computational domain (NCD) and
the measured drive force coe cients from the wind tunnel tests.

Calculated drive force coe cients Cg,, [] vs sheet angle [, for both sail models and both
computational domains.

Calculated pitch moment coe cients  Cy,, [] vs sheet angle [°], for both sail models and both
computational domains.

Calculated side force coe cients Cgg [ vs sheet angle [, for both sail models and both
computational domains.

Calculated roll moment coe cients  Cpy , [1 vs sheet angle [], for both sail models and both
computational domains.

Calculated lift force coecients Cg, [] vs sheet angle [], for both sail models and both
computational domains.

Calculated yaw moment coe cients Cy, [] Vs sheet angle [], for both sail models and both
computational domains.

Top view of the normal computational domain, showing the pressure distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. .

Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. .

Top view of the normal computational domain, showing constrained streamlines, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. .

Top view of the large computational domain, showing the pressure distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. .

Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. .

Top view of the large computational domain, showing constrained streamlines, at the height of
the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. .

92
92

. 105

. 105

. 105

. 106

. 106

. 107

. 107

. 107

. 107

. 108

. 108

. 109

. 109

. 109

. 109

. 111

111

. 111

. 112

. 112

. 113

XVii



List of Figures

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33

5.34

5.35

5.36

5.37

5.38

5.39

5.40

XVviii

Top view, of constrained streamlin- -es around the at sail model, at the height of CoE, in the
normal computational domain, showing the angle by which the air ow separates from the sail.
Top view, of constrained streamlines around the cambered sail model, at the height of CoE, in
the normal computational domain, showing the angle by which the air ow separates from the
sail.

Top view, of constrained streamlin- -es around the at sail model, at the height of CoE, in the
normal computational domain, showing two huge separation bubbles, as well as the length and
width of the wake.

Top view, of constrained streamlines around the cambered sail model, at the height of CoE, in
the normal computational domain, showing two huge separation bubbles, as well as the length
and width of the wake.

Residual vs iteration, from RANS simulations with the cambered sail model, with a sheet
angle of 90°, in the normal computational domain & grid 3, showing the graphs of the Con-
tinuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent
dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from RANS simulations with the cambered sail model, with a sheet angle
of 90°, in the large computational domain & grid 3, showing the graphs of the Continuity (red),
X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent dissipation rate
(cyan) and the Turbulent kinetic energy (purple).

Average drive force coe cients Cg,, [-] from the last 100 000 iterations (2.5 physical seconds)
from DES with S-A turbulence model vs the sheet angle [°], for both domains.

2D Top view of the normal computational domain, showing the velocity distribution, at the
height of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90  °. .
Top view, of the normal computational domain, showing constrained streamlines and the cam-
bered sail model, with a sheet angle of 90 °, at the height of the center of e ort (CoE).

Side view, of the normal computational domain, showing the velocity distribution, at a centered
xz -plane; the cambered sail model, with a sheet angle of 90 °.

Side view, of the normal computational domain, showing constrained streamlines, at a centered
xz -plane; the cambered sail model, with a sheet angle of 90 °.

Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °

Residual vs iteration, from DES with the cambered sail model, with a sheet angle of 90  °, in the
normal computational domain & grid 3, showing the graphs of the X-momentum (green), Y-
momentum (blue), Z-momentum (yellow) and Spalart-Allmaras Turbulent kinetic energy (red)

of the last 50 iterations, with maximum 5 inner iterations.

Extrapolation of the correction factors ], from the drive force coe cients Cg,, [] with the
method "Least-Square Approximation by Natural Cubic Splines”, with Matlab's Curve Fitting
Toolbox.

Extrapolation of the correction factors [, from the side force coe cients Cgg [] with the
method "Least-Square Approximation by Natural Cubic Splines”, with Matlab's Curve Fitting
Toolbox.

The cuts and the theoretical displacement curve as well as the loading points and the experi-
mental displacement curve of the combined full-scale ILCA 7 mast.

Corrected drive force coe cients Cg,, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 0°. .

Corrected drive force coe cients Cg,, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 10°.

Corrected drive force coe cients Cg,, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 20°.

114

. 114

. 114

. 114

. 115

. 115

. 116

. 117

. 117

. 118

. 118

. 118

. 119

. 120

121

. 122

. 126

. 126

. 126



List of Figures

541

5.42

5.43

5.44

5.45

5.46

5.47

5.48

5.49

5.50

5.51

5.52

5.53

5.54

5.55

5.56

5.57

5.58

5.59

5.60

5.61

5.62

5.63

5.64

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Corrected drive force coe cients

Cry [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 160
Cry [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 160
Cg, [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 160
Cr, [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 170
Cry [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 170
Cry [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 170
Cr, [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 180
Cry [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 180
Cry [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 180
Cry [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 190
Cg, [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 190
Cry [ vs sheet angle
kicker: LKT, MKT and HKT, for the heading: 190

[°], for the three settings with the

° and the heel angle: 0°. .

[°], for the three settings with the

° and the heel angle: 10°.

[°], for the three settings with the

° and the heel angle: 20°.

[, for the three settings with the

° and the heel angle: 0°. .

[°], for the three settings with the

° and the heel angle: 10°.

[}, for the three settings with the

° and the heel angle: 20°.

[°], for the three settings with the

° and the heel angle: 0°. .

[°], for the three settings with the

° and the heel angle: 10°.

[°], for the three settings with the

° and the heel angle: 20°.

[°], for the three settings with the

° and the heel angle: 0°. .

[, for the three settings with the

° and the heel angle: 10°.

[°], for the three settings with the

° and the heel angle: 20°.

Corrected side force coe cients Cgg [ vs sheetangle [, for the three settings with the kicker:

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

Corrected side force coe cients Cgg

LKT, MKT and HKT, for the heading:

150 ° and the

[1 vs sheet angle

150 ° and the
[1 vs sheet angle
150 ° and the

[] vs sheet angle
160 ° and the
[-] vs sheet angle
160 ° and the
[1 vs sheet angle
160 ° and the
[1 vs sheet angle
170 ° and the

[] vs sheet angle
170 ° and the

[] vs sheet angle

170 ° and the
[1 vs sheet angle
180 ° and the

[1 vs sheet angle
180 ° and the
[] vs sheet angle
180 ° and the

heel angle: 0°.

[°], for the three settings with the kicker:

heel angle: 10°.

1], for the three settings with the kicker:

heel angle: 20°.

[°], for the three settings with the kicker:

heel angle: 0°.

[°], for the three settings with the kicker:

heel angle: 10°.

1], for the three settings with the kicker:

heel angle: 20°.

121, for the three settings with the kicker:

heel angle: 0°.

121, for the three settings with the kicker:

heel angle: 10°.

[°], for the three settings with the kicker:

heel angle: 20°.

121, for the three settings with the kicker:

heel angle: 0°.

121, for the three settings with the kicker:

heel angle: 10°.

[°], for the three settings with the kicker:

heel angle: 20°.

. 126

. 126

. 126

. 127

. 127

. 127

. 127

. 127

. 127

. 128

. 128

. 128

. 129

. 129

. 129

. 129

. 130

. 130

. 130

. 130

. 130

. 130

. 131

. 131

XiX



List of Figures

XX

5.65

5.66

5.67

5.68

5.69

5.70

571

5.72

5.73

5.74

5.75

5.76

5.77

5.78

5.79

5.80

5.81

5.82

5.83

5.84

5.85

5.86

5.87

5.88

Corrected side force coe cients Cgg [] vs sheet angle [, for the three settings with the kicker:
LKT, MKT and HKT, for the heading: 190 ° and the heel angle: 0°.

Corrected side force coe cients Cgg [] vs sheetangle [}, for the three settings with the kicker:
LKT, MKT and HKT, for the heading: 190 ° and the heel angle: 10°.

Corrected side force coe cients Cgg [ vs sheet angle [°], for the three settings with the kicker:
LKT, MKT and HKT, for the heading: 190 ° and the heel angle: 20°.

Partly corrected lift force coe ci- -ents  Cg, [] vs sheet angle [}, for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 0°.

Partly corrected lift force coe ci- -ents Cr, [ vs sheet angle [, for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 10°.

Partly corrected lift force coe ci- -ents Cr_ [ vs sheet angle [] for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 20°.

Partly corrected lift force coe ci- -ents Cr_ [ vs sheet angle [} for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 160 ° and the heel angle: 0°.

Partly corrected lift force coe ci- -ents Cr, [ vs sheet angle [, for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 160 ° and the heel angle: 10°.

Partly corrected lift force coe ci- -ents Cr, [ vs sheet angle [, for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 160 ° and the heel angle: 20°.

Partly corrected lift force coe ci- -ents Cr_ [ vs sheet angle [} for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 170 ° and the heel angle: 0°.

Partly corrected lift force coe ci- -ents Cr_ [ vs sheet angle [} for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 170 ° and the heel angle: 10°.

Partly corrected lift force coe ci- -ents Cr, [ vs sheet angle [, for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 170 ° and the heel angle: 20°.

Partly corrected lift force coe ci- -ents Cr_ [ vs sheet angle [ for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 180 ° and the heel angle: 0°.

Partly corrected lift force coe ci- -ents Cr_ [ vs sheet angle [} for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 180 ° and the heel angle: 10°.

Partly corrected lift force coe ci- -ents ~ Cg, [] vs sheet angle [}, for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 180  ° and the heel angle: 20°.

Partly corrected lift force coe ci- -ents Cr, [ vs sheet angle [, for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 190 ° and the heel angle: 0°.

Partly corrected lift force coe ci- -ents Cr_ [ vs sheet angle [] for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 190 ° and the heel angle: 10°.

Partly corrected lift force coe ci- -ents Cr_ [ vs sheet angle [} for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 190 ° and the heel angle: 20°.

Corrected pitch moment coe cients Cy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150  ° and the heel angle: 0°. .

Corrected pitch moment coe cients Cuy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 10°.

Corrected pitch moment coe cients Cy, [] vs sheet angle [°], for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 20°.

Corrected pitch moment coe cients Cy,, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 160  ° and the heel angle: 0°. .

Corrected pitch moment coe cients Cpy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 160 ° and the heel angle: 10°.

Corrected pitch moment coe cients  Cuy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 160 ° and the heel angle: 20°.

. 131

. 131

. 131

. 132

. 132

. 133

. 133

. 133

. 133

. 133

. 133

. 134

. 134

. 134

. 134

. 134

. 134

. 135

. 135

. 135

. 136

. 136

. 136

. 136



List of Figures

5.89

5.90

5.91

5.92

5.93

5.94

5.95

5.96

5.97

5.98

5.99

5.100

5.101

5.102

5.103

5.104

5.105

5.106

5.107

5.108

5.109

5.110

5.111

5.112

Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected pitch moment coe cients
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy, [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy, [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cyu, [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy, [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy, [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy, [
kicker: LKT, MKT and HKT, for the heading:

Corrected roll moment coe cients Cy, [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy, [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy, [
kicker: LKT, MKT and HKT, for the heading:
Corrected roll moment coe cients Cy, [

kicker: LKT, MKT and HKT, for the heading:

Corrected roll moment coe cients Cy, [

kicker: LKT, MKT and HKT, for the heading:

Corrected roll moment coe cients Cy [

kicker: LKT, MKT and HKT, for the heading:

Corrected roll moment coe cients Cy, [

kicker: LKT, MKT and HKT, for the heading:

Cmp [ vs sheet angle [, for the three settings with the

170  ° and the heel angle: 0°. .

Cmp [1 Vs sheet angle [}, for the three settings with the

170  ° and the heel angle: 10°.

Cmp [1 vs sheet angle [}, for the three settings with the

170  ° and the heel angle: 20°.

Cwmp [1 vs sheet angle [}, for the three settings with the

180 ° and the heel angle: 0°. .

Cmp [ vs sheet angle [°, for the three settings with the

180 ° and the heel angle: 10°.

Cmp [1 Vs sheet angle [}, for the three settings with the

180 ° and the heel angle: 20°.

Cwmp [1 vs sheet angle [}, for the three settings with the

190 ° and the heel angle: 0°. .

Cmp [ vs sheet angle [, for the three settings with the

190 ° and the heel angle: 10°.

Cmp [ vs sheet angle [, for the three settings with the

190 ° and the heel angle: 20°.
vs sheet angle
150 °
vs sheet angle

150 ~°

[°], for the three settings with the
and the heel angle: 0°. .
[°], for the three settings with the
and the heel angle: 10°.
vs sheet angle
150 ~°

[°], for the three settings with the
and the heel angle: 20°.

vs sheet angle
160 °

[c], for the three settings with the
and the heel angle: 0°. .

vs sheet angle [°], for the three settings with the

160 ° and the heel angle: 10°.
vs sheet angle [°], for the three settings with the
160 ° and the heel angle: 20°.

vs sheet angle
170 °

[°], for the three settings with the
and the heel angle: 0°. .

vs sheet angle
170 -°
vs sheet angle
170 °
vs sheet angle
180 °

[°], for the three settings with the
and the heel angle: 10°.
[°], for the three settings with the
and the heel angle: 20°.
[r], for the three settings with the
and the heel angle: 0°. .
vs sheet angle
180 °

[e], for the three settings with the
and the heel angle: 10°.

vs sheet angle
180 °
vs sheet angle
190

[°], for the three settings with the
and the heel angle: 20°.
[°], for the three settings with the
° and the heel angle: 0°. .
vs sheet angle
190

[°], for the three settings with the
° and the heel angle: 10°.

vs sheet angle
190

[c], for the three settings with the
° and the heel angle: 20°.

. 136

. 136

. 137

. 137

. 137

. 137

. 137

. 137

. 138

. 138

. 138

. 139

. 139

. 139

. 139

. 139

. 139

. 140

. 140

. 140

. 140

. 140

. 140

. 141

XXi



List of Figures

XXIi

5.113

5.114

5.115

5.116

5.117

5.118

5.119

5.120

5.121

5.122

5.123

5.124

5.125

5.126

5.127

5.128

5.129

5.130

5.131

5.132

5.133

5.134

5.135

Corrected yaw moment coe cients Cy, [] Vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150  ° and the heel angle: 0°. .

Corrected yaw moment coe cients Cy, [] Vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 10°.

Corrected yaw moment coe cients Cy, [] vs sheet angle [}, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 150 ° and the heel angle: 20°.

Corrected yaw moment coe cients Cy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 160 ° and the heel angle: 0°. .

Corrected yaw moment coe cients Cy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 160 ° and the heel angle: 10°.

Corrected yaw moment coe cients Cy, [] vs sheet angle [}, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 160 ° and the heel angle: 20°.

Corrected yaw moment coe cients Cy, [] vs sheet angle [}, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 170 ° and the heel angle: 0°. .

Corrected yaw moment coe cients Cy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 170  ° and the heel angle: 10°.

Corrected yaw moment coe cients Cy, [] Vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 170  ° and the heel angle: 20°.

Corrected yaw moment coe cients Cy, [] Vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 180  ° and the heel angle: 0°. .

Corrected yaw moment coe cients Cy, [] VS sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 180 ° and the heel angle: 10°.

Corrected yaw moment coe cients Cy, [] Vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 180 ° and the heel angle: 20°.

Corrected yaw moment coe cients Cy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 190  ° and the heel angle: 0°. .

Corrected yaw moment coe cients Cy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 190 ° and the heel angle: 10°.

Corrected yaw moment coe cients Cy, [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 190 ° and the heel angle: 20°.

Corrected drive force coe cients Cg,, [] Vs repeatability test, for the three settings with the
kicker: LKT, MKT and HKT, with a x sheet angle of 90°, for the heading: 190° and the heel
angle: 0°. .

Corrected drive force coe cients Cg,, [] Vs repeatability test, for the three settings with the
kicker: LKT, MKT and HKT, with a x sheet angle of 90°, for the heading: 190° and the heel
angle: 10°.

Corrected drive force coe cients Crg,, [ vs repeatability test, for the three settings with the
kicker: LKT, MKT and HKT, with a x sheet angle of 90°, for the heading: 190 ° and the heel
angle: 20°.

Standard deviation [-] of the repeatability tests vs heel angle [°], for the three settings with
the kicker: LKT, MKT and HKT, for the heading: 190  °.

Corrected drive force coe cients Cg,, [] vs sheet angle [7], for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 180  ° and the heel angle: 0°. .

Corrected pitch moment coe cients Cy, [] vs sheet angle [°], for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 180  ° and the heel angle: 0°. .

Corrected side force coe cients Cgg [] vs sheetangle [, for the three settings with the kicker:
LKT, MKT and HKT, for the heading: 180 ° and the heel angle: 0°.

Corrected roll moment coe cients Cy . [] vs sheet angle [, for the three settings with the
kicker: LKT, MKT and HKT, for the heading: 180  ° and the heel angle: 0°. .

. 141

. 141

. 142

. 142

. 142

. 142

. 142

. 142

. 143

. 143

. 143

. 143

. 143

. 143

. 144

. 145

. 145

. 145

. 145

. 146

. 146

. 146

. 146



List of Figures

5.136

5.137

5.138
5.139
5.140
5.141
5.142
5.143
5.144
5.145
5.146
5.147
5.148
5.149

Al

A.2

A3

A4

A5

A.6

A7

A.8

A.9

A.10
A.ll
A.12
A.13
A.14
A.15
A.16
A.l7
A.18
A.19
A.20
A.21
A.22
A.23
A.24
A.25
A.26
A.27

Corrected lift force coe cients Cg [ vs sheet angle [, for the three settings with the kicker:

LKT, MKT and HKT, for the heading: 180 ° and the heel angle: 0°. . 146
Corrected yaw moment coe cients Cy, [] VS sheet angle [, for the three settings with the

kicker: LKT, MKT and HKT, for the heading: 180  ° and the heel angle: 0°. . . 146
Numerical and experimental drive force coe cients  Cg,, [ vs sheet angle [. .. 148
1-Num/Exp ratio of the drive force coe cients Cg, [l vs sheet angle []. .. 148
Numerical and experimental side force coe cients  Cgq [1, Vs sheet angle [, .. 148
1-Num/Exp ratio of the side force coe cients Crg [l vs sheet angle [ . .. 148
Numerical and experimental lift force coe cients ~ Cg, [, vs sheet angle [°]. .. 149
1-Num/Exp ratio of the lift force coe cients Cg_ [l vs sheet angle []. .. 149
Numerical and experimental pitch moment coe cients Cmp [ vs sheet angle [ . 149
1-Num/Exp ratio of the pitch moment coe cients Cwm, [l vs sheet angle []. .. 149
Numerical and experimental roll moment coe cients Cmg [ vs sheet angle [°]. . 149
1-Num/Exp ratio of the roll moment coe cients Cmg [l vs sheet angle []. .. 149
Numerical and experimental yaw moment coe cients  Cy, [ vs sheet angle [°]. . 150
1-Num/Exp ratio of the yaw moment coe cients Cmy [ vssheetangle [°]. . 150
The image shows the results from an investigation, carried out by the lab person-

nel of the wind tunnel facility, of the turbulence intensity [%] in the test section

of Chalmers low-turbulence subsonic wind tunnel. . . e YA 1
The image shows the LabVIEW sampling window, with the Acquisition settings

and the ltered data. e Y4 1
The image shows the LabVIEW Measure tab with the three forces: D=drag,
S=side and L=lift, the three moments: |=pitch, m=roll and n=yaw, the Manome-

ter data: Velocity (U), Temperature (T), the Absolute Pressure (P) and the

Identi er. . VII
Front view of the normal domain, grid 5 and the at sail model. . VIII
Front view of the normal domain, grid 4 and the at sail model. . VI
Front view of the normal domain, grid 3 and the at sail model. . VIII
Front view of the normal domain, grid 2 and the at sail model. . VI
Front view of the normal domain, grid 1 and the at sail model. IX
Zoom of the clew, showing some of the prism-cell layers of grid 1, in the normal domain. IX
Top view of the normal domain, grid 5 and the at sail model. IX
Top view of the normal domain, grid 4 and the at sail model. IX
Top view of the normal domain, grid 3 and the at sail model. X
Top view of the normal domain, grid 2 and the at sail model. X
Top view of the normal domain, grid 1 and the at sail model. X
Side view of the normal domain, grid 5 and the at sail model. X
Side view of the normal domain, grid 4 and the at sail model. Xl
Side view of the normal domain, grid 3 and the at sail model. Xl
Side view of the normal domain, grid 2 and the at sail model. Xl
Side view of the normal domain, grid 1 and the at sail model. . Xl
Front view of the large domain, grid 5 and the at sail model. . Xl
Front view of the large domain, grid 4 and the at sail model. . Xl
Front view of the large domain, grid 3 and the at sail model. . XII
Front view of the large domain, grid 2 and the at sail model. . Xl
Front view of the large domain, grid 1 and the at sail model. . XII
Zoom of the clew, showing some of the prism-cell layers of grid 1, in the large domain. U
Top view of the large domain, grid 5 and the at sail model. . X
Top view of the large domain, grid 4 and the at sail model. . X

XXiii



List of Figures

A.28
A.29
A.30
A.31
A.32
A.33
A.34
A.35
A.36
A.37
A.38
A.39
A.40
A4l
A.42
A.43
A.44
A.45
A.46
A.47
A.48
A.49
A.50
A51
A.52
A.53

A.54

A.55

XXIV

Top view of the large domain, grid 3 and the at sail model.

Top view of the large domain, grid 2 and the at sail model.

Top view of the large domain, grid 1 and the at sail model.

Side view of the large domain, grid 5 and the at sail model.

Side view of the large domain, grid 4 and the at sail model.

Side view of the large domain, grid 3 and the at sail model.

Side view of the large domain, grid 2 and the at sail model.

Side view of the large domain, grid 1 and the at sail model.

Top view of the normal computational domain, with grid 5, showing the pressure distribution,
at the height of the center of e ort (CoE); the at sail model with a sheet angle of 90 e
Top view of the normal computational domain, with grid 4, showing the pressure distribution,
at the height of the center of e ort (CoE); the at sail model with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 3, showing the pressure distribution,
at the height of the center of e ort (CoE); the at sail model with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 2, showing the pressure distribution,
at the height of the center of e ort (CoE); the at sail model with a sheet angle of 90 e
Top view of the normal computational domain, with grid 1, showing the pressure distribution,
at the height of the center of e ort (CoE); the at sail model with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 5, showing the velocity distribution,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 4, showing the velocity distribution,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 3, showing the velocity distribution,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 2, showing the velocity distribution,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 1, showing the velocity distribution,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 5, showing constrained streamlines,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 4, showing constrained streamlines,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 3, showing constrained streamlines,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 2, showing constrained streamlines,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the normal computational domain, with grid 1, showing constrained streamlines,
at the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the large computational domain, with grid 5, showing the pressure distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the large computational domain, with grid 4, showing the pressure distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 e
Top view of the large computational domain, with grid 3, showing the pressure distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the large computational domain, with grid 2, showing the pressure distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 ° .
Top view of the large computational domain, with grid 1, showing the pressure distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 ° .

- XIV

. XIV

. XV

. XV

. XVI

. XVI

. XVI

. XVII

. XVIII

. XVIII

. XIX

. XIX

. XIX

. XX

. XX

. XX

. XXI

. XXI

. XXI

. XXII

. XX

. XX

. XXIII

. XXIV

. XXIV

. XXV

. XXV

. XXVI



List of Figures

A.56

A.57

A.58

A.59

A.60

A.61

A.62

A.63

A.64

A.65

A.66

A.67

A.68

A.69

A.70

A71

A.72

A.73

A74

A.75

A.76

A77

A.78

A.79

Top view of the large computational domain, with grid 5, showing the velocity distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 ° .
Top view of the large computational domain, with grid 4, showing the velocity distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the large computational domain, with grid 3, showing the velocity distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the large computational domain, with grid 2, showing the velocity distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the large computational domain, with grid 1, showing the velocity distribution, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 ° .
Top view of the large computational domain, with grid 5, showing constrained streamlines, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 ° .
Top view of the large computational domain, with grid 4, showing constrained streamlines, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the large computational domain, with grid 3, showing constrained streamlines, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 °.
Top view of the large computational domain, with grid 2, showing constrained streamlines, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 ° .
Top view of the large computational domain, with grid 1, showing constrained streamlines, at
the height of the center of e ort (CoE); the at sail model, with a sheet angle of 90 ° .
Side view of the normal computational domain, with grid 5, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 4, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 3, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 2, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 1, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 5, showing the velocity distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 4, showing the velocity distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 3, showing the velocity distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 2, showing the velocity distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 1, showing the velocity distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 5, showing constrained streamlines,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 4, showing constrained streamlines,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 3, showing constrained streamlines,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the normal computational domain, with grid 2, showing constrained streamlines,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

. XXVI

. XXVII

. XXVII

. XXVII

. XXVII

. XXIX

. XXIX

. XXX

. XXX

. XXXI

. XXXI

- XXXII

- XXXII

- XXXII

- XXXII

- XXX

- XXX

- XXX

. XXXIV

. XXXV

. XXXV

. XXXV

. XXXV

. XXXV

XXV



List of Figures

A.80

A.81

A.82

A.83

A.84

A.85

A.86

A.87

A.88

A.89

A.90

A91

A.92

A.93

A.94

A.95

A.96

A.97

A.98

A.99

XXVi

Side view of the normal computational domain, with grid 1, showing constrained streamlines,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the large computational domain, with grid 5, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the large computational domain, with grid 4, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the large computational domain, with grid 3, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the large computational domain, with grid 2, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the large computational domain, with grid 1, showing the pressure distribution,
at a centered xz -plane; the at sail model, with a sheet angle of 90 °. .

Side view of the large computational domain, with grid 5, showing the velocity distribution, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 4, showing the velocity distribution, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 3, showing the velocity distribution, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 2, showing the velocity distribution, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 1, showing the velocity distribution, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 5, showing constrained streamlines, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 4, showing constrained streamlines, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 3, showing constrained streamlines, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 2, showing constrained streamlines, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Side view of the large computational domain, with grid 1, showing constrained streamlines, at
a centered xz -plane; the at sail model, with a sheet angle of 90 °.

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the normal computational domain & grid 5, showing the graphs of the
Continuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbu-
lent dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the normal computational domain & grid 4, showing the graphs of the
Continuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbu-
lent dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the normal computational domain & grid 3, showing the graphs of the
Continuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbu-
lent dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the normal computational domain & grid 2, showing the graphs of the
Continuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbu-
lent dissipation rate (cyan) and the Turbulent kinetic energy (purple).

. XXXV

. XXXVI

. XXXVI

. XXXVII

. XXXVII

- XXXVII

. XXXVIII

. XXXV

- XXXIX

- XXXIX

- XXXIX

. XL

. XL

. XLI

. XLI

. XLI

. XL

. XL

. XLI

. XLI



List of Figures

A.100

A.101

A.102

A.103

A.104

A.105

A.106

A.107

A.108

A.109

A.110

A.111

A.112

A.113

A.l114

A.115

A.116

A.117

A.118

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the normal computational domain & grid 1, showing the graphs of the
Continuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbu-
lent dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the large computational domain & grid 5, showing the graphs of the Con-
tinuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent
dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the large computational domain & grid 4, showing the graphs of the Con-
tinuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent
dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the large computational domain & grid 3, showing the graphs of the Con-
tinuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent
dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 9C°, in the large computational domain & grid 2, showing the graphs of the Con-
tinuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent
dissipation rate (cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from the RANS simulations performed with the at sail model, with a
sheet angle of 90°, in the large computational domain & grid 1, showing the graphs of the Con-
tinuity (red), X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent
dissipation rate (cyan) and the Turbulent kinetic energy (purple).

The image shows theini - le, read by the numerical uncertainty tool.

The image shows thedat- le, read by the ini - le.

Front view of the normal domain, grid 3 and the cambered sail model, with a sheet angle of 90
Top view, zoom of the cambered sail model, with a sheet angle of 90 °, showing the curvature
of the sail, at the height of the center of e ort (CoE) as well as the surface re nement degree
and the di usion depth (d), of the normal domain.

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 60  °.

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 70  °.

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 80  °.

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 90  °.

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 100  °. .

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 110  °. .

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 120  °. .

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 60 °. .

Top view of the normal computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 70 °. .

. XLIV

. XLIV

- XLV

. XLV

. XLVI

. XLVI

. XLVII

. XLVII
XLVIN

o

. XLIX

LIl

LIl

LIl

. LI

. Ll

. LI

. LIV

. LIV

. LIV

XXVili



List of Figures

A.119 Top view of the normal computational domain, showing the pressure distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angleof 80 °.. . . . . . . LV
A.120 Top view of the normal computational domain, showing the pressure distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheet angle of 90 °.. . . . . . . LV
A.121 Top view of the normal computational domain, showing the pressure distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheet angle of 100 °. . . . . . . LV
A.122 Top view of the normal computational domain, showing the pressure distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 120 °. . . . . . . LVI
A.123 Top view of the normal computational domain, showing the pressure distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 120 °. . . . . . . LVI
A.124 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angleof 60 °. . . . . . .. . . LVl
A.125 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angleof 70 °. . . . . . . . . . LVI
A.126 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the at sail model, with a sheetangleof 80 °. . . . . . . . . . LVl
A.127 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angleof90 °. . . . .. .. . .LVI
A.128 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angle of 100 °. . . . . . . . . . LVII
A.129 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angle of 110 °. . . . . . . . . . LVII
A.130 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the at sail model, with a sheet angle of 120 °. . . . . . . . . . LVIII
A.131 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 60 °.. . . . . . . LIX
A.132 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheetangle of 70 °.. . . . . . . LIX
A.133 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angleof 80 °.. . . . . . . LIX
A.134 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheetangleof 90 °.. . . . . . . LX
A.135 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheet angle of 200 °. . . . . . . LX
A.136 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheet angle of 110 °. . . . . . . LX
A.137 Top view of the normal computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 120 °. . . . . . . LXI
A.138 Top view of the normal computational domain, showing constrained streamlines, at the height

of the center of e ort (COE); the at sail model, with a sheet angleof60 °. . . . . . .. . .LXl
A.139 Top view of the normal computational domain, showing constrained streamlines, at the height

of the center of e ort (COE); the at sail model, with a sheet angleof 70 °. . . . . . . . . . LXI
A.140 Top view of the normal computational domain, showing constrained streamlines, at the height

of the center of e ort (COE); the at sail model, with a sheet angleof80 °. . . . .. .. . . LXIl
A.141 Top view of the normal computational domain, showing constrained streamlines, at the height

of the center of e ort (CoE); the at sail model, with a sheetangleof 90 °. . . . . . . . . . LXIl
A.142 Top view of the normal computational domain, showing constrained streamlines, at the height

of the center of e ort (CoE); the at sail model, with a sheet angle of 100 °. . . . . . . . . . LXIl

XXViii



List of Figures

A.143 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 110  °. .

A.144 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 120  °. .

A.145 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 60 °. .

A.146 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 70 °. .

A.147 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 80 °. .

A.148 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. .

A.149 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 100 °.

A.150 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 110 °.

A.151 Top view of the normal computational domain, showing constrained streamlines, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 120 °.

A.152 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 60  °.

A.153 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 70 °.

A.154 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 80  °.

A.155 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 90  °.

A.156 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 100  °. .

A.157 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 110  °. .

A.158 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the Flat sail model, with a sheet angle of 120  °.

A.159 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 60 °. .

A.160 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 70 °. .

A.161 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 80 °. .

A.162 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. .

A.163 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 100 °.

A.164 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 110 °.

A.165 Top view of the large computational domain, showing the pressure distribution, at the height
of the center of e ort (CoE); the cambered sail model, with a sheet angle of 120 °.

A.166 Top view of the large computational domain, showing the velocity distribution, at the height
of the center of e ort (CoE); the at sail model, with a sheet angle of 60  °.

. Xl

. X

. Xl

. LXIV

. LXIV

. LXIV

. LXV

. LXV

. LXV

. LXVI

. LXVI

. LXVII

. LXVII

. LXVII

. LXVIII

. LXIX

. LXIX

. LXX

. LXX

. LXXI

. LXXI

. LXXII

. LXXII

. LXXII

XXiX



List of Figures

A.167 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheetangleof 70 °. . . . . . . . . . LXXIl
A.168 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angleof 80 °. . . . . . .. . .LXXIV
A.169 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angleof90 °. . . . . . . . . . LXXIV
A.170 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the at sail model, with a sheet angle of 100 °. . . . . . . . . . LXXV
A.171 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angle of 110 °. . . . . . . . . . LXXV
A.172 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the at sail model, with a sheet angle of 120  °. . . . . . . . . . LXXVI
A.173 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheet angle of 60 °.. . . . . . . LXXVI
A.174 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 70 °.. . . . . . . LXXVII
A.175 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheet angle of 80 °.. . . . . . . LXXVII
A.176 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheetangle of 90 °.. . . . . . . LXXVII
A.177 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (COE); the cambered sail model, with a sheet angle of 100 °. . . . . . . LXXVII
A.178 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 1120 °. . . . . . . LXXIX
A.179 Top view of the large computational domain, showing the velocity distribution, at the height

of the center of e ort (CoE); the cambered sail model, with a sheet angle of 120 °. . . . . . . LXXIX
A.180 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (COE); the at sail model, with a sheet angle of 60 °. . . . . . .. . . . LXXX
A.181 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (CoE); the at sail model, with a sheetangle of 70 °. . . . . . . . . . . LXXX
A.182 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (CoE); the at sail model, with a sheet angleof 80 °. . . . . .. . . . .LXXXI
A.183 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (COE); the at sail model, with a sheet angle of 90 °. . . . . . . . . . . LXXXI
A.184 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (COE); the at sail model, with a sheet angle of 100 °. . . . . . . . . . . LXXXII
A.185 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (COE); the at sail model, with a sheet angle of 110 °. . . . . . . . . . . LXXXII
A.186 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (CoE); the at sail model, with a sheet angle of 120 °. . . . . . . . . . . LXXXIII
A.187 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (CoE); the cambered sail model, with a sheet angle of 60 °. . . . . . . . . LXXXIII
A.188 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (CoE); the cambered sail model, with a sheet angle of 70 °. . . . . . . . . LXXXIV
A.189 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (CoE); the cambered sail model, with a sheet angle of 80 °. . . . . . . . . LXXXIV
A.190 Top view of the large computational domain, showing constrained streamlines, at the height of

the center of e ort (CoE); the cambered sail model, with a sheet angle of 90 °. . . . . . . . . LXXXV

XXX



List of Figures

A.191 Top view of the large computational domain, showing constrained streamlines, at the height of
the center of e ort (CoE); the cambered sail model, with a sheet angle of 100 °.

A.192 Top view of the large computational domain, showing constrained streamlines, at the height of
the center of e ort (CoE); the cambered sail model, with a sheet angle of 110 °.

A.193 Top view of the large computational domain, showing constrained streamlines, at the height of
the center of e ort (CoE); the cambered sail model, with a sheet angle of 120 °.

A.194 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 60 °

A.195 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 70 °

A.196 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 80 °

A.197 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 90 °

A.198 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 100 °.

A.199 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 110 °.

A.200 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 120 °.

A.201 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the cambered sail model, with a sheet angle of 60 °.

A.202 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the cambered sail model, with a sheet angle of 70 °.

A.203 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the cambered sail model, with a sheet angle of 80 °.

A.204 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the cambered sail model, with a sheet angle of 90 °.

A.205 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the cambered sail model, with a sheet angle of 100 °. .

A.206 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the cambered sail model, with a sheet angle of 110 °. .

A.207 side view of the normal computational domain, showing the pressure distribution, at a centered
xz -plane; the cambered sail model, with a sheet angle of 120 °. .

A.208 side view of the normal computational domain, showing the velocity distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 60 °

A.209 side view of the normal computational domain, showing the velocity distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 70 °

A.210 side view of the normal computational domain, showing the velocity distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 80 °

A.211 side view of the normal computational domain, showing the velocity distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 90 °

A.212 side view of the normal computational domain, showing the velocity distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 100 °.

A.213 side view of the normal computational domain, showing the velocity distribution, at a centered
xz -plane; the at sail model, with a sheet angle of 110 °.

A.214 side view of the normal computational domain, showing the velocity distribution, at a centered

xz -plane; the at sail model, with a sheet angle of 120 °.

. LXXXV

. LXXXVI

. LXXXVI

. LXXXVII

. LXXXVII

. LXXXVII

. LXXXVIII

. LXXXVIII

. LXXXVIHI

- LXXXIX

- LXXXIX

- LXXXIX

. XC

. XC

. XC

. XC

. XCI

. XClI

. XClI

. XClI

. XClI

. XClI

. XClI

. XCl

XXXI



List of Figures

A.215 side view of the normal computational domain, showing the velocity distribution, at a centered

xz -plane; the cambered sail model, with a sheet angleof60°. . . . . . . . . .. ... . . XClll
A.216 side view of the normal computational domain, showing the velocity distribution, at a centered

xz -plane; the cambered sail model, with a sheetangleof70°. . . . . . . . . .. .. . . . XClHI
A.217 side view of the normal computational domain, showing the velocity distribution, at a centered

xz -plane; the cambered sail model, with a sheetangleof80°. . . . . . ... ... ... . XCIV
A.218 side view of the normal computational domain, showing the velocity distribution, at a centered

xz -plane; the cambered sail model, with a sheetangleof 90°. . . . . . ... ... ... . XCIV
A.219 side view of the normal computational domain, showing the velocity distribution, at a centered

xz -plane; the cambered sail model, with a sheetangleof 100°.. . . . . . . . . . . . . . . XCIV
A.220 side view of the normal computational domain, showing the velocity distribution, at a centered

xz -plane; the cambered sail model, with a sheetangleof110°.. . . . . . . . . . . . .. . XCIV
A.221 side view of the normal computational domain, showing the velocity distribution, at a centered

xz -plane; the cambered sail model, with a sheet angleof 120°. . . . . . . . . . . . . . . . XCV
A.222 Sside view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the at sail model, with a sheetangleof60 °. . . . . . ... ... .......XCV
A.223 side view of the normal computational domain, showing constrained streamlines, at a centered

xz-plane; the at sail model, with a sheetangleof70 °. . . . . . . . . ... ... ... .XCV
A.224 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the at sail model, with a sheetangleof80 °. . . . . ... ... ........XCVI
A.225 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the at sail model, with a sheetangleof90 °. . . . . . ... ... ... ... .XCVI
A.226 Sside view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the at sail model, with a sheetangle of 100 °. . . . . . . . ... ... ... .XCVI
A.227 side view of the normal computational domain, showing constrained streamlines, at a centered

xz-plane; the at sail model, with a sheetangle of 110 °. . . . . . . . . ... ... .. . XCVI
A.228 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the at sail model, with a sheetangle of 120 °. . . . . . . . . . . . . . .. . . XCVIl
A.229 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the cambered sail model, with a sheet angleof60°. . . . . . . .. ... ... .XCVI
A.230 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the cambered sail model, with a sheet angleof 70°. . . . . . . . . .. ... . . XCVI
A.231 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the cambered sail model, with a sheetangleof80° . . . . . . .. ... ... .XCVII
A.232 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the cambered sail model, with a sheet angleof90°. . . . . . . . .. .. .. . . XCVII
A.233 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the cambered sail model, with a sheet angle of 100°. . . . . . . . . . . . . . . . XCVII
A.234 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the cambered sail model, with a sheetangleof 110°. . . . . . . . . . . . . . . . XCVII
A.235 side view of the normal computational domain, showing constrained streamlines, at a centered

xz -plane; the cambered sail model, with a sheetangleof120°.. . . . . . . . . . . . .. . XCIX
A.236 side view of the large computational domain, showing the pressure distribution, at a centered

xz -plane; the at sail model, with a sheetangleof60 ° . . . . . . . . . .. ... ... .XCIX
A.237 side view of the large computational domain, showing the pressure distribution, at a centered

xz-plane; the at sail model, with a sheetangleof 70 °. . . . . . . ... .. ... ... .XCIX
A.238 side view of the large computational domain, showing the pressure distribution, at a centered

xz -plane; the at sail model, with a sheetangleof 80 °. . . . . . . . . . . . . . . . ... C

XXXil



List of Figures

A.239 Side view of the large computational domain, showing the pressure distribution,
xz -plane; the at sail model, with a sheet angle of 90 °

A.240 side view of the large computational domain, showing the pressure distribution,
xz -plane; the at sail model, with a sheet angle of 100 °.

A.241 side view of the large computational domain, showing the pressure distribution,
xz -plane; the at sail model, with a sheet angle of 110 °.

A.242 side view of the large computational domain, showing the pressure distribution,
xz -plane; the at sail model, with a sheet angle of 120 °.

A.243 side view of the large computational domain, showing the pressure distribution,
xz -plane; the cambered sail model, with a sheet angle of 60 °.

A.244 side view of the large computational domain, showing the pressure distribution,
xz -plane; the cambered sail model, with a sheet angle of 70 °.

A.245 side view of the large computational domain, showing the pressure distribution,
xz -plane; the cambered sail model, with a sheet angle of 80 °.

A.246 side view of the large computational domain, showing the pressure distribution,
xz -plane; the cambered sail model, with a sheet angle of 90 °.

A.247 side view of the large computational domain, showing the pressure distribution,
xz -plane; the cambered sail model, with a sheet angle of 100 °. .

A.248 side view of the large computational domain, showing the pressure distribution,
xz -plane; the cambered sail model, with a sheet angle of 110 °. .

A.249 side view of the large computational domain, showing the pressure distribution,
xz -plane; the cambered sail model, with a sheet angle of 120 °. .

A.250 side view of the large computational domain, showing the velocity distribution,
xz -plane; the at sail model, with a sheet angle of 60 °

A.251 side view of the large computational domain, showing the velocity distribution,
xz -plane; the at sail model, with a sheet angle of 70 °

A.252 side view of the large computational domain, showing the velocity distribution,
xz -plane; the at sail model, with a sheet angle of 80 °

A.253 side view of the large computational domain, showing the velocity distribution,
xz -plane; the at sail model, with a sheet angle of 90 °

A.254 side view of the large computational domain, showing the velocity distribution,
xz -plane; the at sail model, with a sheet angle of 100 °.

A.255 side view of the large computational domain, showing the velocity distribution,
xz -plane; the at sail model, with a sheet angle of 110 °.

A.256 side view of the large computational domain, showing the velocity distribution,
xz -plane; the at sail model, with a sheet angle of 120 °.

A.257 side view of the large computational domain, showing the velocity distribution,
xz -plane; the cambered sail model, with a sheet angle of 60 °.

A.258 side view of the large computational domain, showing the velocity distribution,
xz -plane; the cambered sail model, with a sheet angle of 70 °.

A.259 side view of the large computational domain, showing the velocity distribution,
xz -plane; the cambered sail model, with a sheet angle of 80 °.

A.260 side view of the large computational domain, showing the velocity distribution,
xz -plane; the cambered sail model, with a sheet angle of 90 °.

A.261 side view of the large computational domain, showing the velocity distribution,
xz -plane; the cambered sail model, with a sheet angle of 100 °. .

A.262 Side view of the large computational domain, showing the velocity distribution,

xz -plane; the cambered sail model, with a sheet angle of 110 °. .

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

Cl

Cl

. Cll

. Cll

. Cll

. Cll

. Cll

. Cll

. ClvV

. CIlvV

. CV

. CV

. CV

. CVI

. CVI

. CVI

. CVII

. CVII

. CVII

. CVII

. CVII

. CIX

XXXiii



List of Figures

A.263 Side view of the large computational domain, showing the velocity distribution, at a centered

xz -plane; the cambered sail model, with a sheet angle of 120 °. .

A.264 side view of the large computational domain, showing constrained streamlines,
xz -plane; the at sail model, with a sheet angle of 60 °. .

A.265 side view of the large computational domain, showing constrained streamlines,
xz -plane; the at sail model, with a sheet angle of 70 °. .

A.266 side view of the large computational domain, showing constrained streamlines,
xz -plane; the at sail model, with a sheet angle of 80 °. .

A.267 Side view of the large computational domain, showing constrained streamlines,
xz -plane; the at sail model, with a sheet angle of 90 °. .

A.268 side view of the large computational domain, showing constrained streamlines,
xz -plane; the at sail model, with a sheet angle of 100 °.

A.269 side view of the large computational domain, showing constrained streamlines,
xz -plane; the at sail model, with a sheet angle of 110 °.

A.270 side view of the large computational domain, showing constrained streamlines,
xz -plane; the at sail model, with a sheet angle of 120 °.

A.271 side view of the large computational domain, showing constrained streamlines,
xz -plane; the cambered sail model, with a sheet angle of 60 °.

A.272 side view of the large computational domain, showing constrained streamlines,
xz -plane; the cambered sail model, with a sheet angle of 70 °.

A.273 side view of the large computational domain, showing constrained streamlines,
xz -plane; the cambered sail model, with a sheet angle of 80 °.

A.274 side view of the large computational domain, showing constrained streamlines,
xz -plane; the cambered sail model, with a sheet angle of 90 °.

A.275 side view of the large computational domain, showing constrained streamlines,
xz -plane; the cambered sail model, with a sheet angle of 100 °. .

A.276 side view of the large computational domain, showing constrained streamlines,
xz -plane; the cambered sail model, with a sheet angle of 110 °. .

A.277 side view of the large computational domain, showing constrained streamlines,
xz -plane; the cambered sail model, with a sheet angle of 120 °. .

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

at a centered

A.278 Residual vs iteration, from RANS simulations with the at sail model, with a sheet angle of

A.279

A.280

A.281

XXXIV

60°, in the normal computational domain & grid 3, showing the graphs of the Continuity (red),
X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent dissipation rate
(cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from RANS simulations with the at sail model, with a sheet angle of
70°, in the normal computational domain & grid 3, showing the graphs of the Continuity (red),
X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent dissipation rate

(cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from RANS simulations with the at sail model, with a sheet angle of
80°, in the normal computational domain & grid 3, showing the graphs of the Continuity (red),
X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent dissipation rate

(cyan) and the Turbulent kinetic energy (purple).

Residual vs iteration, from RANS simulations with the at sail model, with a sheet angle of
90°, in the normal computational domain & grid 3, showing the graphs of the Continuity (red),
X-momentum (green), Y-momentum (blue), Z-momentum (yellow), Turbulent dissipation rate

(cyan) and the Turbulent kinetic energy (purple).
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Nomenclature

Angle of attack/incidence, [°]

E Elastic scale factor, [-]

el Flexural Rigidity scale factor, [-]
F Force scale factor, [-]

L Linear length scale factor, [-]

t Thickness scale factor, [-]
v Velocity scale factor, [-]
Angle of drift or side-slip, []

L Leeway angle, {]
AW Apparent wind angle, [°]
TW True wind angle, []

Boom sheet angle, q|
De ection, [m]

R Rudder angle, []
Dynamic Viscosity, [Pa-s]
Kinematic viscosity ( = ), [m?=s]

! Balance rotation or balance angle, {]
Angle of heel, F]
Angle of yaw, heading or course, |
Mass density (m=V), [kg=mq]
Tensile stress, [Pa]

w Wall shear stress or local skin friction @u , [Pa]
@y y=0

Angle of pitch, [°]

w Wind direction, [°]

" Strain, [m]

A Projected area, [nf]
Across Cross sectional area, [
AR Aspect ratio (?=A), [-]

b Width of wing span or length of appendage, [m]



Nomenclature

BAD Boom above deck, [m]

C Chord length, [m]

Crp Drag force coe cient, [-]

Cr, Lift force coe cient, []

Cr,, Drive force coe cient, [-]

Crg Side force coe cient, [-]

Cwm, Pitch moment coe cient, [-]

Cme Roll moment coe cient, [-]

Cwm, Yaw moment coe cient, [-]

E Modulus of elasticity or Young's modulus, [N=m?]
Em Model-scale base of sail, [m]

Ep Full-scale/Prototype base of sail, [m]
Ekin Kinetic energy, [J]

Emec Mechanical energy, [J]

Epot Potential energy, [J]

f Frequency, [Hz]

Fp Drag force, [N]

FL Lift force, [N]

Fm Drive force, [N]

Fs Side force, [N]

fs Frequency of sampling, [Hz]

Fx Force in direction of body axis x, [N]
Fy Force in direction of body axis vy, [N]
F, Force in direction of body axis z, [N]
g Acceleration due to gravity, [m=s7]

h Height above ground level, [m]

Lc Characteristic length, [m]

Lm Model-scale length, [m]

Lp Full-scale/Prototype length, [m]

m Mass, [kg]

Mp Pitch moment, [Nm]

Mg Roll moment, [Nm]

M Moment around body axis x, [Nm]
My Yaw moment, [Nm]

My Moment around body axis y, [Nm]
M, Moment around body axis z, [Nm]
Ma Mach number (V=3a, [-]



Nomenclature

p Local pressure, [Pa]

Po Undisturbed or ambient pressure, [Pa]

Pa Ambient pressure, [Pa]

Pm Model-scale height of sail, [m]

Pp Full-scale/Prototype height of sail, [m]

Pdyn Dynamic pressure, [Pa]

Pstat Static pressure, [Pa]

Piot Total pressure, [Pa]

q Dynamic pressure, density of kinetic ow energy V 2=2 , [Pa]
Re Reynolds number V L= ), [-]

Ren Model-scale Reynolds humbel(Viy Lm= ), [-]

Rep Full-scale/Prototype Reynolds number (Vo Lp=) , [-]
SAm Model-scale sail area, [f]

SAp Full-scale/Prototype sail area, [m?]

t Time, [s]

Ta Temperature air, [°]

Ts Sample interval (1=fs), [s]

U Undisturbed velocity of a uid, [m =s]

u* Non-dimensional distance from surface (J=u ), []

\Y Volume, [m?]

\ Full-scale wind speed, [nFs]

Vs Boat speed, [nFs]

Vaw Apparent wind velocity or wind tunnel velocity, [m =s]
VTw True wind velocity, [m =s]

X;VY;z Cartesian coordinates, [m]

y* Non-dimensional distance from wall(yu =), []
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Introduction

1.1 Background

The ILCA is a cat-rigged one-design Olympic sailing class dinghy, designed by Bruce
Kirby 1970, with strict regulations preventing any changes that can increase its perfor-
mance. What distinguishes one ILCA sailor from another are therefore their physical
endurance and strength, their technical skill of sailing the dinghy, their tactical skill to
read the game and use the wind, currents, and waves to their favor. Knowing how to salil
the ILCA dinghy for optimal Velocity Made Good (VMG) is therefore of huge value for
the ILCA sailor.

A velocity prediction program (VPP) is a software tool, commonly used in sail and yacht
design, where aerodynamic and hydrodynamic coe cients and boat data are inputs and
the most common output is a so-called polar plot, which contains information of how to
sail the particular boat for optimal VMG, in di erent wind conditions.

Chalmers Sports and Technology [5] is a multi-disciplinary initiative, established in 2012 at
Chalmers University of Technology, that undertake advanced sports-related research and
sailing is one of the disciplines. The analysis of the Olympic sailing class ILCA 7 dinghy
started at Chalmers University in 2014 by the Naval Architecture students Richard Lind-
strand Levin and Jeremy Peters, who in a Master's Thesis analyzed the e ect of heel and
trim on the hydrodynamic resistance, when sailing the ILCA 7 dinghy upwind [21]. Since
the ILCA is a relatively small dinghy, it was possible to perform the experimental towing-
tank tests with a full-scale ILCA dinghy and therefore avoid scaling e ects. The tests
were carried out in the towing tank at SSPA, a Swedish Maritime Consulting Company,
situated at the main campus of Chalmers University of Technology. The hydrodynamic
coe cients, received from the towing-tank tests were rst used by Richard Lindstrand
Levin and Jeremy Peters and then by Mikka Pennanen, another student of Naval Archi-
tecture, in 2016. Pennanen continued the analysis of the ILCA 7 dinghy in upwind sailing,
searching for the optimal position of the sailor [29], and validated the method with the
experimental hydrodynamic data. This work was presented at the 11th conference of the
International Sports Engineering Association, (ISEA) at Delft, The Netherlands [15].

The Olympic race track consists of both anupwind legand an downwind leg and since the
ILCA 7 dinghy, up until this point, only had been analyzed sailing upwind, a downwind
analysis of the ILCA 7 dinghy remained. However, the aerodynamic sail model Pennanen
used in his upwind analysis, i.e. Hazen's model, is not optimal for downwind sailing anal-
ysis; in order to properly analyze the ILCA 7 dinghy sailing downwind, the aerodynamic
coe cients rst has to be retrieved from experimental tests in a wind tunnel.



1. Introduction

In the following text, when a sailboat is being referred to in general terms, it is assumed
that it only has one salil, like the ILCA dinghy.

For a sailboat, the sail and the wind corresponds respectively to as what the engine and
the fuel does for a motorboat, but in contrast to a motorboat the crew on a sailboat always
must consider the direction of the true wind. This because it is not possible to sail straight
against the true wind. Sailing upwind and sailing downwind was mentioned in the text
above as well as theupwind legand the downwind leg but what does sailing upwind and
sailing downwind mean; what is a leg? For the non-sailing reader, these concepts might
be confusing and will therefore brie y be explained.

Even though there are variations, a traditional race track consists of a so-called upwind
leg and a downwind leg; a leg is simply the part of the race track that stretches from either
the leeward mark, which is the rounding buoy farthest from the origin of the true wind,
to the windward mark, which is the rounding buoy closest to the origin of the true wind,
or the other way around; depending on the origin of the true wind, the leg is therefore
either called the upwind leg or the downwind leg. Sailing upwind is thus when one sall
the upwind leg, towards the origin of the true wind and sailing downwind is when sailing
the downwind leg, away from the origin of the true wind. One lap on a traditional race
track that only has a windward mark and a leeward mark thus consists of one upwind leg
and one downwind leg; di erent races has di erent amount of laps. Without going to deep
into the technical details about a race track, it must be mentioned that the description of
a traditional race track above, with only one buoy at windward and one buoy at leeward
is simpli ed, because in reality there are usually two buoys, both at windward and at
leeward, which in pair is called agate When rounding a gate, it is allowed to choose
either one of the two buoys.

As previously mentioned, it is not possible to sail straight against the true wind when sail-
ing upwind and a sailboat therefore has to be sailed in a zigzag pattern with approximately
45° to the true wind; even though it is possible to sail straight downwind in the same
direction as the true wind, this is usually not the fastest way, unless the wind is strong and
there is power enough in the sails. In light to medium wind strengths it is instead faster
to sail downwind in a zigzag pattern, with a certain angle to the true wind. Whenever
a sailboat not is aligned with the true wind, it is tilted (heeled), to either left (port) or
right (starboard) and thus has a certain heel angle The crew on a sailboat can choose
to either increase or reduce the heel angle with their own body weight, by positioning it
consciously, in order to balance the boat and increase the speed when sailing downwind.

A sailboat is partly submerged in water and partly surrounded by air; is therefore re-
spectively subjected to both hydrodynamic and aerodynamic forces. The hydrodynamic
forces works on the hull and the appendages, i.e. the keel and rudder and the aerodynamic
forces works on the sail. When these forces are balanced, equilibrium is achieved and the
sailboat can sail on a straight course. As explained later in the text, sailing downwind
in light to medium wind strengths, the sailor purposely heels the ILCA dinghy in order

to nd equilibrium and for higher speed, because the less wet surface, i.e. the less area
of the hull and appendages that is in contact with the water, the lower frictional resistance.

While the crew on a motorboat more or less can sit back, relax and enjoy the ride, the
crew on a sailboat constantly has to adjust (trim) the sail, so that it is used optimally on
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the particular course that the helmsman has decided; di erent conditions require di erent
sail trim. A sail is trimmed by either pulling or releasing di erent ropes, so-called trim
controls, which makes it possible to alter and optimize the shape of the sail. The di erent
trim controls that the ILCA dinghy is equipped with as well as the description of how the
ILCA 7 dinghy should be sailed in various conditions are described in detail in Chapter
3 where the ILCA dinghy is presented. However, since the usage of the trim controls as
well as the particular parameters that de nes the position of the dinghy are so important
for the outcome in a race, these were the natural choice of variables in the experimental
wind tunnel tests; the most important ones will therefore be mentioned here briey. The
trim control, the sheet for example, controls the angle between the sail and the true
wind direction; by pulling the sheet, the sheet angledecreases and the sail becomes more
centralized in the boat and by releasing it, the sheet angle increases. Theoretically, the
more sail area that is exposed to the wind when sailing downwind, the more speed. It is
however not that simple in reality, because other parameters in uences and the optimal
way of sailing the dinghy is a combination of the di erent variables; can only be found by
using a VPP.

When sailing downwind in light and medium wind conditions there are two alternative
techniques, i.e. either sailingpositive or sailing negative These techniques are de ned by
a certain range of sheet angles. The di erent sheet angles that were chosen to be tested,
were therefore chosen so that it would be possible to analyze both these sailing techniques
on the downwind leg. Another trim control of huge importance is the so-calledkicker,
which controls both the depth in the sail as well as the twist, together with the sheet.
Two other very important variables was the heading i.e. the course sailed, and the heel
angle.

1.2 Objective

The objective of this project was to retrieve the aerodynamic coe cients with the bi-radial
MKII sail for the ILCA 7 dinghy sailing downwind in at water conditions, from experi-
mental tests with a scale model, so that the ILCA 7 dinghy can be properly analyzed in
a VPP on the downwind leg.

Chalmers low-turbulence subsonic wind tunnel, has a closed test section and the air ow
around the sail model was therefore a ected by the presence of the lateral boundaries,
causing so-calledblockage e ects These e ects a ected the measurements, which had
to be corrected. To quantify the blockage e ects and get the correction factors for the
experimental test data, a numerical analysis had to be carried out with two computational
domains of dierent sizes. One of the domains had an identical cross-sectional area,
of the inlet of the test section, and the other domain, had an enlarged cross-sectional
area, simulating an open test section. The numerical analysis included both Reynolds
Averaged Navier-Stokes (RANS) simulations, a turbulence model investigation with RANS
and detached-eddy simulations (DES), which is a hybrid of large-eddy simulation (LES)
and RANS.

1.3 Delimitation's

For the experimental part of this project, the apparent wind speeds that were tested were
limited to two. These include a light wind case and a strong wind case, which respectively
correspond to a full-scale apparent wind speed of 4 m/s and 7 m/s. For both these wind
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speeds, only downwind sailing in at water conditions have been tested, which represents
a sea state of grade zero, with no waves.

For the light wind case, the amount of headings the sail model was tested for were limited
to ve, which ranged between 150 - 19C°, with 10° increments. The di erent heel angles,
for each heading, were limited to three, i.e. 0, 10° and 2C°. For each con guration of
heading and heel angle, the di erent sheet angles were limited to seven, ranging from
60° - 12C°, with 10° increments. For each con guration of heading, heel angle, and sheet
angle, the sail model was only tested for three di erent settings corresponding tdight,
medium & hard, with the trim control, the kicker. For each con guration of these vari-
ables, the other two trim controls that the ILCA dinghy is equipped with, the outhaul and
the cunningham were continuously adjusted, so that the desired sail shape was received.
This sums up to a test matrix of 315 con gurations for the light wind condition. The
corresponding test matrix for the strong wind case was limited to only cover one heading
and one heel angle, which respectively was 180and 0°. For this case, when sailing dead
downwind in upright planing mode, the sail model was tested for only four sheet angles,
i.e. 6, 70°, 80° & 90°; for each sheet angle, the sail model was tested for the same three
settings with the kicker. The test matrix for the strong wind condition was thus limited

to 12 con gurations.

For the numerical part of this project, only the light wind case was simulated and the test
matrix for the simulations was limited to cover the heading of 180, the heel angle of 0,

all seven sheet angles, i.e 60 12, with 10°, increments but only the hard setting with
the kicker. However, the numerical investigation required two computational domains of
di erent sizes; both a at sail model and a cambered sail model were tested, for each
computational domain. The test matrix for the numerical part was thus limited to only
seven basic cases, but since these were performed with both computational domains and
both sail models, 28 con gurations were simulated.
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Theory

2.1 Governing Flow Equations

2.1.1 The Navier-Stokes Equation

Navier-Stokes equations express the conservation of mass and momentum and are widely
used when describing viscous uid ows.

The Continuity Equation

The rst equation is the transport equation for mass, i.e. the continuity equation, which
expresses the conservation of mass in a system:

d @v _

— +

dt @x

0 2.1)

where is the density of mass andv is the velocity. The variations of the subscript
i = 1;2;3 respectively represent the coordinate direction X1; X2;X3), which corresponds
to (x;y;2).

The Momentum Equation

The second equation is the transport equation for momentum, i.e. themomentum equa-
tion, which expresses the conservation of momentum. In Eq.(2.2), the balance equation
for linear momentum is presented:

dv @ji

— = + ; )

dt @x f (22)
where the rst term on the right-hand side, with the stress tensor j;, represent the net

force of the surface forces, and; = (0;0; g) in the second term, represents the net force
of the volume forces, acting on a uid element, whereg is the acceleration due to gravity.

] Py +
2 (2.3)
i =2Si 3 Sk i

The rst expression in Eq.(2.3), show that the stress tensor j equals the sum of the
pressureP and the viscous stress tensor, j . The negative sign in front of the pressure
term, simply means that the normal forces, acting on the uid element, point inwards
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towards the center of the uid element. The pressure on a uid element is therefore
de ned as the negative sum of the normal stressP = kk=3. Further, in the pressure
term, we see jj, which is the identity tensor or the so-calledKronecker's delta and is a
function with two variables and ensures that the Reynolds stresses wherie= j are correct.
It is de ned as:

(
1 Q=]
Y0 ifi 6 j

The second expression in Eq.(2.3) show that the viscous stress tensor; , includes the
dynamic viscosity, and the strain-rate tensor, S; , which is the symmetric part of the
velocity gradients that deforms the uid element [8]. The velocity gradient tensor can be
split into two parts, where one of the parts is the aforementioned symmetric strain-rate
tensor, S and the other part is an anti-symmetric vorticity tensor  jj :

0 1
@x 2@@x @x @x @x
L 1 e — |
2@v=@x =0
| | (2.4)
_1 ev, ey (1 ov oy
2 @x @x 2 @x @x
= SI] + i
The vorticity tensor, i, which represents the rotation of the uid element, is related to
the vorticity vector, which is the curl of the velocity vector [8], i.e.
@w
i = "k — 2.5
i ijk @}( ( )

where "jjc is the so-calledpermutation tensor.

Inserting Eqg.(2.3) into Eq.(2.2) leads to the Navier-Stokes equation, which also can be
called the transport equation for momentum:

dvi = @P . @; _ @°P @ 2 @w
— = —_ fi= —_ — 2Sij - = fi 2.
dt @x * @}( * @x + @?( S J + ( 6)

For incompressible ow, i.e. when the changes of the density of the uid is negligible
( = constant) the continuity equation, Eq. (2.1) reads:

@v _

ax O 2.7)
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with the result that last term in the di usion term in Eqg.(2.6) is zero and Eq.(2.6) can
be written:

" L#
dv _ @P @ @v , oy

@ - @x @x @x ax 0 (28)

Further, if the dynamic viscosity  is constant, it can be moved outside the derivative [8]
and the second term on the right hand side of Eqg. (2.8) becomes:

I#

" !
@ @, 6@ _ @ @v,k6 @y _ @vi

@x @x = @x @x @x ox @x@x

(2.9)

because the second term in Eq. (2.9) is zero due to the continuity equation, Eqg. (2.7), i.e.

!
@ ey _ @ oy _
@x @x @x @x 0 (2.10)

The Navier-Stokes equation, Eg. (2.6) can then with constant viscosity and for incom-
pressible ow be written:

v _ @P, @

= fi 2.11
&t - @x’ @xer (2.11)
and the viscous stress tensor:
|
@v @y
i = 2 S i = 2.12
] ] @3( @X ( )

2.2 Turbulence

Most ow in nature are turbulent, which in contrast to laminar, smooth, and parallel ow,
are characterized by highly irregular and chaotic eddies. The wake behind blu bodies
such as cars, buildings and sails, trimmed for downwind sailing, with huge separation of the
ow, are dominated by these 3D irregular and chaotic eddies of di erent velocity and length
scales. Turbulent ows are despite of this governed by Navier-Stokes equation Eg. (2.6)
[8]. Beyond being irregular, chaotic, and 3D to its structure, turbulent ow increases
the di usivity and is dissipative. Meaning respectively, that turbulent ow increases the
exchange of momentum and that the kinetic energy of the smallest eddies is transformed
into thermal energy [8]. Even though it is possible to solve the Navier-Stokes equation
directly, it can be quite costly and it requires a grid with a very ne spatial resolution to
capture the smallest turbulent scales, i.e. the so-calletKolmogorov micro scalesand a ne
temporal resolution, since turbulent ow is unsteady [8]. For many engineering purposes,
it is however usually of interest to calculating the mean ow quantities rather than the
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instantaneous values, and by averaging the Navier-Stokes equation one receive the so-
called Reynolds Averaged Navier-Stokes (RANS) equation. By using RANS simulations,
it is possible to keep the numerical cost at a reasonable level.

2.2.1 Turbulent Mean Flow

Time Averaged Navier-Stokes

If one studies the time history of a particle in motion one can decompose its instantaneous
value of for example the velocityv; in one time-averaged partv; and one uctuating part

0 ia
vp, i.e:

vi = v + VP (2.13)
where the time averaged value is de ned as:
V= — vdt (2.14)
When time averaging Eq. (2.13), it is averaged into a steady state condition and we get:
Vi=vi+ VW= v+ V0= v+ 0=y (2.15)
because:
Vi=vi & VW=0 (2.16)

The continuity equation and Navier-Stokes equation for incompressible ow were presented
in EQ.(2.7) & Eqg.(2.11), respectively and with the left hand side of Eq. (2.11) expressed
with partial derivatives and with the gravitational term f ; = (0;0; g) omitted, which
means that the pressure,p represent the hydrodynamic pressure, we have:

@v, @w, @p @ vi
— = 2.17
@ @x = @x' @xex &7
Inserting Eq. (2.13) in the continuity equation Eq. (2.7) we get:
. 0 v 30 Y .
@I + Vi — @I + @| — @I + 0 — @I (218)

@x @x @x @x @x
since@; = @; and @? = 0.

Performing the decomposition of the pressure, which was done with the velocity in Eq. (2.13)
and using these in Navier-Stokes equation for incompressible ow Eg. (2.17), we get:
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@vi + V9 .\ @vi + VO (v + Vjo) _ @pi + p) + @i + v) (2.19)

@t @x @x @x @x
|—|1 L 2 1 I—I3 ITI

Analyzing each of the four terms of the time averaged Navier-Stokes equation in Eqg. (2.19),
starting with the rst term:

Term 1: B
@i+v)_ @ @ _ @ @i
@t @t @t @Ot @t

With the assumption that the mean ow v; is steady, this term becomes zero.
The second term reads:

Term 2:

@vi + V(v + V) @ivi + vivl+ vy + vvP

@x @x

@y , @V, @y , @V
@x @x @x @x
@ivi | @y

@x @x

because:viv? = viv0 =0 & Vv = 0y, = 0.
j j j j

Term 3: B
@M@, @ @
@x @x @x @x
Term 4:

U+ _ @i . W) _ @y
@x@x @x@x @x@x @x@x

Summing up the analyzed terms, thetime averagedcontinuity equation and Navier-Stokes
equation for steady ow reads respectively:

@i _
& -0 (2.20)
@vi_ @, @ @ o (2.21)

@x @x @x @x
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The time averaged Navier-Stokes equation is, as aforementioned, called thHeeynolds Av-
eraged Navier-Stokes (RANS)equation, which control the transport of the mean ow
guantities. The last term in Eq. (2.19) vij0 is called the Reynolds Stress Tensarwhich is

symmetric and represents turbulence. Due to the symmetry, Reynolds stress tensorviovjO

has only six unknowns of the nine terms in Eq. (2.22):

<%O
£
<C>{|_\

(2.22)

5y
<
]
3
<
ek

®
3y
F

sincevd; = V¥, vl = v¥; and v§, = v3;. These six unknowns, together with the
four other unknowns from the three velocity components and the pressure, i.ey; and
p, gives in total 10 unknowns. In order to close the equation system and be able to
calculate the time averaged continuity equation and the three momentum equations in
Eqg. (2.20) & Eq.(2.21), respectively, it is necessary to nd some equations for the turbu-
lent stresses. This circumstance has come to be known as tletosure problem There are
basically two ways to approach the closure problem. One is to solve fo?,vjj i.e. as exact
as Navier-Stokes equation can be solved, which can be done witReynolds Stress Trans-
port (RST) Models; the other is to use an approximated approach, with eddy-viscosity
models, which are based on théBoussinesq assumption The two-equation modelsk "
and k ! and the one-equation modelSpalart-Allmaras (S-A) are examples of popular
eddy-viscosity models.

If the dynamic viscosity, is constant, we saw in Eq.(2.9) that it can be lifted out from
the derivative and if the temperature, is included; the density of mass, is represented
as a constant reference density, o; the time averaged Navier-Stokes equation, Eq. (2.21)
can be written:

@oVi @ @ . @ vi @jj

@ @y MW T axt exer @x

o 0) (2.23)

where the volume force is expressed as o 0)0i; isthe volumetric thermal expansion,
a physical property; Reynolds stress tensor are expressed as:

ij = OV-UV'O (2.24)

The interested reader can read about the exactv?vjcj equation, the k equation, the "
equation, the Boussinesq Assumptionand the k " model in Appendix.
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2.3 Discretization

Simcenter STAR-CCM+ is a commercial Computational Fluid Dynamics (CFD) code
that solves the conservation equations for mass, momentum, and energy, for both incom-
pressible and compressible uids ows. When observing, and simulating, uid ow, the
Eulerian approach is more or less always used, except when simulating the motion of
certain particles, within a uid. Then the Lagrangian approach is useful [8]. With the
Eulerian approach, one observes the uid particle as it ows through a certain volume in
space; with the Lagrangian approach, one instead keeps track of the original position of
the uid particle and then follows its path through space and time. STAR-CCM+ o ers
both these approaches in its code.

For the discretization of the governing equations in space and time, where the system of
partial di erential equations are transformed into a set of linear algebraic equations, which
then are solved numerically with an algebraic multigrid-solver, Simcenter STAR-CCM+

o ers two methods, which are the Finite Volume Method (FVM) and Finite Element
Method (FEM). In this project, the FVM was used. When discretizing with the FVM the
control volume, which is a certain volume of space where the simulation is taking place,
is subdivided into a nite humber of smaller control volumes, so-calledcells or element,
the unknown quantities are stored at the center of each cell/lelement of the generated
mesh/grid. Then, either an integral or weak form of the di erential equations are used
for the spatial discretization. When simulating unsteady ow cases, a speci ed amount of
time, that is assigned for the ow case to be observed, is subdivided into so-called time-
steps; discretizing in time generally results in a coupled system of algebraic equations,
that are solved at each time-step.

When the RANS equations, presented in Eq. (2.20) & Eq.(2.19), are discretized with the
FVM, they are rewritten in a general transport equation:

@
@t

@ @

@, H)y- @ @
+ @((u' ) = ax @x + S (2.25)

where represent a scalar property that is transported, is a di usion coe cient and
S is a source term. Integrating Eq. (2.25) over a control volumeV and applying Gauss's
divergence theoremthe following integral form of Eq. (2.25) is received:

d Z Z Z Z

e dav + v da = r da + S dv (2.26)
—lz—) Az Az} |14z}

Transient Term Convective Flux Diffusive Flux Source Term

where A is the surface area of the control volume andda represent the surface vector.

The transient term represent the time rate of change of the scalar uid property

The convective ux expresses the net rate of decrease of the scalar uid property
across the control volume boundaries, due to convection

The di usive ux represent the net rate of increase of the scalar uid property
across the control volume boundaries, due to di usion
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The source term expresses the generation/destruction of the scalar uid property
inside the control volume

2.3.1 Meshing

When the computational domain is discretized, it is, as previously mentioned, subdivided
into smaller cells/elements, which can be arranged either in astructured way or in an

unstructured way. The meshing tool in Simcenter STAR-CCM+ can create both mesh-
types and also support the import of meshes, created with other meshing tools.

2.3.2 Boundary Conditions

Imagine that the case to be observed, that takes place within this certain volume of space,
is external air ow around a single sail for downwind sailing, which is the actual case in this
project. In reality, this volume of space does not have any lateral boundaries that restrict
the air ow in any way, beyond the natural boundary of the water surface. However, in
the computational world, when simulating a real event and not use apanel method one
has to de ne lateral boundaries that enclose a certain volume of space; since the lateral
boundaries only exist in the simulation, one has to de ne certain rules of how the air ow
is a ected at the boundaries. These rules are calledboundary conditions and there exist
di erent boundary conditions for the di erent types of lateral boundaries, that encloses
the computational domain. For external ow cases, the computational domain often has
the shape of a 3D rectangle, with six sides and for internal ows in tube-shaped geometries,
such as pipelines or veins, the computational domain is naturally enclosed by the inner
wall of the tube-shaped geometry. Regardless of whether the ow is external or internal,
common boundary types areinlet, outlet, symmetry-plane & wall. The inlet is a boundary
where the uid is de ned to enter the computational domain and the outlet is a boundary
where the uid is de ned to exit the computational domain. The symmetry-plane is very
useful if the geometry of the model is symmetric because then only half of the model
is required and the computational costs can be heavily reduced. If the geometry of the
model is symmetric and the computational domain has the shape of a 3D rectangle with
one inlet and one outlet, the boundary type wall is then generally used for the remaining
three sides of the computational domain, i.e. the top, bottom and one of the vertical sides,
positioned opposite of the symmetry-plane. If the geometry of the model, on the other
hand, not is symmetric, the whole model is required and the boundary type, the wall is
instead commonly used for the remaining four sides, of the computational domain, beyond
the inlet and the outlet. It should also be mentioned that the inlet and the outlet are
the only boundaries that are de ned as permeable and therefore allows uid ow across
their boundaries. The symmetry-plane and the wall are thus de ned to be impermeable
and restrict uid ows across their boundaries. The boundary conditions on the di erent
boundaries are described below.

Inlet

In Simcenter STAR-CCM+, di erent types of boundary conditions for the inlet are avail-
able, i.e. Stagnation Inlet, velocity inlet and Mass Flow Inlet. The velocity and other uid
properties, at the inlet boundary, are de ned in the settings.
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Outlet

For the outlet, Simcenter STAR-CCM+ has two main boundary conditions, i.e. Outlet
and Pressure outlet As with the inlet, the pressure at the outlet is de ned in the settings.

Wall

The boundary condition for a wall can either be no-slip or slip and which condition that

is chosen, depends upon whether it is desired to account for viscous e ects on the lateral
boundaries that exist in reality, or not. With the no-slip condition, the uid velocity next

to the wall has the same velocity as the wall itself and for non-moving domains, the velocity
at the wall is therefore zero. When a uid ow is surrounded by one or several boundaries
such as inside a pipeline or a 3D rectangular-shaped test section of a wind tunnel, viscous
e ects generate the growth of aboundary layer on each of the surrounding walls, which
successively reduces the cross-sectional area of tfree stream ow. In the case of external
ows when no boundaries exist in reality, the appropriate boundary condition on the
lateral boundaries is theslip condition, because, with this condition, the shear stresses at
the walls are zero; hence, no growth of any boundary layers occur at the walls.

For turbulent ow, Simcenter STAR-CCM+ has dierent approaches to calculate the
shear stresses near the wall; the di erent turbulence models in STAR-CCM+ use di erent
approaches, which are:Algebraic Wall Functions, Two-Layer Models and Low Reynolds
Number Models

Courant Number

The Courant number, named after the mathematician Richard Courant, is a non-dimensional
number that can be used when calculating the required time-step when performing tran-

sient simulations, such as detached-eddy simulations (DES). The Courant number is linked

to the Courant Friedrichs Lewy (CFL) stability condition of numerical schemes [12] and

is de ned as:

c

C = (2.27)

whereU is the ow velocity, t representthe time step and h represent the characteristic
cell-size.
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2.4 Aerodynamics

2.4.1 The Air ow Around a Salil

Traditional sails, made of a relatively soft Dacron cloth have a sectional prole of an
asymmetric airfoil, with almost zero thickness, which is illustrated in Fig. 2.1. The relative
softness in this type of sails makes them highly ductile and with a set of trim controls, the
sail and the mast can be trimmed, so that the sail always has the optimal sail shape.

Figure 2.1: Top view of a 2D sail prole, where the theoretically zero sail thickness is shown as well as the
chord, which is the imaginary straight line from the lu to the leech. The maximum camber and its position along
the chord are also illustrated.

In Fig. 2.2 we see a top view image of the ILCA 7 dinghy and its single sail, in an air ow,
represented by streamlines, which per de nition are curves where the velocity vector is
tangential in every point along the curve [36]. When the air ow approaches the sail, the
streamlines are forced to deviate from their initial ow path and an outward normal force
component arises in each point on the surface of the sail as well as a tangential friction
force component. The air particles that deviate and ow around the sail on the leeward
side of the sail will accelerate, which creates a low-pressure zone on the leeward side that
therefore also is called thesuction side On the windward side of the sail, a high-pressure
zone is instead created and this side is called theressure side The size of the pressure
di erence that is created between the windward side of the sail and the leeward side of
the sail thus depends upon how much the sail forces the streamlines to deviate.

Figure 2.2.  Laminar air ow around the ILCA 7 dinghy sail, showing the pressure side and the suction side.
The closer streamlines, the higher the velocity magnitude, and vice versa.
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The total aerodynamic force on a surface, which can be decomposed into a pressure force,
normal to the surface and a tangential friction force, are often represented by a resultant.
This is illustrated in Fig. 2.3 which shows the ILCA 7 dinghy in a 2D top view, beating
upwind. Here the total aerodynamic force is decomposed into a drag forcBrag, that is
aligned with the apparent wind, and a lift force Lift , which is orthogonal to the drag force.
The theoretical point at which the total aerodynamic force "works" is called the Center of

E ort (CoE) .

Figure 2.3 The normal pressure force and the tangential friction force, in every point on the 2D sail pro le,
have been replaced by a resultant force, i.e. the total aerodynamic force, which here is decomposed into a lift force
and a drag force. The Center of E ort (CoE), where the resultant total aerodynamic force "works" is also illustrated.

The normal force on the sails is caused by the static pressure. There is also a dynamic
pressure in the ow, de ned as:

=

N

The streamline that divides the ow at the mast is called the stagnation streamline and
the point on the mast where the velocity decreases to zero and the pressure reaches its
highest value is called thestagnation point. At this point the pressure is often referred

to as the stagnation pressureor the total pressure According to Bernoulli” s theorem the
total pressure is the sum of the static pressure and the dynamic pressure and is de ned
as:

1
Piot = Pstat + > V2 (2.29)

In a simpli ed perspective in 2D of the mainsail, only two stagnation points exist, and the
rst appears where the stagnation streamline ends at the mast and the second appears on
the sail further aft towards the leech, where the air ow separates from the sail. How the
total pressure is calculated with wind tunnel equipment, is explained in the next section
where the wind tunnel facility, used in this project, is presented.

In Fig.2.2 & Fig.2.3 we saw a 2D pro le of a single mainsail and the forces, that arose
when the sail was subjected to air ow. The sail was depicted as if it was trimmed for
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upwind sailing and in Fig.2.4 we see the ILCA 7 dinghy in a 2D top view, now sailing
downwind. Again we have the total aerodynamic force and its decomposed components,
but instead of the drag force we now have the drive force, which is de ned as the force in
direction of motion and for the lift force we now see the side force which, in this coordinate
system, is orthogonal to the drive force. The image illustrates how the air ow separates
at the lu and the leach and how a huge wake, behind the sail, with a highly turbulent
ow, is created.

Figure 2.4: The image shows a 2D case of the ILCA 7 dinghy sailing downwind. The apparent wind speed,
the total aerodynamic force and its components, i.e. the drive force, which is aligned with the apparent wind, and
the side force are illustrated.

Fig. 2.4 above illustrates a 2D case with the force components in a top view, showing the
ILCA 7 dinghy sailing downwind. In reality the case is tree dimensional and a lift force,
normal to the horizontal plane, is present as well. Eg. (2.30) shows how the three forces
coe cients Cg, are de ned, where the subscripti = 1; 2; 3, for the forcesF;, stand for the
drag=drive force, side force and lift force, respectively. Eqg.(2.31) shows the de nition
of the corresponding three coe cients for the momentsCy, around the y; x; z principal
axes, where the subscript = 1; 2; 3, stand for pitch, roll and yaw, respectively.

2F;
Ce. = ———— 2.30
i VAZW Asail ( )
2F;
Cv = ————— 2.31
Mi VAZW Asail Lc ( )

where the coe cient C is a dimensionless quantity that varies with the shape of the object.

is the air density, Vaw is the apparent wind speed,Agg is the sail area, andL, is the
characteristic length that depends upon the distance from the center of e ort (CE) to each
principal axis.
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2.4.2 The Velocity Triangle & Velocity Made Good (VMG)

With a known true wind angle tw, a known true wind speedVryw and an assumption
of the boat-to-true-wind-speed-ratio of Vs =Vrw, the apparent wind speedVaw can be
calculated from the so-calledvelocity triangle, which is illustrated in Fig. 2.5 below:

1=2
Vaw = VA + V& + 2 Vrw Vscos( tw) (2.32)

Eq. (2.32) is the Law of cosinesbut with cos (180° tw) = cos( tw), thereof the
plus-sign in front of the third term in Eq. (2.32). Further, with the apparent wind speed
calculated, the apparent wind angle aw can be calculated as:

1

. V- )
AW = Sin ﬂsm( TW) (2.33)
Vaw

Figure 2.5: The velocity triangle for the ILCA 7 dinghy, sailing downwind. Note that it is assumed that no
leeway exists. The Velocity Made Good (VMG), which is the component of the boat speed Vs that is aligned with
the direction of the true wind, is also illustrated.

The Velocity Made Good (VMG) is the component of the boat speedvs that is aligned
with the direction of the true wind TW, which in Fig. 2.5 is illustrated with the true wind
speedVrw .
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2.5 Chalmers Low Turbulence Subsonic Wind Tunnel

In this project, Chalmers large-scale low turbulence subsonic wind tunnel was used. It was
built in 1964 and is situated at Chalmers Laboratory of Fluids and Thermal Sciencesat
the head campus of Chalmers University of Technology, in Gothenburg Sweden. The wind
tunnel is a classic semi-closed loop tunnel that operates at atmospheric pressure and can
be seen in Fig.2.6 & Fig.2.9. It is Chalmers most versatile wind tunnel and can be used
for many di erent types of experiments. It can for instance be equipped with an external
balance for force measurements on bodies or used for detailed ow eld studies using hot-
wire anemometry, optical measurement techniques, and advanced pressure measurements

[6].

Figure 2.6: Prole view of Chalmers subsonic semi-closed loop tunnel.

Data for Chalmers subsonic wind tunnel are presented in Table 2.1 and Table 2.2.

Table 2.1: Geometrical data for Chalmers subsonic wind tunnel L2.

Geometrical data

General
Contraction ratio of the nozzle 1 5.68:1
Center line circumference [m] 37.1
Total length of WT plane [m] 16.6

Test section

Length m] 3.0
Width  [m] 1.8
Height m] 1.25
Area (at the inlet)  [m 2] 2.07
Fillet (at the inlet)  [m] 0.2
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Table 2.2: Data of the air ow generation & control of Chalmers low-turbulence subsonic wind tunnel L2.

Air ow generation & control

General
Power (total) [w] 220
Maximum velocity [mis] 60
Main fan
No. Blades 6
Diameter [m] 2.0
No. Revolutions  [rpm] 0-1000
Power [xw 170

Cooling air fan

Power [ 80

2.5.1 Airow in the Wind Tunnel

The wind tunnel is equipped with an air-cooled electric motor that drives the 6-bladed fan,
which creates the circulating air ow. Downstream the motor, stators are used as motor
support and for cooling the main motor by ventilating the hot air through channels in the

stators. Fresh air is injected by the cooling air fan and the inlet temperature is regulated
by an inter-cooler before injected into the mainstream [17].

The Acceleration of the Air ow in the Wind Tunnel

In a closed-circuit wind tunnel, such as Chalmers wind tunnel, the air is kept in motion
with the 6-bladed fan and as the air ow circulates, it accelerates when it enters thenozzle
which is positioned just before the inlet of the test section and the air ow decelerates as it
leaves the test section and enters theli user . The reason for the acceleration is the design
of the nozzle, that contracts the air ow. The nozzle is therefore also commonly called the
contraction cone; the deceleration occurs because the di user is designed so that the air is
allowed to expand, which can be seen in Fig. 2.6. This acceleration and deceleration thus
always occur, even though no model is mounted in the test section, but when a sail or any
other object is mounted, the air ow has to ow around the test object; the air ow has to
accelerate a second time. How much the air ow accelerates the second time in the test
section depends on the size of the object, whether or not the object is symmetrical and
how streamlined it is in shape.

The physical explanation of the acceleration of the air ow can be understood if Fig. 2.7 is
studied, which shows thesettling chamber, the nozzle and the test-sectiom a top view.

The law of continuity explains that the air ow has to accelerate in the nozzle.

Bernoulli's theorem, de ned in Eq.(2.29), and the law of continuity can be applied to

analyze the air ow passing through the nozzle in a wind tunnel (see Fig.2.7). If for
instance the velocity eld in the nozzle is known, Bernoulli's theorem can be used to nd
the pressure eld:

1
Pi+ - V2= P+

5 VZ Py (2.34)

NI =
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where the subscript1 and 2 respectively represent the local condition at cross-sectiorl
and 2, in Fig. 2.7.

Figure 2.7. The acceleration of the air ow in the nozzle, in Chalmers low turbulence subsonic wind tunnel.

The law of continuity applied over the nozzle in Fig. 2.7 is written:

A1 Vl = Az V2 (2.35)

Where A; and V; represent the cross-sectional area and velocity, respectively, at cross-
section 1;A, and V, thus represent the cross-sectional area and the velocity at cross-section
2. It can be seen that the cross-sectional area at cross-section 1 is much larger than the
cross-sectional area at cross-section 2. Law of continuity in Eg. (2.35) say that the velocity
at cross-section 2, therefore, must be higher than the velocity at cross-section 1, which
means that the air ow must accelerate in the nozzle. This is indicated by the smaller
distance between the streamlines.

Flow Quality in the Test Section

To receive accurate test results in a wind tunnel experiment, it is very important that
the ow quality in the test section is good, which is synonymous with low turbulence and
mean velocity vectors that are equal in magnitude and parallel to the lateral boundaries in
all positions in the test section. In Fig. 2.6 it can be seen that each corner of the tunnel is
equipped with guide vanes, which are section-shaped foils to guide the circulating air ow
so that a uniform ow in the test section can be attained. The last time the ow quality

in the test section was investigated was 1997 and is described in detail in [16]. Further,
keeping a stable temperature in the test section is also very important for the ow quality.
The turbulence intensity in the test section was investigated in 2015 byApplied Mechanics
Internal Resourcesand was measured to be approximately0:125 % The measurement was
carried out with a centrally positioned probe that successively was moved from the inlet of
the test section 1.5 m downstream, to the middle of the test section. The results from the
turbulence measurements can be seen in Fig. A.1, in Appendix. Since test objects often are
positioned approximately in the middle of the test section, which is 1.5 m downstream of
the inlet in Chalmers subsonic wind tunnel it is su cient to only measure the turbulence
intensity in the rst half of the test section.

Since sailing boats operate in the boundary layer of the earth, which is highly turbulent
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most of the time, it can be of interest to induce turbulent ow in the test section, so that the

ow around the model becomes more realistic. For this purpose, grids, with vertical and
horizontal bars of various sizes, shapes, and materials are designed to generate a certain
desired level of turbulence in the test section, are commonly used. The material of the grid,
used for all tests in this project, was aluminum and the size of each bar, i.e. the width times
the height, times the depth; the distance betweenthemareV H D =15 15 15mm
and 65 mm, respectively. A close-up image of one cell the grid can be seen in Fig.2.8
below. Further, this grid should produce a turbulence intensity of 2 % according to Valery
Chernoray, Director of Chalmers Laboratory of Fluid and Thermal Science. In Fig.2.9,
taken downstream the model sail in the test section, the grid can be seen in the background.

Figure 2.8 A close-up image of one cell in the grid used for generating turbulent ow in the test section.

Figure 2.9: Picture of the octagonal test-section, where the grid can be seen behind the sail model, which in
the picture is tested for a heel angle of 20 °, a sheet angle of 9¢° and with the light trim with the kicker.

In Fig. 2.9 the full size grid, which is mounted after the settling chamber and before the
nozzle can be seen. The picture, which is taken downstream of the model, shows the
cross-section of the test section. The purpose of the llets, which is mounted at a 45
and give the rectangular test section an octagonal shape, is to avoid stagnating ow in
the corners. Behind the corner llets, several lights are mounted allowing the model to be
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properly illuminated. Further, to compensate for the gradual growth of the boundary-layer
along the test section walls in the stream-wise direction, the octagonal cross-sectional area
increases as the corner llets successively decrease. Further downstream, 200 mm before
the end of the test section and before the di user, there is a 20 mm pressure recovery
slot in the wind tunnel, which equalizes the pressure and decreases the pressure gradient
between the test section and the surroundings. Furthermore, the pressure recovery slot
creates a boundary layer suction, preventing separation in the di user [16].

Chalmers wind tunnel is, as previously mentioned, a classic semi-closed and versatile loop
tunnel which means that it unfortunately therefore not is optimal for sail analysis. Wind
tunnels specialized for sail analysis and sail optimization, usually have an open test section
to avoid blockage e ectsand are equipped with large vertical turning vanes, which can be
seen in Fig.2.10 that can be twisted to create a twisted ow. This makes it possible to
simulate the e ect of the vertical velocity gradient and to trim the sail more realistic with

a suitable twist.

Figure 2.10: Picture of the Twisted Flow Wind Tunnel (TFWT), at the University of Auckland SW, in
New Zeeland, which is an open circuit wind tunnel; equipped with vertical turning vanes that can be twisted and
generate twisted ow. The picture is published with the approval of Professor Richard GJ Flay, at The University
of Auckland, New Zeeland.

The Boundary Layer in the Test Section

As the air ow enters the test section a thin boundary layer is created along the lateral
boundaries, where each surface boundary can be said to be a thin at plate, which is
illustrated in Fig.2.11. Boundary layer theory is therefore applicable and the formulas
for at-plate ow in Eq.(2.36) for both laminar ow and turbulent ow can be used for
the determination of the boundary thickness at the x-position where the test object is
mounted in the test section. The border of the boundary layer is per de nition each point
in the ow where the local velocity reaches 99 % of thefree-stream velocity [36].

The test object should preferably be outside the boundary layer and be tested in thdree-
stream ow; according to the wind tunnel personnel who had performed a ow-quality
investigation, the height of the boundary layer ( ) along the test section oor was measured
to be only a couple of centimeters high, which meant that the sail model was mounted
above the boundary layer.
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( 5:1(12 laminar 10° < Rex < 10°

_ (2.36)
0-}97 turbulent  10° < Rey
Rex

x|

where the Rey, = Ux= is the local Reynolds numberof the ow along with the plate

(surface boundary). In Eg. (2.36) it can be seen that the laminar ow formula applies for
a local Reynolds number betweerl0® - 1P and that the turbulent ow formula applies for

local Reynolds number, higher than1(P.

Table 2.3: some calculated values from Eq. (2.36), from [36]

Rey 10° 100 10° 107 108
( =X)jam 0:050 Q016 Q005
( =X)trb 0:022 Q016 Q011

The elds without a value in Table 2.3 have a local Reynolds number that is outside the
range where the formulas in Eq. (2.36) are valid.

Figure 2.11: Growth of a boundary layer on a at plate. The image is modeled from Fig. 7.3 in [36].

In Fig.2.11 U represent the free-stream velocity and outside the boundary layer, where
the dashed red curve marks the border, the pressure is the atmospheric pressupe= pa.
Further, the height of the boundary layer increases downstream and is thus a function
of the position x, i.e. (X); w(x) is the wall shear stress, which also is a function of x.
A quote from [36] "A shear layer of unknown thickness grows along with the at plate
and the no-slip wall condition retards the ow, making it into a rounded prole u(x;y),
which merges with the free-stream velocityU, which is constant at a certain "thickness”

y= (x)" [36].

27



2. Theory

Blockage E ects

When a wind tunnel facility has a closed working section, the presence of the lateral
boundaries, i.e. the walls and the ceiling, give rise to a ow phenomenon that is called
blockage e ects There are several di erent types of these blockage e ects, where a few of
these are listed and presented further down in the text. The interested reader can read
more about these e ects in [4]. For this reason, working sections of modern wind tunnels
used for sail design and sail analysis, are preferably designed without lateral boundaries
to minimize these unwanted e ects.

Test objects are usually positioned in the center, at a certain distance downstream the
inlet of the test section; blocking e ects can be explained by that the presence of the test
object forces the air ow to deviate from its initial straight path when it approaches the
test object. When the air ow then deviates from its original path, it also starts to accel-
erate and if the test section has lateral boundaries, these restrict the air ow to expand
laterally and vertically, respectively, on the new deviated path around the test object. The
air ow thus cannot expand freely which causes the air ow to accelerate even further and
it reaches its maximum speed when it passes the test object [36]. If the test section on the
other hand are open and do not have any lateral boundaries, the air ow is free to expand
and the second acceleration of the air ow would be smaller and the contribution of block-
age e ects would therefore also be smaller. The consequence of the lateral boundaries is
that the test object is subjected to air ow with higher velocity and since the forces on the
test object depend upon the velocity squared, the measured data becomes higher than it
would be if the test object were tested in a wind tunnel with a test section without lateral
boundaries. The usual formulas for calculating the blockage e ects postulates that the
test object is streamlined, like an airplane wing and since the test object in this project
more or less resembles a at surface that is perpendicular to the air ow, these formulas
could not be used. This is the reason why the numerical analysis was necessary to perform.

Di erent types of blockage e ects exist, as mentioned, and a few of these that are presented
below:

Horizontal Buoyancy

This e ect occurs when there exists a variation of the static pressure along the test
section when no model is present [4] and is nonzero in most wind tunnels. This
e ect can be dealt with by adding llets to an rectangular cross-section, creating an
octagonal cross-section and since Chalmers subsonic wind tunnel that was used in
this project has these llets, horizontal buoyancy was not one of the e ects that had
to be considered.

Solid Blockage

Optimally, the ratio of the cross-sectional area, i.e. the frontal area of a test object
and the stream-wise cross-sectional area is zero, which is the case when a wind tunnel
has no lateral boundaries, such as in apen jet In those cases when a wind tunnel
facility has lateral boundaries, solid blockage gives rise to larger surface stresses due
to the acceleration of the air ow. However, it can be corrected by choosing the right
scale of the test object. The ratio thus re ects the relative size of the test object
and the test section; are usually somewhere betweeh% 10 % [4].
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Wake Blockage

Wake blockage occurs since the wake displaces the streamlines laterally, which means
that the cross-sectional area available for the air ow becomes smaller. The airspeed,
therefore, becomes higher behind the body, which means lower pressure and the
presence of a horizontal buoyancy force.

2.5.2 Wind Tunnel Equipment

The Balance

In Fig. 2.3 we could see that the air ow generates forces and moments on the sail and these
can be measured with an external 6-component strain-gauge wind tunnel balance that is
mounted below the test section of Chalmers wind tunnel, which can be seen in Fig. 2.12.

Figure 2.12: The picture shows the external 6-comp. strain-gauge wind tunnel balance, mounted under the
test section, that was used in this project.

The wind tunnel balance has di erent load capacity for the Drag force D, the Side force
S and the Lift force L, which can be seen in Table 2.4.

Table 2.4: Capacity of the load cells, mounted inside the wind tunnel balance.

Force component Drag Side Lift
No. Load cells, a 30 kg 1 2 3
Total weight kg 30 60 90

Coordinate Systems

Fig. 2.13 illustrates the coordinate system in Chalmers wind tunnel, where the drag force
D has positive sign in the opposite direction of the air ow and correspond to the+ X in
Fig. 2.14 which illustrates the coordinate system for the 6-component wind tunnel balance.
Fig. 2.14 thus show how the 3 forces, thdrag force D; + X, the Side force S;+Y and the
Lift force S;+Z; the 3 moments, thepitch moment m; + My, the roll moment I; + My and
the yaw momentn; M, are measured. Note that the yaw momentn in Fig. 2.13 measure
negative.
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Figure 2.13: llustration of the coordinate system in Chalmers wind tunnel, where the drag force D points in
the opposite direction of the air ow.

Figure 2.14: llustration of the coordinate system of the 6-component wind tunnel balance, where + X points
in the opposite direction of the air ow

LabVIEW

The air ow in the wind tunnel is controlled by the standard laboratory software Lab-
VIEW [37], which processes the input-data from the di erent measurement instruments,
presented in the following text, that commonly are used in experimental tests.

Pitot-Static Tube

The Pitot-static tube Fig. 2.15 is an L-shaped standard pressure measurement instrument,
positioned so that the noseis exactly at the inlet of the test section, at a height of 770 mm,
from the wind tunnel oor and at a distance of 355 mm, from the wind tunnel wall. The
Pitot-static tube is used for measurement of the total pressurePy,; and the static pressure
Psiat in the test section, so that the air ow velocity in the test section can be calculated
with the Precision Micro-Manometer [40].
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Figure 2.15: Top-view illustration of the round-nosed Pitot-static tube that was used for measurement of the
total pressure Pit and the static pressure Pstat in the test section.

The Precision Micro-Manometer

The precision Micro-Manometer (FCO510), which is positioned outside the wind tunnel,
is connected to the Pitot-static tube through the total-head connection and the static
connection, illustrated in Fig. 2.15; measures the total pressure at the opening at the nose
(A); the static pressure at the 6 ori ces, equally spaced around the tube and positioned
20 mm downstream the nose at (B).

Table 2.5:  Front panels settings of the Precision Micro-Manometer FC0510.

Mode Di erential Pressure (D.P)
Range 200.00 AUTO
Average Activated

State Read

By subtracting the static pressure from the total pressure, the dynamic pressure is received,
which can be seen in Eq.(2.37) & (2.38). From the dynamic pressure, LabVIEW then
calculates the air ow velocity Eq. (2.38).

Pdayn = Prot Pstat (2.37)
S
1 2P
den = E vV 2 =) V = £Tdyn (2.38)

It can be seen in Fig. 2.15 above, which shows the Pitot-static tube in a top view, that the
long part of the L-shaped Pitot-static tube is mounted orthogonal to the air ow direction,
and that the short part is aligned with the air ow. Depending on the shape of the nose,
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the Pitot-tube is more or less sensitive to the inclination of the short tube axis to the
air ow direction. There exist many di erent shapes of the nose, which can be round, at,
chamfered, hemispherical, sharp lleted, etc. The Pitot-tube used in this project was, as
previously mentioned, a round-nosed tube and this particular nose shall not be inclined
more than approximately 9° to the air ow, to avoid errors in the measurement of the total
pressure [4].

2.6 Scaling

Because of spatial restrictions of the test section in most wind tunnels it is often necessary
to scale the prototype, so that the test object ts inside the test section;.

2.6.1 Dimensional Analysis & Similarity

Two other important reasons for scaling a prototype and perform tests on a model are
usually time and money. This because performing experimental tests on a full-scale proto-
type usually requires a very large test facility that probably is more expensive to run and
maintain than a smaller facility. A large prototype is usually also more di cult to handle,
which makes it more time-consuming to perform tests on a full-scale prototype than on a
small test model. Taken these aspects into account, performing wind tunnel tests with a
large full-scale prototype easily becomes much more expensive.

Without going too deep into dimensional analysis which the interested reader can read
more about in [36], dimensional analysis is a very useful tool that provides certain rules,
so-calledscaling law's that has to be satis ed for similarity to exist between a model and
a full-scale prototype. However, usually and unfortunately it is practically impossible to
satisfy all requirements for complete similarity between a model and a prototype. In wind
tunnel tests, for example, the dimensionlessReynolds number (Re), which is the only
similitude parameter of interest in low-speed wind tunnel tests, when theMach number
(Ma) is below the critical Mach number (Maci ), hardly ever can be satis ed. The rea-
son for that and the consequences it has will be described further down in the subsection
Scale e ects Complete similarity can be decomposed into four di erent types of similarity
which cover the dimensionsforce, or mass length, time and temperature, or the so-called
FLT -system, which it commonly is called. The four di erent kinds of similarity are:

Geometric similarity
Kinematic similarity
Dynamic similarity
Thermal similarity

Geometric, kinematic, and dynamic similarity are described more in-depth below, but the
thermal similarity is not addressed any further in this project.

Geometric Similarity
A formal de nition of geometric similarity from [36] is:

"A model and prototype are geometrically similar if and only if all body dimensions in all
three coordinates have the same linear scale ratio."
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In other words, geometric similarity between a model and a full-scale prototype only exist
if all lengths of the prototype L, are scaled with the same linear length scale factor . :

Lm = LLp (2.39)

where the subscript m and p stand for model and prototype, respectively. Areas are
therefore scaled with the linear length scale factor squared and volumes with the linear
length scale factor cubed. The prototype sail thus has to be scaled as:

Am = ZAp (2.40)

Kinematic Similarity

The ow around the model and prototype are kinematically similar if and only if the
velocity at all points in the ow, in all three directions have the same scale ratio. The
velocity scale factor v is de ned as:

Vim= vV (2.41)

Dynamic Similarity

The ow around the model and prototype are dynamically similar if and only if the forces
at all points in the ow, in all three directions have the same scale ratio. The force scale
factor g is de ned as:

2.6.2 Scale Law

In wind tunnel testing with air as medium and with no free water surface present, the
Reynolds numberRe and the Mach number Ma are two important similitude parameters.
The Reynolds number describes the relation between inertial and viscous forces in a uid
and is de ned as:

Re = = — (2.43)

where is the uid density, V is the ow velocity, L is the length of the object, but is

changed for the diameter? if the object has a cylindrical 2D geometry, is the dynamic
viscosity and is the kinematic viscosity. The Mach number is de ned as:

Y,

Ma = — 2.44

a= — (2.44)
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whereV is the ow velocity and a is the local speed of soundin lower speeds (sub-sonic)
air can be regarded as incompressible and the Mach number can be neglected when the
value is lower than 0:3. Since the Mach numbers were calculated as approximatel:05 for
the strong wind case and a<:03, for the light wind case, the Mach number was neglected
in this project, leaving the Reynolds number Re, as the only important similitude pa-
rameter. To satisfy the requirements for kinematic- and dynamic similarity the Reynolds
number has to be same in both scales, which the interested reader can read more about
in [19].

If the aerodynamic forcesF on, for example, a sail model that is subjected to a circulating
airow in a wind tunnel are assumed to be a function of the uid density , the uid
velocity V, the uids dynamic viscosity and the characteristic length L, then we have:

F=f(LV ) (2.45)

The subscript c in the expression for the characteristic length is omitted in the remaining
equations. The characteristic length is de ned di erently depending on the geometry of
the object; when sails are involved, the characteristic length is usually de ned as the hor-
izontal distance between the lu and the leech of the sail, at the height of the geometrical
center of e ort (CoE).

With dimensional analysis, Eqg. (2.45) can be written:

F VL
vez- 9 (2.46)

where the left-hand side represents the dimensionless force coe cienCg and as can be
seen, therefore is a function of the dimensionless Reynolds number, i.e.

Cr = 9(Re) (2.47)

This means that if the dimensionless Reynolds number are same in both scales, then the
dimensionless force coe cients are also same in both scales:

m

Using the left-hand side of Eq.(2.46) and the equality between the force coe cients in
both scales in Eq. (2.48), then the law of similitude can be used to analyze the forces in
the model scaleF,, i.e.

Fo
Fim

V,
P p —_P 2.49
Vim ( )

3
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which is a scale law where Fp=Fny, represents the force ratio, ,= n the density ratio,
Vp=Vin the velocity ratio and Lp=Ln the length ratio, between the prototype and the
model.

Scale E ects

When one speaks of scale e ects it is commonly the dimensionless Reynolds numbRe,
that cannot be scaled properly. The reason for not being able to scale the Reynolds num-
ber perfectly usually is that the required wind tunnel speed must be so high that the sail
model and the other equipment could be at risk and su er from structural damage, which
then could jeopardize the whole test project with large nancial losses as consequence.
One usually therefore has to compromise and use as high tunnel speed as the model and
the wind tunnel balance can handle.

If the force coe cients not are equal in both scales, means that the dimensionless Reynolds
number not are equal in both scales and that Eq. (2.48) instead has to be written:

Ren 6 Re; =) Ck, 6 Cr, (2.50)

m

2.6.3 Hooke's Law

A materials deformation properties can be determined experimentally in a so-called tensile
test with a rod of the material of interest. In the tensile test, the elongation of the material
and the applied force are measured from time zero to fracture; with the collected data a
stress-strain diagram can be created [22]. The so-calletHooke's law for tensile stress is
de ned as:

= E" (2.51)

where is the tensile stressE is the modulus of elasticity or Young's modulusand " is the
strain. Hooke's law is a constitutive relationship and materials that are described with it
are linearly elastic [22].

The strain " describes the non-dimensional deformation a material su er when subjected
to a load:

" (2.52)

where is the elongation of the material andL g is the original length, before the load was
applied. Eg.(2.52) thus gives rise to another expression where the elongation in model-
scale can be coupled to the elongation in full-scale, with the linear length scale factor,,
i.e.

m= L op (2.53)
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2.6.4 Elemental Case for a Cantilever Beam

Fig. 2.16 illustrates an elemental case for a cantilever beam and can be found in table 32.1
in [14] as well as Eq. (2.56) - (2.67), which are expressions for the calculation of the angle
change, and the displacement, .

+ =1, = angle change, ( = x=L) = displacement

Figure 2.16: Elemental case for a cantilever beam, Table 32.1 in [14].

In Fig.2.16 it can be seen that the angle change and the displacement are de ned as
functions of ,ie. () & () where , which is de ned as:

(2.54)

X
L

is dimensionless and is used only to de ne the position where it is desired to calculate the
angle change and the displacement. Further, in Fig.2.16 and were de ned as:

+ =1 (2.55)

where0 < ; < 1. is the relative length L=L between the point where the load is
applied and the free end of the beam and is the relative length L=L between the point
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where the load is applied and the x end of the beam. Depending on whether it is desired

to calculate the angle change and the displacement at exactly the position where the load
is applied or on either side of it, di erent expressions should be used. These are presented
in Eq. (2.56) - (2.62) for the point load P and Eq. (2.63) - (2.67) for the momentM .

( < ): ﬁ 2 (256)
(< )=25 cisza ) (257)
_ PL2 2 2
(> )= 2 () (2.58)
(> )= EELIS( ¥ 32 y+2 3 (2.59)
— PLZ 2
()= oo (2.60)
_ pL3
()= 3ET 3 (2.61)
ML
(< ="t (2.62)
(< )= ML ¢ -2) (2.63)
El )
ML
(> )="2ra ) (2.64)
(> )—“ZAELIZ( 2 o2 ( )+2 2 (2.65)
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()= % (2.66)
2
()= 2= 2 (2.67)

2.6.5 Area Moment of Inertia

Circular Tube

Fig.2.17 illustrates section-cuts of the mast bottom section and the mast top section of
the aluminum ILCA 7 mast.

Figure 2.17: cross sections of the aluminum mast bottom section and the aluminum mast top section, where
a1 and by are the outer and inner radius of the mast bottom section; a» and b, are the outer and inner radius of
the mast top section, respectively.

The area moment of inertia, | for two circular tubes, with di erent outer and inner radius,
that shall be combined by inserting one of the tubes into the other with an overlap, can
be calculated with:

aft b4
I, = 41 Tl (2.68)
as b3
I, = 42 TZ (2.69)
lot = 12+ 12 (2.70)

where a and b are the outer and inner radius, respectively and the subscriptsl; 2; tot
respectively represent the bottom tube, the top tube, and the total combined tube.
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Circular Solid Beam

The area moment of inertial for a circular beam with a solid cross-section can be calculated
with Eg. (2.71), which can be found in Table 31.1 "Cross-sectional data for solid cross
sections" in [14],

4
| = aT 2.71)

where a is the radius of the solid cross-section.

2.6.6 Flexural Rigidity

The exural rigidity of a beam is de ned as the product of the Young's modulus, E and
the area moment of inertial , for the beam:

El (2.72)

2.7 Sall Area Measurement with the ORC Method

ORC (O shore Racing Congress) Rating systems use the IMS (International Measurement
System) when measuring sails [28] and the method for measurement of the mainsail is
described as,

P
Area = §(E +2MQW + 2 MHW + 1:5MTW + MUW + 0:5MHB) (2.73)

where,
P - is the length [m] of the lu
E - is the length [m] of the foot
MQW - is the chord length [m] between the lu and the leech, 1=4P vertically up from the tack
MHW - is the chord length [m] between the lu and the leech, 1=2P vertically up from the tack
MTW - is the chord length [m] between the lu and the leech, 3=4P vertically up from the tack
MUW - is the chord length [m] between the lu and the leech, 7=8P vertically up from the tack
MHB - is the distance [m] between the lu and the leech at the head
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Figure 2.18: The image illustrates how the measures are taken in a main sail with the ORC-method.

2.8 Grid Dependence Study

A grid dependence study, aimed at generating as geometric similar grids as possible, will
make it possible to estimate the quality and the uncertainty of the data. A method used
by Crepier [7] and Eca & Hoekstra [9] for a grid dependence study and an estimation of
the uncertainty, respectively, are brie y presented in this section.

2.8.1 Isotropic Volume Grid Generation

The domain is initially divided into a coarse grid with large cells, which successively are
sub-divided into smaller cells that nally enclose the prism-cell layers around the model.
Each cell-size is referred to as ae nement level or surface re nement degreeand the
transition zone between two re nement-levels is called thedi usion depth (d). The user
thus has to decide the cell size of the initial coarse grid, the appropriate re nement degree
for the model, and the diusion depth. Once the user is satis ed with the isotropic
volume grid generation ananisotropic sub-layer grid generationcan be used to increase
the resolution of the boundary-layer on the walls. In [7], 8 re nement levels are used
and the grid re nement study is based on a coarse grid where the resolution is gradually
re ned, resulting in 5 grids. Further, in the section "2.2 Isotropic volume grid generation”
in [7], Crepier lists 4 steps as a guide to ensure that the grids become as geometrically
similar as possible:

1. The initial cell size should be decreased by a factor of 2, 3, 4, and 5 in each direction
by using 2, 3, 4, 5 cells in each direction.

2. The surface re nement degree should be kept constant throughout the sets.
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3. The size of the transition region between 2 neighboring cells, the so-called di usion
depth, should be adjusted so that it matches the global size of the grid.

4. The anisotropic sub-layer settings should be adapted to the re nement.

2.8.2 Anisotropic Sub-Layer Grid Generation

Eq.(2.74) & EqQ.(2.75) below are used for theanisotrophic sub-layer grid generation The
total thickness of all prism layers should be less than the turbulent boundary-layer thick-
ness, which has to be calculated rst.

(2.74)

where Sy is the thickness of near wall prism layerfor the initial coarse grid and the output
S, represents the thickness of then™ prism cell-layer for the re ned grid. The level of
re nement is represented by (n), where n=1 is the coarsest grid.

h=r;" (2.75)

wherer is the prism layer stretch factor or growth ratio of the initial coarse grid and the
output rp, represent the growth ratio of the n" re ned grid.

2.9 Verication & Validation

Veri cation and validation are two methods used to quantify numerical and modeling
errors in CFD and thus a way to establish the credibility of the results.

2.9.1 \Verication

There are two veri cation aims, i.e. Code Veri cation and Solution Veri cation . Code
Veri cation is all about if the software is properly coded or if there are any "bugs" present
in the code, causing a numerical error. Solution Veri cation, on the other hand, quanti es
the uncertainty of the numerical solution. Following Roache [32], "as an error requires the
knowledge of the "truth/exact solution" and has a sign; an uncertainty de nes an interval
that should contain the "truth/exact solution" with a certain degree of con dence and is
de ned with a plus-minus sign". In this project, it was Solution Veri cation that was of
interest, and the numerical uncertainty was estimated with the method suggested by Eca
and Hoekstra [9] who estimate the uncertainties as "the absolute value of an error estimator
multiplied by a factor of safety”". Below, the suggested procedure in [9] is described.

2.9.2 Validation

Validation quanti es the modeling errors, but a formal validation according to, for exam-
ple ITTC ( International Towing Tank Conference) will not be carried out. Instead, an
informal validation will be performed, where modeled data will be compared to measured
data.
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2.9.3 Error Estimation

Numerical Errors

In [9] the authors lists three components of numerical errors that exists in CFD predictions:

Round-o error
Iteration error

Discretization error

where the rst component, the round-o error, is a consequence of the nite precision
of computers; the second component, the iteration error, is unavoidable due to the non-
linearity of the mathematical equations and nally, the third component, the discretization
error, is a consequence of the approximation made when transforming the partial di er-
ential equations of the continuum formulation into a system of algebraic equations.

Power Series Representation of the Discretization Error

In [9] the authors assumes that both the round-o error and the iteration error are neg-
ligible compared to the discretisation error; they estimates the discretization error with
(truncated) power series expansions. The basic equation to estimate the discretization
error  is:

-5

(2.76)

where ; is any integral or other functions of a local ow quantity, ¢ is the estimate
of the exact solution, is a constant to be determined,h; is the typical cell size andp
is the observed order of grid convergencelf 05 p 2, = Rre. To estimate the
discretization error, , the estimate of the exact solution, g, and the observed order of
grid convergence,p has to be determined. The procedure for the determination of these
unknowns are described in detail in Appendix A and Appendix B in [9].

The assumptions with the use of Eq. (2.76) are:

1. The grids has to be in the "asymptotic range".

2. The density of the grids is represented by a single parameter, the typical cell size of
the grids, h;, which requires that the grids are geometrically similar, i.e. the grid
re nement ratio must be constant in the entire domain.

With equal grid re nement ratios between the medium/ nest and coarsest/medium, i.e.
ho=h; = hs=hy, three grids is the only that is required to estimate the apparent grid
convergence behavior, based on the discriminating ratio:

R= -+ 2 (2.77)

where the subscriptsl; 2 and 3 represent ne, medium and coarse grid, respectively.
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Monotonic convergence foD < R < 1
Monotonic divergence forR > 1
Oscillatory convergence forR < Oand jRj < 1

Oscillatory divergence forR < OandjRj > 1

The discriminating ratio R is related to the observed order of grid convergence and the
grid re nement ratios h,=h; and hz=h, by

hy P (f2)P

o - (2.78)

which for h,=h; reduces to

log(R) = plog E; : (2.79)

Thus, when p > 0 is equivalent to monotonic convergence0 < R < 1 and whenp < 0

is equivalent to monotonic divergenceR > 1, ﬂ—; < 1

It is therefore only possible to estimate  when there exists monotonic convergence when
the three grids are in the "asymptotic range" and the data do not have any scatter. For
easy geometries and "simple equations" these requirements are relatively easy to satisfy
according to [9], but harder, if not impossible for complex geometries and complex equa-
tions. The main reason for "noisy data" [9] is the lack of geometrical similarity of the
grids, which is harder to get for unstructured grids than it is for structured grids. In cases
with complex geometries and complex equations, i.e. when the estimation with Eq. (2.76)
is impossible or unreliable, three other "error estimators” can and should be used [9]:

1= o= (2.80)
2= o= (2.81)

and
2= o= 1hi + ,hZ (2.82)

Eqg. (2.80) & Eq.(2.81) are only suitable for monotonically converging solutions but Eq. (2.82)
can be used also for non-monotonic convergence [9].
Least-Squares Error Estimation

If is is expected that scatter might occur in the data, it is recommended to use at least
four grids, i.e. ng 4 [9], because it is then possible to perform a least-squares error
estimation and determine o from the minimum of functions:
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Vv
u g
See( o ip)=t (i (o+ hPYZ (2.83)
=1
Vv
X
Si( 0; )= (i (o+ hi)Z (2.84)
=1
\
poxe
S 0y )= (i (o+ h2)3 (2.85)
i=1
and
N
AN B 2.
Si2( 0; 1; 2) = (i (ot 1hi+ 2h9)z (2.86)

The least-squares minimization of the non-weighted approach in Eq. (2.83) - (2.86) and
the weighted approach is presented in Appendix B in [9], where also the de nition of the
standard deviation of the ts that is used as a measure can be found.

Uncertainty Estimation

With the estimated discretization error  determined it is possible to estimate the uncer-
tainty U , i.e. the interval where the exact solution can be found with 95% certainty,

i U exact it U (2-87)

"First a judgment is made of the quality of the data t". After that a data range parameter
is de ned:

— ( i)max ( )min (2.88)
ng 1
If the solution is monotonically convergent with 0:5 p < 21*andif < , the

error estimation is considered reliable and receive a safety factor-s = 1:25 after the
Grid Convergence Index (GCI). In every other case, the error estimation is not considered
reliable and receives instead a safety factor-s = 3. The determination of U and weather
the estimation is good or bad do not only depend on the safety factor, there exist other

expressions that classify an error estimation as "good" or "bad", i.e. for or
>
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For <
U(i)=Fs (i)+ +] fit | (2.89)

For
U(Ci)=3—( (D+ +ji fit J) (2.90)

The estimated uncertainty thus has 3 components, i.e. the absolute value of the estimated
discretization error multiplied with a safety factor, the standard deviation of the t, and
"the di erence between the real data point and the value obtained from the t for the
dame grid density" [9]. The quantity of the two last components is a result of scatter in
the data [9] and that for a grid re nement study with monotonically convergent data, the
method should reduce to the Grid Convergence Index.

The asymptotic range is de ned as:p = 1:99 for hj=h; =1 and p=1:95for hj=h; = 2.
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Grid Re nement Ratio

The grid re nement ratio ( relative step siz@ is used to generate as geometrical similar
grids as possible and is de ned as:

hi _ NXi _ NY; Nz 9
— = = = = “ni=n; 291
hy = NX; NY;, NZ; = (2.91)

whereNXi;NY;jandNZ; are the number of cells in the X, Y, and Z-directions in the i:ith
grid, respectively, and n; is the number of cells in the i:th 3D grid.

2.10 Chalmers Compute Cluster
Chalmers Center for Computational Science and Engineering (C3SE) has a compute clus-

ter system, which runs on the stable Linux Distribution centOS and uses the SLURM
queuing system for higher e ciency.
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Test Object

3.1 The ILCA Dinghy

The ILCA dinghy, designed by Bruce Kirby, is a strict one-design class which means that
very few adjustments and improvements are allowed. In this section, the new bi-radial
MKII sail and the old cross-cut MKI sail are presented as well as the ILCA 7 mast and
the ILCA boom. The trim controls that are used to trim the sail are also presented as
well as how the ILCA 7 should be sailed on the downwind leg.

3.1.1 The Old MKI Sail and the New MKII Sail

The new class approved MKII sail for the ILCA 7 (men's Olympic sailing class dinghy) is
manufactured of 4.5 ounce Dacron cloth with a bi-radial design, which better matches the
load paths and therefore o er better durability than the old MKI sail, manufactured of
3.8 ounces Dacron of the cross-cut design with diagonally placed panels. Images of MKI
and MKII can be seen in Fig.3.1 & Fig. 3.2, respectively and the corresponding data are
presented in Table 3.1.

Figure 3.1: ILCA 7 MKI Sall. Figure 3.2: ILCA 7 MKII Sail.
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Table 3.1: The corresponding full-scale data for each sail.

Lu length  (max) [m 5.130 Lu length  (max) [m 5.120
Leech length (max) m 5.570 Leech length (max) m  5.555
Foot length  (max) [m 2.740 Foot length  (max) [m 2.750
Sail area m?) 7.06 Sail area m2) 7.06

3.1.2 The Mast & the Boom

The mast for the ILCA dinghy consists of two sections of tubes, onébottom section and
onetop section, which are combined by inserting the top section into the bottom section,
with an overlap. At the time of carrying out this project, a new version of the mast top
section in carbon composite was about to be introduced on the market. However, it was
decided that the traditional mast top section in aluminum and the mast bottom section,
also that in aluminum, should be used as reference in this project. Three classes of the
ILCA dinghy exists, i.e. ILCA 4, ILCA 6 andILCA 7. They all have the same hull and
ttings as well as the boom and the mast top section, but the mast bottom section for the
ILCA 7 is thicker; the sail area also di ers between the three classes. The required e ort to
bend the mast, to get the desired curvature, therefore di ers, which has been the idea from
the beginning. ILCA 7 (Standard) is as previously mentioned the men's Olympic sailing
class, ILCA 6 (Radial) is the women's Olympic sailing class and ILCA 4 is the class for
children and youths. The equipment that is class speci ¢ has therefore been designed with
this in mind. The boom for the ILCA dinghy is also a circular tube made out of aluminum.

Images of the mast bottom section and the mast top section can be seenin Fig. 3.3 & Fig. 3.4,
respectively; an image of the boom can be seen in Fig. 3.5. These three images are taken
from the class rules of the International Laser Class Association (ILCA) [13] and contain
some geometrical data in millimeter.

Figure 3.3: The bottom section for the ILCA 7 dinghy (from ILCA).

Figure 3.4: The top section (aluminum) for the ILCA dinghy (from ILCA).
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Figure 3.5: The boom for the ILCA dinghy (from ILCA).

The corresponding data for the two full-scale mast sections and the full-scale boom are
presented in Table 3.2.

Table 3.2: Full-scale data for the two mast sections & the boom.

Bottom section Top section Boom

Length (max) [m] 2.8650 3.6000 2.7400
Inner radius  [m] 0.0288 0.0236
Outer radius  [m] 0.0318 0.0256 0.0250

3.1.3 Trim Controls on the Full-Scale ILCA Dinghy

As described above, both the old MKI sail and the new MKII sail are manufactured of
relatively thin Dacron cloth, which makes it possible to alter the shape of the sail with
a set of di erent trim controls. The possibility of trimming the sail model as identically
as possible during the wind tunnel tests is generally of utmost importance for the wind
tunnel tests to be meaningful. However, Chalmers wind tunnel is of general design with
a semi-closed test section and is not equipped with vertical guiding vanes that can create
twisted ow and simulate the natural aerodynamic twist that is present in reality due to
the vertical velocity gradient. It was therefore not possible to create a twisted air ow in
the test section and the requirement of being able to trim the sail model with a twist
during the tests was therefore not crucial. The kicker and the sheet, which are those
two trim controls that control the curvature of the mast and are used when twisting the
sail, were mounted slightly di erently on the sail model. Exactly how they were mounted
to control the sail model are described in Chapter 4, where they are compared with the
positions of the trim controls on a full-scale sail.

The ILCA dinghy has four trim controls, i.e. sheet, kicker, cunninghamand outhaul; they
can all be seen in Fig. 3.6, as well as the nautical names of the edges and corners of a sail.
Each trim control is described more in-depth, further down in the text.

Even though all trim controls are important, the importance of each trim control varies,
depending on whether the sail is trimmed for the upwind leg or the downwind leg. The
sea state and the wind properties, i.e. the wind speed and the amount of turbulence, also
in uence the importance of each trim control. However, they are all continuously used
together, in order to always have the optimal sail shape. How the trim controls were used
during the wind tunnel tests is described in chapter 4, when the testing procedures are
presented. As with many other cat-rigged dinghies, the ILCA sail has a separate sleeve
along the lu , where the mast is inserted. Further, the ILCA sail is loose-feetenedwhich

49



3. Test Object

Figure 3.6:  The trim controls on the full-scale ILCA dinghy, i.e. the sheet, kicker, cunningham & outhaul.

means that only the aft-most positioned corner of thefoot of the sail, i.e. the clew, is
attached to the boom at the free end. Here the foot of the sail meets théeech of the sail,
which is the "hypotenuse” of a right-angled triangle. The other corner of the foot of the
sail, i.e. the tack is integrated with the sleeve of the sail. Bending the mast, with the
usage of a couple of the trim controls presented above, is one of the main trim techniques
with a cat-rigged dinghy and it was therefore very important to scale the mast properly
so that the curvature of the mast model would be identical to the full-scale mast when the
sail was trimmed in the wind tunnel. How the mast and the sail were scaled are described
in Chapter 4. Now, an in-depth description of the di erent trim controls, presented above
will follow.

Sheet

The sheet is the most important trim control on the ILCA dinghy and has a dual function
as it controls the sail in two degrees of freedom, i.e. by horizontal rotation of the boom and
the sail around the z-axis; vertically by pulling the free end of the boom downwards. The
sheet, therefore, controls theangle of attack and the atness in the sail, respectively.
However, the sheet also has an important function together with the trim control, the
kicker, to adjust the twist in the sail, which was mentioned in the text above, and will be
described more further down. By pulling the sheet, the boom and the sail rotate around
the z-axis and become more centered in the boat. The sheet anglethus decreases, and
the angle between the boom and the apparent wind 5y, i.e. the angle of attackincreases.
At the same time, the sail is attened because the free end of the boom, which is attached
to the sail at the clew, is pulled downwards. The leech is thus stretched up and the top
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of the mast is bent backward. Further, the design of the sail with a sleeve gives the mast
a so-called pre-bend, which is a small initial curvature the mast receives as it is inserted
into the sleeve in the sail. When the sheet then is pulled maximum as it many times is,
especially when beating upwind, the mast receives the highest curvature and resembles
somewhat a quarter of an ellipse. Maximum exion is naturally received at the top of the
mast and successively decreases vertically towards the boom. At the height, where the
boom is attached to the mast, the exion of the mast is positive along the x-axis, where
positive x-direction is with the "right-hand-rule” in the forward direction, which increases
the overall curvature of the mast. This is the reason why the sail is attened when the
main sheet and the kicker both are pulled. It is easy to understand that the opposite
naturally occur if the sheet instead is eased, i.e. the sheet angle increases and the angle
of attack decreases, as the boom and the sail rotate around the mast and becomes less
centered in the boat. Further, when the sheet is eased, the free end of the boom conse-
guently rises, because the sheet no longer pulls it down, provided that the kicker also has
been eased, if it has been used, since this trim control also pulls the boom down and bends
the mast. If no trim control holds the boom down, the leech becomes less loaded and the
curvature of the mast decreases.

As described in the text above, the sheet controls the angle of attack, which preferable shall
be constant along the lu of the sail, if it is desired to use as much sail area as possible.
However, the sheet does not control this angle alone. The kicker helps the sheet to control
the angle of attack along the lu and the twist is thus the angle between the chord-line at
the foot of the sail and the chord-line at the top of the sail. It is a well-known fact that
the wind speed increases with height due to the friction against the water surface, where
the air molecules interact with water molecules in a thin stratum. The twist of the sail
should therefore follow the rotation of the apparent wind which is governed by the vertical
velocity gradient @ Yw,=@z The apparent wind thus becomes more aligned with the true
wind Tw with height. Unfortunately, Chalmers wind tunnel could not create a twisted
ow in the working section, as mentioned previously. Wind tunnels that are designed for
sail design usually have an open test section and are often equipped with these guiding
vanes that can create a twisted ow in the test section for the model sail to "operate in".
The tunnels that have these vertical guiding vanes are called'wisted Flow Wind Tunnels.
As previously mentioned, the sheet also controls the atness, i.e. the depth in the sail,
of approximately 2/3 of the sail, from the top down; the lower 1/3 are controlled by the
outhaul and the kicker.

Kicker

As mentioned above, the kicker attens approximately 1/3 of the lower part of the sail by
exing the mast backward, but it also controls the twist in the sail together with the sheet.
To increase the twist in the sail, the kicker is pulled and the sheet is eased. This allows
the leech to be opened, and the local chord in the sail to be aligned with the apparent
wind. To decrease the twist, i.e. "close the sail", the sheet is instead pulled.

Cunningham

The cunningham controls the tension in thelu of the sall, i.e. the leading edge; control
the horizontal position of the camber in the salil.
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Outhaul

The outhaul controls the tension of the foot of the sail, i.e. the side of the sail that is
aligned to the boom; thus the vertical position of the camber in the sail. When the outhaul
is pulled, the "belly" moves upwards and the lower part of the sail is attened, and vice
versa.

3.1.4 Sailing the ILCA 7 Dinghy Downwind

To understand how the sail model of the new MKII sail should be trimmed during the tests

in the wind tunnel, the recommendations, from the Swedish Sailing Federation (SSF), in
the ILCA Guide [34] were studied. The ILCA Guide is written in Swedish, so the relevant
sections for this project, which concerns the ILCA 7 on the downwind leg were translated
and are presented in Fig. 3.9, as well as pictures from the corresponding sections. However,
these recommendations are associated with the old MKI sail, and since the design of the
MKII sail is slightly di erent, these recommendations had to be viewed with this fact in
mind.

Light and Strong Wind Conditions

When sailing downwind in light wind conditions, the ILCA 7 dinghy should not be sailed
dead downwind as it can be in stronger wind conditions, when the power in the sails often
is enough and the ILCA 7 is planing. In light wind conditions, it is usually instead faster
to prioritize a higher speed, even if it means sailing a longer distance; the recommended
choice is, therefore, to head up slightly and sail with a higher speed and larger angle
towards the downwind rounding mark; if there are waves present, catch them and ride
them. In stronger wind conditions when the power in the sails generates a su ciently
high speed, the sailor can instead go for a higher VMG (Velocity Made Good) and salil
more or less straight dead downwind towards the leeward mark.

Figure 3.7:  Downwind sailing in light wind conditions. The picture is taken from the ILCA guide [34] and
published with the approval of SSF.
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Figure 3.8:  Downwind sailing in strong wind conditions. The picture is taken from the ILCA guide [34] and
published with the approval of SSF.

Figure 3.9:  Trim recommendations on the downwind leg, from the Laser Guide [34], compiled by SSF.

Because of these di erent recommendations on the downwind leg in di erent wind condi-
tions, the interest of testing the sail model with di erent headings, therefore, varied from
the light wind case and the strong wind case.
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Sailing Positive and Sailing Negative

Two fundamental sailing techniques, when sailing downwind are sailingositive and sailing
negative Sailing positive means that the wind reaches the lu of the sail rst and sailing
negative is simply the opposite, i.e. the wind reaches the leech rst. Sailing negative thus
allows sailing with a higher VMG, since it is possible to point higher. The Laser Guide [34]
recommend sailing negative with a small windward heel in light wind conditions because it
should be faster than sailing positive. Further, in gustier wind conditions sailing negative
should o er higher stability and prevent the dinghy to head up, away from the leeward
mark in a hard gust and capsize at lee, which easily can happen when sailing positive.
This because when sailing negative the dinghy instead bears away on a higher running
course, towards the leeward mark when subjected to a hard gust. However, the course on
the downwind leg is hardly ever completely straight, especially if waves are present and the
wind direction switches back and forth. The sailor therefore usually sail both positive and
negative during the downwind leg. How much or how little the sailor sail either technique
depends on which alternative the sailor prefers, this according to elite ILCA 7 sailors from
GKSS that were consulted about these matters in the prephase of the project. In Fig. 3.9,
it can be seen that the recommended range for the sheet angle in light wind conditions
is between90° 11¢ and in strong wind conditions 75° 85°. To investigate
the technique of sailing negative in light wind, the range of the sheet angles was extended
down to 60°, with a step size of 10; up, to also include 120. Looking at the range of the
sheet angles for the strong wind case, it can be seen that negative sailing always occur, if
the heading is within the range 175 <  for a sheet angle of 7% and 185 <  for a sheet
angle of 85. The range of the sheet angles for the strong wind case was also extended to
include both a higher value and a couple of lower values. The actual ranges of the sheet
angles, for both wind conditions, for which the sail model was investigated for during the
tests are presented in Chapter 4. Remembering the de nition of sailing positive/negative,
explained above, makes it easier identifying which sheet angles that represented positive
and negative for the actual test case. The sheet angle 90when sailing with the heading
18C is, therefore, neither positive nor negative.

Body Position - Finding Equilibrium

As with most dinghies, the ILCA sailor constantly has to use his/her body weight and
position it to balance the heeling moment. When sailing downwind in light wind con-
ditions, the sailor should heel the ILCA dinghy 10°-20° to windward to nd a neutral
position, i.e. equilibrium, where the aerodynamic forces balance the hydrodynamic forces.
Further, to minimize the usage of the rudder and thus keep the drag as low as possi-
ble when changing the course, the sailor frequently uses his/her body weight to initiate
a change of the course. Depending on the reader's previous knowledge in dinghy sail-
ing, it will at this point be clear that sailing the ILCA is an extremely physical activity

and the need for a good physique is crucial to be competitive at the highest level of racing.

Trim Controls - Analysis of Recommendations

In Fig. 3.9 it can also be seen that the cunningham should be loose in all wind conditions;
that the outhaul should be used so that the depth in the sail is 15 cm in strong wind and
25 cm in light wind. The reason for the di erent depths in the sail is because, in strong
wind, there is no need for the extra power a deeper camber provide, but in the light wind
this is desired. Further, according to Fig. 3.9, the trim with the kicker should allow the
sail to "move up to 30 cm back and forth from neutral”" in light wind and twist up to
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30° in strong wind. As mentioned in the text above where the kicker was presented, the
bending of the mast, i.e. the curvature of the mast, is controlled with both the sheet and
the kicker on the full-scale ILCA, but in the wind tunnel tests, the bending of the mast
was done only with the kicker, that were mounted slightly di erent. This is explained
more in detail in Chapter 4.

Translation of Kicker Trim Recommendations for Wind Tunnel Tests

Since it was not possible to re-create the natural velocity gradient in Chalmers wind tunnel,
it was not possible to analyze the e ect of di erent twist in the sail, which is controlled
by the sheet and the kicker in combination. The trim recommendations for the kicker
were therefore translated to be represented by three di erent settings with the kicker, i.e.
light, medium and hard, to nd which setting that maximized the force in the direction of
motion Fy . How much light, medium, and hard the trim with the kicker represents will
now be explained.

First of all, the elite ILCA 7 sailors from GKSS, who had gained experience from sailing
with the new MKII sail during one season said that the kicker had to be pulled much
harder on the new MKII sail, compared with the old MKI sail. These sailors were also
involved as consultants in the initial phase of the wind tunnel tests and provided the
author with invaluable information regarding the proper sail shape and trim of the sail for
downwind sailing. The light setting with the kicker more or less simply corresponded to a
trim where the kicker was tightened up and given a slight pull. The hard setting with the
kicker corresponded, on the contrary, to a very hard pull that gave a deep and prominent
wrinkle in the sail from the clew to a point approximately halfway up on the lu. The
medium setting with the kicker was simply chosen as an intermediate setting between the
light and the hard setting.
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Methods

4.1 Experimental Setup

In the prephase to the experimental wind tunnel tests many questions had to be answered
and preparations carried out. A thorough analysis of how the ILCA 7 dinghy should be
sailed and the sail trimmed had, for example, to be performed in order to select the rel-
evant parameters that should be chosen to vary during the wind tunnel tests. The most
fundamental questions, beyond choosing the range of variables for the test matrix, were
those of scaling the sail and the mast, choosing the cloth for the sail model and choosing
the material for the mast model. Two other very important questions were those of how
the mast model should be mounted and connected to the wind tunnel balance; how the
sail model, the mast model, and the boom model should be controlled in the test section.

In this section, all the necessary preparations that were carried out in the prephase, and
how the wind tunnel tests and the numerical analysis were performed, will be described.

4.1.1 Downwind Sailing and Sail Trim Analysis

The Swedish Sailing Federation (SSF) has, as previously mentioned, compiled a guide
[34] with recommendations for how the three di erent classes of the ILCA dinghy, i.e.
ILCA 4 (4.7), ILCA 6 (Radial) and ILCA 7 (Standard) should be sailed; how the sail
should be trimmed in varying sea states and wind conditions. The guide thus contained
very valuable information of the variables that were of interest for the wind tunnel tests.
However, the recommendations in the guide were compiled from experiences with the old
cross-cut MKI sail, presented in Chapter 3; since the old design di ered in some aspects
from the new bi-radial MKII sail, the recommendations in the guide could not be assumed
to be completely valid for the new MKII sail. Anyhow, the guide functioned very well as

a valuable source of reference.

To nd out more about how the bi-radial MKII sail should be trimmed and which appar-
ent wind speeds to analyze, a meeting was held with a couple of Swedish elite ILCA 7
dinghy sailors and the head-trainer from the Royal Gothenburg Sailing Society(GKSS).
The sailors, who had sailed with the MKII sail during one season had during this relatively
short period at least learned that the new MKII sail should be trimmed slightly di erent
than the old MKI sail. This was not a surprise, because the MKII sail is designed with a
larger and more prominent camber along the lu and has a thicker sailcloth.

Documentation of a ILCA 7 Training Session

The author and a couple of Ph.D. students, involved in Sailing Dynamics at Chalmers,
were invited to spend a day on the water in a tender boat with the head-trainer, at GKSS

57



4. Methods

in Langedrag during a ILCA 7 training session. This made it possible to investigate and
gather rst-hand information of how the sailors sailed the ILCA 7 and how they trimmed
the new MKII sail. This was documented with both Go-Pro cameras, mounted at the
top of a couple of masts, and with a hand-held video camera from the tender boat. The
go-pro cameras gave valuable information of, for example, how much the sailors sheeted
the sail as they sailed both upwind and downwind on a race track between two buoys.
The top view also gave valuable information about the size of the camber in the sail and
its position, and the rudder angle. Further, Iming with the hand-held video camera from
the tender boat gave information of how much the sailors heeled the ILCA 7 to windward,
on the downwind leg, as they strived to nd equilibrium between the aerodynamic and
hydrodynamic forces. The gathered Im material together with the Laser Guide [34] were
very valuable when choosing the ranges for the di erent variables that were chosen for the
wind tunnel tests.

The GKSS elite ILCA 7 sailors suggested several interesting apparent wind speeds that
they believed would be of great interest for them. Unfortunately, all these wind speeds
could not be tested, due to the restriction of the wind tunnel time, that was allotted for
the project. However, it was decided that the model sail at least should be tested for two
of the suggested apparent wind speeds, which should represent a light wind case and a
strong wind case. Before it could be determined which two speeds that should be chosen,
the wind tunnel personnel at Chalmers had to be consulted and the limitations of the
wind tunnel balance established. According to the wind tunnel personnel, the accuracy,
i.e. the resolution, of the balance was better than3 %; the balance should therefore not
give any measurement errors larger thar3 %, regardless of the magnitude of forces mea-
sured. When choosing the speed for the light wind case it was decided that 4 m/s had
to be the lowest full-scale apparent wind speed, to avoid too small forces. Regarding the
speed for the strong wind case, it was desired that this was at least that high that is
required for the ILCA 7 to sail in a planing mode. Research, performed by the former
Chalmers Ph.D. student Richard Lindstrand Levin, who was involved in full-scale towing-
tank tests of the ILCA dinghy at SSPA Sweden AB in 2014 [21], provided the necessary
information regarding at which full-scale apparent wind speed the ILCA 7 starts to plane.
The full-scale apparent wind speed for the strong wind case was, therefore, preliminary
chosen to 7 m/s. However, before this speed could be chosen de nitely, speed testhad
to be carried out to ensure that there would be no risk of structural damage to neither
the mast model nor to the sail model, with this strong wind speed. Furthermore, with
the acquired information regarding the limitations of the load-cells, inside the wind tunnel
balance, which was presented in Table 2.4, a quick calculation of the estimated forces with
the preliminary apparent wind speed for the strong wind case, showed that none of the
load cells inside the wind tunnel balance would be at any risk during the strong wind tests.

Variables

The variables that were chosen for the downwind analysis of the MKII sail in the wind
tunnel tests, except for the trim controls, the outhaul and the cunningham, are illustrated

in Fig.4.1 & Fig.4.2; in Table 4.1 & Table 4.2, all variables, including the outhaul and
the cunningham, are presented for the light wind condition and the strong wind condition,
respectively. The outhaul and the cunningham are de ned as " oating", which means that
they were adjusted continuously for each separate con guration of the other variables. It
should also be mentioned that the sheet angle is de ned as the angle between the centerline
of the hull and the boom.
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Figure 4.1: The gure shows a top view of the ILCA 7 dinghy and the ve di erent headings and the seven
di erent sheet angles  for the downwind analysis of the MKII sail, as well as the direction of the air ow in the
wind tunnel, i.e. the apparent wind, the apparent wind angle and the angle of attack.

Figure 4.2: The illustrations show the three di erent heel angles and three di erent settings with the kicker
that the sail model was tested for in the wind tunnel tests, where LKT, MKT and HKT, stands for Light Kicker
Trim, Medium Kicker Trim and Hard Kicker Trim, respectively.
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Table 4.1: Variables for the downwind analysis of the MKII sail, for the light wind condition, where LKT,
MKT and HKT, stands for Light Kicker Trim, Medium Kicker Trim and Hard Kicker Trim, respectively.

Apparent wind speed  [ms) 10.6

Heading ( ) 1o 150 160 170 180 190
Heel angle () 7 0 10 20

Sheet angle () 1 60 70 80 90 100 110 120
Kicker LKT MKT HKT

Outhaul Floating

Cunningham Floating

Table 4.2: variables for the downwind analysis of the MKII sail, for the strong wind condition, where LKT,
MKT and HKT, stands for Light Kicker Trim, Medium Kicker Trim and Hard Kicker Trim, respectively.

Apparent wind speed s 18.5
Heading ( ) 1o 180

Heel angle () 1 0

Sheet angle () 1 60 70 80 90
Kicker LKT MKT HKT
Outhaul Floating
Cunningham Floating

4.1.2 The Sail Prototype
The sail prototype is presented in Chapter 3.

4.1.3 The Mast Prototype

When trimming the sail, the sailor frequently exes the mast by pulling the trim controls,
the sheet, and the kicker; having a mast model with the same properties as the full-scale
(prototype) mast when performing the wind tunnel tests was therefore very important.

4.1.4 Elemental Case for a Cantilever Beam

The full-scale ILCA 7 mast, as described in Chapter 3, consists of &ottom sectionand a
top section that are connected by inserting the top section into the bottom section, with
an overlap. Further, the mast foot of the full-scale mast bottom section is inserted into a
cylinder-shaped cavity in the deck and is free to rotate but " xed" vertically by a security
line. The mast is thus kept in place even though the dinghy capsizes and is turned upside-
down. Theoretically, the mast therefore only has one degree of freedom, i.e. horizontal
rotation around the principal z-axis. The suitable elemental case for the ILCA 7 mast,
being subjected to exing, was that of a cantilever beam in straight exing.

When the sailor uses the trim controls, the sheetand the kicker, the leech of the sail is
stretched and the mast is exed backward. Since these trim controls are the ones that
mainly causes the strains in the sail, the load on the mast can therefore be approximated
with a point load at the top of the mast top section where the leech ends. The appropriate
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elemental cases of cantilever beams for calculation of thengle change and the displace-
ment , are case 1 and case 2 in Table 32.1, in [14]. These elemental cases were illustrated
in Fig.2.16 and the expressions for calculating the angle change and the displacement

were de ned in Eqg.(2.56) - (2.67). Small deformations were assumed and the ILCA 7
dinghy mast was regarded as a circular tube-shaped cantilever beam, with a xed end at
the deck surface and a free end to de ect, at the top of the mast.

Fig.4.3 below shows four illustrations of the ILCA 7 mast. The rst illustration shows
the combined mast, the deck surface, and the point load P. The second illustration, shows
a section cut, along the whole length of the combined mast, and exposes the overlap.
In the same illustration the mast foot, the overlap, the bottom section, and the top
section are de ned, as well as three cuts, i.e.cut 1, cut 2 and cut 3 and the point
load P. In the third illustration, the individual lengths of the mast foot, the overlap,
the bottom section, and the top section are de ned as:L mastfoot ; Loverlap; L bottom section
and L opsection , respectively. Finally, the fourth illustration shows the free body diagram,
with the three separate parts 1, 3 and 2; their individual lengths L1; L3 and L, which
respectively are de ned in Eqg.(4.1) - (4.3). The free-body diagram also shows the forces
P; R and Q, on the left edge of each part and the momentdv ; and M.

Figure 4.3: The free body diagram illustrates the combined mast and the di erent de ned lengths of the mast
foot, the overlap and the two sections, the point load P, the internal reaction forces and moments over the cuts.

The lengths of the di erent parts of the mast in Fig. 4.3 are de ned as:

L1 =1L bottom section L mast foot L overlap (4- 1)
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L3 = Loverlap (4.2)

L2 = Liopsection L overlap 4.3)

To calculate the angle change and the displacement of the three lengths of the mast,
i.e. L1; Lz and Ly, dened in Eq. (4.1) - (4.3), the forces and moments rst have to be
de ned. By analyzing the equilibrium of the forces and moments over cut 2 and cut 3,
in the free body diagram, in Fig. 4.3, the appropriate formulas for the angle change and
displacement with elemental cases could be found. Starting from left, at the free end of
the mast, the equilibrium of forces and moments over cut 3 require that:

"R P=0 (4.4)

"Mz PL,=0 (4.5)

and equilibrium of forces and moments over cut 2 require that:

":Q R=0 (4.6)
M1 M3 RL3=0 4.7)
Eq.(4.4) & Eqg. (4.6) de ne the forces:

Inserting Eq. (4.5) & EqQ.(4.8) in Eq. (4.7) de ne the moment over cut 2:

M, = P(L3 + L2) (49)

and rewriting Eq. (4.5) we de ne the moment over cut 3:

M3 =P L2 (4.10)

Where P is the point load N, at the top of the mast.
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The section cuts of the full-scale tube-shaped mast sections were illustrated in Fig.2.17,
in Chapter 2, where a; and b, are the outer and inner radius of the mast bottom section;
a; and by, are the outer and inner radius of the mast top section, respectively.

In Eq. (4.11) - (4.13), expressions for the calculation of thearea moment of inertia of the
mast bottom section, the mast top sections and the combined area moment of inertia for
the whole mast are presented:

aft b4
= ot 2 (4.11)
aj b3
Iy = TZ TZ (4.12)
Is=11+ I (4.13)

where a and b are the outer and inner radius, respectively and the subscriptsl; 2; 3 rep-
resents the bottom section, the top section, and the sum of the area moment of inertia for
the bottom section and the top section (the combined mast), respectively.

With the Young's modulus E and the calculated area moments of inertial in Eq. (4.11) -

(4.13) the exural rigidity EIl were calculated for the bottom section, the top section and
the whole mast, respectively:

Els (4.14)
El, (4.15)
Els (4.16)

With the de ned lengths in Eqg.(4.1) - (4.3), the calculated moments in Eq.4.9 & 4.10
and the calculated exural rigidity for the bottom section, the whole mast and the top
section, in Eqg. (4.14) - (4.16), respectively, the angle change and the displacement of
each part could be calculated with the two elemental cases Eq. (2.60) & Eq.(2.61) for the

point load P and Eq. (2.66) & Eq. (2.67) for the contribution of the moments, due to the
inner reactions, i.e.

_PL?,
- P L3 3
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()= % (4.19)
2
()= |\2/IELI 2 (4.20)

This because, with the point load P on the free end of the top section, the relative distance
from the point load P to the free end therefore was zero, i.e. =0 and the relative distance,
from the point load P to the x end was one, i.e. =1. See Fig.2.16 for the de nition of
the relative lengths and . Since the angle change and the displacement were searched
for at the left edge of each separate part, the dimensionless position parameter= =0.
With the numerical values inserted in Eq. (4.17) - (4.20), these can be rewritten as:

2

()= o (4.21)
3

()= % (4.22)

()= % (4.23)
2

()= l\Z/IELI (4.24)

Combining Eq. (4.21) - Eq. (4.24) and inserting the appropriate lengths and area moment
of inertia for each part and the moments, resulted in Eq. (4.25) - Eq. (4.31), that were
used for the calculations of the angle changes and the displacements:

PL? Mil;
= + 4.25
72BN, El, (4.25)
PL}  ML?
= + 4.26
Y7 3E1,  2EI, (4.26)
PLZ  Msls
= + + 4.27
37 2EI3  Els 1 (4.27)
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PL3 . M3 L3

37 3El;  2El3 (4.28)

, = 3PELI%2 (4.29)

joint = 1+ 3+ Lasin( 1) (4.30)
op= 1+ 3+ 2+ Lasin( 3) (4.31)

1 and 1 is the angle change and the displacement of the joint at cut 2; 3 and 3 is
the angle change and the displacement of the overlap;, is the displacement of the top
section; joint is the displacement of the joint at cut 3; 1op is the total displacement at the
top of the mast. The displacement contributionsL3sin( 1) & L2sin( 3) is added due to
the rotation of the overlap and the top section at cut 2 and cut 3, respectively.

4.1.5 Scaling

Dynamic similarity require that kinematic similarity exist, which in its turn, require that
geometric similarity exist. Dynamic similarity therefore require that the force coe cients

are equal in both scales, which they are if the dimensionless Reynolds number are same
in both scales. This is showed in Eq. (2.48).

Assumptions:  All three similarities presented in Chapter 2 are satis ed, i.e.

1. Geometric similarity
() Sail cloth stretching

(b) Mast bend
2. Kinematic similarity
3. Dynamic similarity
The sailcloth is considered as a thin membrane and its thickness is therefore not scaled

with the linear length scale factor. Further, the Reynolds number Re is assumed constant
for both the kinematic similarity and the dynamic similarity.
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Sail Cloth Stretching

The requirements for having the same sail shape in both scales are that the strain in both
scales are equal, in other words, the deformation of the sail under load has to be dimen-
sionless.

Assumption:  Equal strain

"m="p (4.32)

In Chapter 2, Hooke's Law was de ned as:

= E" (4.33)

which can be rearranged to de ne the strain":

"= — 4.34
= (4.34)
The stress at any cut of length ¢ through the sail:
F
= 4.35
i (4.35)

where F is the force on the cut andt is the thickness. Inserting Eq. (4.35) in Eq. (4.34),
we get:

" = (4.36)

Combining Eq. (4.32) & Eq. (4.36) and inserting the appropriate scale factors for the force
F, the exural rigidity E, the length L and the thicknesst, we get:

"m = = 4.37
m Em Cmtm EEp L G tfp ( )

where ¢ is the force scale factor, g is the elastic scale factor for the exural rigidity,
L is the linear length scale factor, de ned in Eq. (2.39) and  is the thickness scale factor.

Accepting the small di erence between the Reynolds number in both scales, the density
ratio in Eq. (2.49) can be approximated with ,= 1; the scale law be re-written as:

Fo_ M ° Lp (4.38)
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and by replacing each term in Eq. (4.38) with its corresponding scale factor we get:

101 1 (4.39)
F % L '
which can be simpli ed to:
F= oyt (4.40)
where v is the velocity scale factor, de ned earlier in Eq. (2.41).
Inserting Eq. (4.40) in Eq. (4.37) we get:
2 2
"m= —L " (4.41)
E L t
Performing some cancellation, Eq. (4.41) can be simpli ed:
g L
"m= —L—", (4.42)
E t
and for equal strain:
Z L
Y- =1 (4.43)
E t
The condition of equal strain in both scales are satised for: ¢ =1, (=1, vy = P
and | =1=7.
Mast Bend

In Fig. 2.16 it could be seen that the angle change and the displacement are de ned as
functions of ,i.e. ( )and ( ) where isadimensionless position indicator used solely to
de ne the position where it is desired to calculate the angle change and the displacement.
In EQ. (4.25) & Eqg. (4.26), respectively, the appropriate expressions for the calculation of
the angle change and the displacement of the joint at cut 2 were presented; below it will
be shown how these are scaled. The angle change and the displacement at the other cuts
are scaled similarly and are therefore not presented.

Angle Change

By inserting Eq. (4.9) in Eq. (4.25), we get the simpli ed general expression for the angle
change at cut 2, due to the point load P:

_ PL? N P(Lz+ L2)L1
~ 2El, El,

(4.44)
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De ning the angle change at cut 2 in both scales:

Im = 1, (4.45)
Inserting Eq. (4.44) in Eq. (4.45), for both scales:
"PLZ P(L LL# "PLZ P(L LL#
+ +
i, Plls+lols _ 1, PlLs+Loly (4.46)
2E 1, Eli 2E 1, Elq
m p
Simplifying the terms within the square brackets in Eq. (4.46):
" PLZ 1 Lsg+ L i PLZ 1 Ls+L i
+ +
e, 27 4 EL 2t L #.47)
1 1 m 1 1 p
and since:
L3+ L2 _ L3+ L
L1 m L1 p
Eq. (4.47) can be simpli ed:
2! 2!
PL PL
B Bl (4.48)
m p

The force scale factor ¢ was de ned in Eq.(4.39) and sinceP in Eq. (4.48) represent
force, the corresponding scale factor to each parameter in the term on the left side of the

equal sign in Eq. (4.48) are inserted, which gives:

28R 2L, _ Pold, ws0)
El, '

Performing some cancellation, Eq. (4.49) can be simpli ed:

2
L V-1 (4.50)

De ection
By inserting Eq. (4.9) in Eqg. (4.26), we get the simpli ed general expression for the dis-

placement at cut 2, due to the point load P:

PL3 P(Ls+Ly)L?
= + 4.51
17 3ED, 2E 1, (4.51)
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De ning the displacement at cut 2 in both scales:

! (4.52)

Inserting Eq. (4.51) in Eq. (4.52), for both scales:

" # " #
3 2 3 2
1 PLy N P(Lz + Lp)Lg _ PLY N P(Lz + Lp)Lg (4.53)
L 3El1 2E14 o 3EI, 2E1, 0

where the subscriptl in L; and El 1 represent the bottom section for the lengthL and
the exural rigidity EI , respectively. Simplifying the terms within the square brackets in

Eqg. (4.53), we get:

" # I#
1 PL3 1 Bpb PL3 1 Btk
T EnL 37 2 " EnL 37 2 (4:59)
L 1 m 1 p
and since:
L3+ L» _ L3+ Lo
L1 m L1 p
Eq. (4.54) can be simpli ed:
3! 3!
1 L PL
< EL - EL (4.55)
L 1 m 1 p

The force scale factor ¢ was de ned in Eg. (4.39) and since P in Eqg. (4.55) represent
force, the corresponding scale factors to each parameter in the term on the left side of the

equal sign in Eq. (4.55) are inserted, which gives:

1P ER PLE Pl 56
L E|E|p Elp '

where g, is the scale factor for the exural rigidity. Performing some cancellation,
Eq. (4.56) can be simpli ed:

b

(4.57)

<N
|
=

El

which is, and should be, the same result that was received for the angle changein
Eq. (4.50).
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416 The Sail Model

By choosing the linear length scale factor | = 1=7 and the velocity scale factor y = P 7,
Eq. (4.50) showed that it was possible to receive equal strain in both scales with a full-scale
thickness for the sail model cloth. A new MKII sail was therefore purchased and delivered
to North Sails in Gothenburg who manufactured the sail model.

4.1.7 The Mast Model
Scaling the Flexural Rigidity

It was decided that a solid circular rod of stainless steel, should be used for the mast model
and that it should be manufactured in one single piece. However, since the mast prototype
has two separate sections, the mast model should have two sections with di erent radii,

that represented the mast bottom section and the mast top section.

The exural rigidity should be scaled as:

(El)m = & (Eli), (4.58)

where the subscripti = 1; 2; 3 respectively represent the bottom section, the top section
and the combined mast.

Rearranging either Eq. (4.50) or Eq. (4.57), which both expresses the ratio between the
product of the linear length scale factor, with the power of four and the velocity scale factor,
with the power of two and the scale factor for the exural rigidity; inserting numerical
values for the chosen linear length scale factor | and velocity scale factor v, a numerical
value of the scale factor for the exural rigidity is received:

14 p_2
Bo= 2= = P72 = 0:002015 (4.59)

The exural rigidity for the mast model should thus only constitute approximately 0:3%
of the exural rigidity of the mast prototype.

Combining Eq. (4.58) & Eq. (4.59) we get:

(Eli), = 0:002915 E 1)), (4.60)

which was used for calculating the exural rigidity for the two mast model sections.

The Radii of the Mast Model

To calculate the two di erent radii of the mast model sections, the LHS of Eq. (4.60) is
developed and divided with the Young's Modulus of the mast modelE,; then combined
with Eqg. (2.71), which is the expression for the area moment of inertia, of a beam with a
solid cross-section and radiusa:
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= —m (4.61)

Rearranging Eq. (4.61) we get:

A4Em |y, @9

am; = E ..

(4.62)

where an, is the radius for the two di erent sections of the mast model and the subscript
i = 1; 2 represent the bottom section and the top section, respectively.

The stainless steel, that was chosen for the mast model, that would give a properly scaled
mast bend, had a Young's modulus ofE,, = 196 GPa. Material was purchased and the
mast model was manufactured by personnel in the mechanical workshop at SSPA. The
data for the mast model can be seen in Table 5.10.

Flexural Tests

In the prephase, it was decided that experimental exing tests should be carried out to
analyze and compare the displacement curve of the mast prototype, i.e. the full-scale
ILCA 7 mast with a theoretical approach, with a elemental case for a cantilever beam,
that was described in the text above. To receive the displacement curve of the full-scale
ILCA 7 mast under load, 5 separate exural tests were carried out. For the tests, 4
complete aluminum masts (4 bottom sections and 4 top sections) were borrowed from
one of the Swedish elite ILCA 7 dinghy sailors at GKSS, in Gothenburg. O cially all
bottom sections and top sections should have the same weight, but since it was known
that some variations existed, each section was control weighted before choosing one of the
bottom sections and one of the top sections that should be used for the 5 separate tests.
In the exural tests, which is illustrated in Fig.4.4, the combined mast was subjected
to a point load on 4 di erent positions along the length of the mast. A rigid mounting
bracket in wood, with the same length as the mast foot, was manufactured for the tests.
The combined mast was inserted in the mounting bracket, and the distance between the
unloaded mast and the oor was measured, at the four x-positions, which were marked
on the oor. Then a second measurement was carried out when the mast was under load.
The di erence between the two test series, i.e. the unloaded test series and the loaded test
series gave the displacement curve. The procedure was repeated 5 times which resulted in
a matrix, which is presented in Table 5.8, where also the 4 loading points can be seen, and
the calculated average value of the displacements at the loading points, from the 5 tests.
The displacement curve from the experimental exural tests is presented in Fig.5.37, in
Chapter 5 where they are compared to the theoretical approach. Note that in this project
the theoretical method, with a single point load in the top of the mast was used for the
scaling and the calculation of the radius for the mast model.

71



4. Methods

Figure 4.4: Flexural tests of the ILCA 7 mast, for the analysis of the displacement curve.

41.8 The Boom Model

An image of the boom and the corresponding data for the full-scale ILCA boom, was
presented in Fig. 3.5 and Table 3.2, respectively. The boom model was not scaled exactly,
because its in uence on the shape of the sail model was negligible compared to a properly
scaled mast model. However, the radius that was chosen was very close to what a properly
scaled radius for the boom model would have been. Further, the length of the boom model
was slightly longer; the reason for this was completely practical and necessary to be able
to mount the trim control, the outhaul, at the free end of the boom model.

419 Scale Eects

As mentioned in Chapter 2, when one speaks of scale e ects it is commonly the dimension-
less Reynolds numberRe, de ned in Eqg. (2.43), that not has been scaled properly, which
means that the dimensionless force coe cientCg not is same in both scales.

Analyzing the Reynolds number in both scales, we have:

Rem = = = v LRe (4.63)

because n pand n p- EQ.(4.63) can be rewritten:

Ren v LRep (4.64)

Inserting numerical values for the velocity scale factor and the linear length scale factor,
we get:
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p_
Rem = 7

~Nie

0:38Re, (4.65)

The fact that the model scale Reynolds number only is38% of that at full scale means
that the boundary layer will be relatively thicker at model scale, but since the thickness
(and friction) depends on the Reynolds number to the 1/5th power [19], the e ect is very
small. It will cause a slightly larger frictional drag coe cient and a very small di erence
in lift due to di erent displacement thicknesses. However, friction contributes very little
to the drag in this investigation, because of the large x separation at the sail edges. The
total e ect of the di erence in Reynolds number is therefore so small that it is neglected in
the following. In Eq. (4.68) the turbulent boundary thickness dependence of the Reynolds
number is even smaller than in [19], i.e. to the 1/7th power.

Geometrical Di erences

Even though the sail model was properly scaled and manufactured by sail makers at North
Sails in Gothenburg, some geometrical di erences could not be avoided. The cloth for the
sail model was, as previously mentioned, cut from a brand-new full-scale MKII sail and
the sailmakers strived to scale most of the small details that are mounted on a full-scale
MKII sail. An example of geometrical di erences is when it is practically impossible to
scale all these small details, which gives a too high surface roughness. Examples of details
that are hard to scale properly are:

The ber structure of the cloth
Tell-tails

Eyelets

Overlapping panels

Stitches from the sail thread

Since the new MKII sail is of bi-radial design, which has a larger amount of overlapping
panels and therefore also more stitches than the old cross-cut MKI sail, the surface rough-
ness in the new MKII sail is consequently larger. To get the sail model as accurate as
possible, the width of the overlapping panels was also scaled and because of this straight
stitches had to be used instead of the usual zigzag stitches. The window in the full-scaled
sail was also deselected, since it should not in uence the performance, according to the
sailmakers at North Sails. Further, instead of a traditional eyelet, which the full-scale salil
has, the sail model was equipped with thin U-shaped sailcloth where the trim control, the
cunningham could be mounted.
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4.2 Wind Tunnel Equipment

In this section, the design, manufacturing, and installation of the necessary wind tunnel
equipment are presented.

4.2.1 Design and Manufacture of the Mounting Bracket

The ILCA mast is inserted in a sleeve along the lu of the sail and the boom is attached

to the mast. To hold the mast model, the boom model, and the sail model in the desired
position during the tests, a mounting bracket was necessary to have. Even though the
wind tunnel facility had several di erent mounting brackets, all of them were designed so

that the mast model and the sail model only could have been tested for an upright sailing
condition; since two heel angles were of great interest, beyond the upright sailing condi-
tion, it was necessary to design and manufacture a custom made mounting bracket that
could be used for both the upright sailing condition and the two heeled sailing conditions.

Further, the mounting bracket had to be rigid enough to transfer the correct forces and

moments to the balance and not ex or deform during the tests.

In wind tunnel tests with symmetrical test objects, where the test section is of the semi-
closed design, such as Chalmers wind tunnel, the test object is preferably positioned
centrally, somewhere on the vertical xz-plane in the test section. This for the ow to be
symmetric around the model and to avoid blockage e ects, which otherwise can arise if
the model is positioned closer to one of the lateral boundaries, causing an asymmetric
ow around the model. The ILCA 7 sail has an asymmetric triangular geometry and the
sail model, which should be tested for several sheet angles in downwind conditions, would
expose more or less the whole sail area to the air ow, depending on the sheet angle. For
the 90° sheet angle the ratio of the sail area to the cross-sectional area of the test section
would be largest. The position of the model in the y-direction (orthogonal to the air ow)
for the upright condition and for the two heeled conditions, would therefore di er and it
was not obvious how to solve it at rst. The natural solution was that the aerodynamic
center of e ort CoE should be in the center of the test section when testing the sail for
both the upright sailing condition and for the two heeled conditions, with the 90° sheet
angle, because, this was the sheet angle with the largest projected sail area. The mounting
bracket was therefore designed so that the center of e ort only would vary slightly in the
z-direction when the sail model was tested for the di erent heel angles, which can be seen
in Fig. 4.5.

A CAD model of the mounting bracket, which was modeled and manufactured by the
author, can be seen in Fig. 4.6 below, where it is mounted on the wind tunnel balance.
For the base structure of the mounting bracket, square steel tubes were welded together
and for the three mast feet, solid square pieces of steel were chosen. The mast feet were
cut with the angle that corresponded to each heel angle that should be investigated and
were then welded to the base structure. The so-called "keyboard" is the position on board
a sailboat where the majority of trim controls strategically are positioned, so they are
easily accessible. The mounting bracket thus needed some sort of keyboard and this was
manufactured in aluminum and mounted to the base structure of the mounting bracket
with a screw joint. Fig.4.6 also illustrates how the trim controls were connected to the
mast model and the boom model and run from where they were attached, through blocks,
mounted inside the base structure and out to the keyboard, where they could be controlled.
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Figure 4.5: The image shows how the geometrical center of e ort CoE in the sail model, only varies slightly
in the z-direction, for the three heel angles, i.e. 0 °, 10° and 20°.

When a new heel angle should be investigated, only a couple of the trim controls had
to be untied and the mast model moved to the new mast foot, which made the testing

procedure relatively smooth.

Figure 4.6: A CAD model of the manufactured mounting bracket, positioned on the wind tunnel balance. The
trim controls and the other small equipment such as blocks and cleats are also shown.
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4.2.2 Design and Manufacture of the Test Section Floor and the Alu-
minum Cover Plate

Analyzing model sails in Chalmers wind tunnel is not very common and as previously
mentioned, the standard equipment for mounting the mast model, the boom model, and
the sail model could not be used and had to be designed and manufactured for this project.
This was also the case with the test section oor in plywood and an aluminum cover plate,
mounted on top of the oor. The test section oor is positioned between the wind tunnel
balance and the test objects in the test section. Because of this the mounting bracket,
which is xed to the balance and keeps the mast model and the sail model in position
inside the test section during the tests, had to penetrate the wind tunnel oor. Since the
mounting bracket also should be able to rotate freely when di erent headings , which
are presented in Table 4.1, should be investigated, a certain rotation pattern, which can
be seen in Fig. 4.7 below, had to be plotted on the oor and milled. The rotation pattern
had to be designed so that the mounting bracket also could be adjusted vertically, without
touching the oor, to have the correct distance between the boom model and the test
section oor, which represented the water surface during the tests. Having the correct
distance between the test section oor (the water surface) and the boom model would
ensure that the scale of the vortices created when the air ow on the pressure side of the
sail model passed under the boom model to the suction side of the sail model was correct.
Having as accurately scaled trailing vortices as possible would ensure that the contribution
from the induced resistance was as accurate as possible.

Figure 4.7: Top view of the rotation pattern Figure 4.8: Top view of the aluminum plate
that was milled in the test section oor for the align- that covered the rotation pattern in the oor and pre-
-ment of the sail model. vented leakage.

In Fig. 4.7 two colorized extreme positions of the mounting bracket can be seen, where the
blue mounting bracket pattern, is aligned with the x-axis and the direction of the apparent
wind; the red mounting bracket pattern is rotated 120° and represent a heading of 190
downwind. When the heading of 180 was tested, the red mounting bracket pattern was
orthogonal to the apparent wind, and when the 150 heading was tested the red mounting
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