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Abstract

Mi Yeon Park
Dept. of Naval Architecture and Ocean Engineering
The Graduate School

Seoul National University

Yacht sails, which are made out of thin fiber, are deformed by wind
pressure. This deformation change fluid force (side force, driving force)
on the sails and the attitude of the yacht. Therefore, it is important to
reflect the variations of the sail shape when performance analysis on
vacht sails is studied. In the present study, fluid—structure
interaction (FSI) analysis is used to consider sail's deformation and fluid
force on the mutation. Using the method, the change of sail shape,
pressure distribution, separation, vortex, Lift and Drag on the sails are

calculated.



One of the most important factors in sailing yacht design is accurate
velocity prediction. Velocity prediction programs (VPP’s) are widely
used to predict velocity of sailing yachts. VPP’s, which are primarily
based on experimental data and experience of long years, suffer
limitations when applied in realistic conditions. Thus, in the present study,
a high fidelity velocity prediction method using Computational Fluid
Dynamics (CFD) is proposed. Using the developed method, velocity and
motion of a 30 feet sloop yacht, which was developed by Korea Research
Institute of Ship and Ocean (KRISO) and termed KORDY30, were

predicted in upwind sailing condition.

Keywords : Sailing yacht (A|9® QE), Computational fluid dynamics
(AAF #A4] 938Y), Fluid—structure interaction analysis (FA—7F A
34), Sail deformation (M€ M), Velocity prediction program (VPP)

Student Number : 2011—-23459
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Specify apparent wind
speed and direction

Assume initial values
(HA/LA/BS/RA)

Calculate HM, RM

Yacht Data

-

Check HM/RM/YM/R/SF/DF

Change RA

Check YM

Compare HM with RM

Change HA

Calculate D,R.SF

/ 7\ Change BS

Compare DF with R

Compare D:SF with R:SF

Calculate DF,R

Change LA

a2 1 Velocity prediction algorithm for CFD
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A8l 5 Generated grid system

A% 6 Domain and grid of the yacht sail system
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%3l 7 Grid of the Yacht sail for the structural analysis
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A wEel AR ASHYEA AT Aste], A% AEE UL

Tttt AAF o)EE A EL v =7] A S 3] (American Society of Mechanical

ol

Engineers; ASME)oll A Al|Qtsli= Al whe} 2a8skgitt 3 12 AlY WY

o AlEH ol el AEE AR oEL AP ARE QoFsto] vERdnh A

2

—

= oF 889H7, 195970, 4399k o] A|7}A] AR} Ao AZ AMAE R, ZF 4

2

Aol 719 A A7] o3k Fh(representative cell, h)H]&©o] ¢ 1.302 f{A]¥ o,

&
T3 AR 2 s dAFsHA FA I AR E AAE Aol el tha Al

Aol 23k g2 7h7t 544N, 642N, 649N © 7 AXEH L Q&S
247t 15.26%, 1.08%% AxtE ol s 7] AxS7F AHEE Zo=w
Skl

3 1 Verification test for the sail deformation problem

coarse medium fine
Total # of cells 880,068 1,953,631 | 4,391,576
Representative cell, h 1.15 0.88 0.67
Ratio of h 1.30 1.31
Drag(N) 544 642 649
Results
Difference rate 15.26% 1.08%
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Deformed

=——— Undeformed
- 70% on mast

/—— 50% on mast

/—-% 30% on mast
/\10% on mast

2l 8 Camber line of the undeformed and deformed jib sail
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gl 9 Cp contour and limiting streamlines on the undeformed and the deformed

jib sail (windward side)
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32 10 Cp contour and limiting streamlines on the undeformed and the

deformed jib sail (leeward side)
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%2l 11 Separation and vortex on 50% mast height of the undeformed (top) and

deformed (bottom) jib sail

ZQd, W

31



35 Deformed
3 f_ - undeformed
2.5
2
a 1.5 ;—
Q F
1F
05F
oF
0.5 F

ol
o
[N
o
N
o
o
o
®
-

2l 12 Pressure distribution region on 50% mast height of the jib

HEE wAAd

-

e Agol gt WMD) By vwstedh

1o

Y 132 sail-mast ZEF W sail footoll thallA] TZHAIZ HW <l

= A Eolol whE WA A Ao R yehgith dAH R wQlA
zpol = qlaf W]l Aldo] 2R FZelA Fd

Rl At e A, 2 Z (uff) 9F 3 (foot) =

TAAA7] HFo] nfAE =09 50%, 70% A A0 A 7F&d FZoA

T o] dojrth A hEWAM S HEe R 95 W] diel
VAEA e gAFo] FUAKOR FEEGTHE Alo] ol HA #EEH

T [,

=25 L



3

SE

1He=

9 w

9]
=

B Al

[¢]

Hr
o

—

0

¢

ol

g

R

= Deformed

90% on mast

—— Undeformed

70% on mast

0

50% on mast

30% on mast

10% on mast

12! 13 Camber line of the undeformed and deformed main sail

ele Wt

i

TH

33

.|| Jr ITL

o
=

o r

H



)

571

535

w2}7}

F9g

=, 747 =4

35

1} A
=

ol

B

o] A4

o =

AT

AWl 50%

e
=]

A7 wEolvk. 1 1594

=015

A}zfol

el

& 2

)tk ez o)%

o
A

2] A

go] mtAE FIZEd

o}
H

]

Hd,

KX
=

|

9

P, AAD HA F2e 957} AA

2 WAy FwelA e HAghEel Az W |

w s,

34



%l 14 Cp contour and limiting streamlines on the undeformed and the

deformed main sail (windward side)
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%l 15 Cp contour and limiting streamlines on the undeformed and the

deformed main sail (leeward side)
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12l 16 Separation and vortex on 50% mast height of the undeformed (top) and

deformed (bottom) jib and main sail
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18l 18 Separation and vortex on the foot of the undeformed (left) and

deformed (right) main sail



12l 19 Separation and vortex on the top of the undeformed (left) and deformed

(right) main sail
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%2l 20 Separation and vortex on 90% mast height of the undeformed (top) and

deformed (bottom) main sail
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8l 22 Pressure distribution region on 90% mast height of the main sail
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main total
8 Undeformed 0.524 0.978 0.67
B Deformed 0.49 0.915 0.627
difference -6.71% -6.66% -6.63%

a3l 23 Lift coefficient of the main sail and jib sail
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0.14

Drag Coefficient

main total

& Undeformed 0.123 0.068 0.106

B Deformed 0.107 0.055 0.09
difference -13.91% -21.14% -16.33%

8l 24 Drag coefficient of the main sail and jib sail

18 Deformed
16
Undefor
14
2
E 12
? 10
=] 8 Deformed
[}
- Undeforred
£ 6 Deformed
= 4 ndefor
2
0 " o
main jib total
¥ Undeformed 4.247 14.31 6.34
u Deformed 4.597 16.95 6.953
« difference 7.91% 16.89% 9.22%
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% 25 Lift-to-Drag ratio of the main

sail and jib sail
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H 2 Hydrostatics of Test Yacht (Full Scale)

Unit Definition Value
L., m Length Overall 9.142
L, m Waterline Length 8.245
B m Beam 3.024
T, m Draft w/o Keel 0.4
T m Draft with Keel 1.9
v m Displacement 3.298
Wetted m’ Hull 15.6
Surface m’ Keel 2.84
A
red m’ Rudder 1.18
1141m
9.68m
3.294m 441m

% 26 Sailling yacht geometry
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%2l 27 Domain and grid of yacht sail system

# 3 Inlet boundary conditions

Apparent wind velocity

Apparent wind angle

30°

40°

50°

10m/s
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70°

80"

90°
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%l 28 Domain and grid of yacht hull system
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o] A F7] th¥E ZFk(representative cell, h)H]&o] ¢F 1.302 FAFHo|, F3+ 4
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AA e #AL3 JaEe 77 2625N, 3155N, 3200N o7 AALE 1 @)

2 247 16.79%, 1.39% = AlrtEo] AAs 52 AX47E AMEE Ao

B 4 Verification test for the yacht velocity prediction problem

coarse medium fine
# of cells on the hull 8,696 17,180 34,360
Total # of cells 1,487,234 | 3,403,655 | 7,659,605
Representative cell, h 0.97 0.73 0.56
Ratio of h 1.32 1.31
Side force(N) 2625.8 3155.5 3200
Results
Difference rate 16.79% 1.39%
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& AT A AR AldE QES RPAAYE FETER] Fluents: o] &

D77 205, A7 0mel A 3E/kA Y wel diske]l A% 3L shgich
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B5 Aol wdsiA skl sidd s =&kt [19]
0
20 F
g -40
3 -60
o
2 -80 F
L -
o F
g -100 F
S 120
() [
) s
(7 -140 F
160 F
-180 K
0 1 2 3
—o—>Side force(Experiment)| -67.1233 -76.3699 -116.438 -154.452
== Side force(Fluent) -21.9178 -32.1918 -63.0137 -108.219
Side force(CFX) -48.11 -64.316 -96.121 -131.9

3l 29 Side force change on hull by leeway angle (Vm=1.93m/s, heel: 20 deg.)
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Side force I
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Driving force
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1
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Side force

13 30 Sail trim and yacht performance for apparent wind angle 30°
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Side force

L

Driving force

Resistance

Side force

4.0

60°

13 31 Sail trim and yacht performance for apparent wind angle 60°
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13 32 Sail trim and yacht performance for apparent wind angle 90°
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60%, 90%
305 90E7kA 9] T7HA] Zdg-ol whEte] AL
305 ~90% 714 9]

o =
A I

dA| g Wf7kA] Ao

abi

aerodynamic force®} hydrodynamic force”} A
gElom, F doelx Fazl P xE ol & exE Stk 1 33

NA K AT Zo] BE AfdA BE B2 2.5%0108 2ab&S 7

Force and Moment (apparent wind angle30°)

35000.00
£ 30000.00
Z
£ 25000.00
g 20000.00
£
T 15000.00
m
Z 10000.00
g
2 - 1
[* 5
0.00
Thrust/ side force(N) Weight/ Heeling Yaw
Resistance(N) Buoyancy(N) moment/ moment(N-m)
Righting
moment(N-m)
M sail 1597.37 3344.70 34156.50 28159.12 6126.08
mhull 1635.13 3326.59 33471.96 28586.47 6020.76
error(%) 2.34 0.54 2.02 151 1.73
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Force and Moment (40

35000
E 30000
Z
£ 25000
£
o 20000
2
T 15000
m
Z 10000
s
2 -
5
0
Thrust/ side force(N) Weight/ Heeling Yaw
Resistance(N) Buoyancy(N) moment/ moment(N-m)
Righting
moment(N-m)
W sail 1897.609 3340.8 34062 27162.7 6715.3
m hull 1868.04 3268.57 33931.45 27083.1 6640
error{%) 1.5704597 2.185684869 0.384007577 0.293478942 1.127642209
Force and Moment (50°)
35000
€ 30000
Z
T 25000
£
© 20000
2
T 15000
[
Z 10000
g
5 5000
£ -7
0
Thrust/ side force(N) Weight/ Heeling Yaw
Resistance(N) Buoyancy(N) moment/ moment(N-m)
Righting
moment(N-m)
W sail 2363.788 3151.556 34033.9 25007.92 7956.61
m hull 2304.84 3163.34 34290.58 25018.57 7839.48
error(%) | 2.525281517 0.373212797 0.751355883 0.042577442 1.48302523
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Force and Moment (60°)

35000.00
£ 30000.00
Z
£ 25000.00
E 20000.00
=
T 15000.00
®
Z 10000.00
o
g
5 5000.00
: ay
"5
0.00
Thrust/ side force(N) Weight/ Heeling Yaw
Resistance(N) Buoyancy(N) moment/ moment(N-m)
Righting
moment(N-m)
msail 3006.30 2888.48 33903.20 21724.95 8523.33
B hull 3036.15 2943.56 33613.89 21757.16 8430.18
error(%) 0.99 1.89 0.86 0.15 1.10
o
Force and Moment (70°)
35000.00
€ 30000.00
Z
£ 2500000
E 20000.00
=
T 15000.00
[
Z 10000.00
: -
5 5000.00
- —
"5
0.00
Thrust/ side force(N) Weight/ Heeling Yaw
Resistance(N) Buoyancy(N) moment/ moment(N-m)
Righting
moment(N-m)
o sail 3597.98 2622.48 32918.20 17524.34 6436.45
H hull 3569.74 2585.96 33411.05 17859.59 6330.66
error(%) 0.79 1.40 1.49 1.89 1.66




Force and Moment (80°)

35000.00
£ 30000.00
Z
£ 25000.00
E 20000.00
H]
2 15000.00
m
Z 10000.00
]
- =
'
0.00
Thrust/ side force(N) Weight/ Heeling Yaw
Resistance(N) Buoyancy(N) moment/ moment(N-m)
Righting
moment(N-m)
m sail 4218.66 2167.16 32501.90 14010.92 4879.84
W hull 4263.59 2182.11 32209.82 14306.57 4790.79
error(%) 1.06 0.69 0.90 2.09 1.84
Force and Moment (90°)
35000
€ 30000
£
T 25000
£
O 20000
=
T 15000
]
Z 10000
g
2 )
- —
0
Thrust/ side force(N) Weight/ Heeling Yaw
Resistance(N) Buoyancy(N) moment/ moment(N-m)
Righting
moment(N-m)
M sail 4559.067 1506.33 321429 9968.514 3912.289
m hull 4565.2 1518.39 31629.25 10088.28 3815.149
error(%)| 0.134432717 0.797429184 1.610891275 1.194268635 2.514157991

2 33 Force and moment balance error for apparent wind angle
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12 34 G contours on sails for apparent wind angle 30° (leeward and windward side)

0.75
05
025

025
05
-0.75

125
-15
175

A% 35 Cp contours on sails for apparent wind angle 60° (leeward and windward side)
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12! 36 Cp contours on sails for apparent wind angle 90° (leeward and windward side)

16
14
1.2

0.8

C. G

0.6
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Apparent wind angle(®)

2l 37 Comparison of C; and Cp for the sail
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apparent wind angle(°)

8l 38 Thrust coefficient for apparent wind angle

16
14
12 k

J o8 [
06 F
04 f

0.2 === CSF

apparent wind angle(®)

a2 39 Side force coefficient for apparent wind angle
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H 5 Heel angle, speed, leeway angle, rudder angle for apparent wind

apparent wind Leeway Rudder
Heel angle(®) | Speed (m/s)
angle(®) angle(®) angle(®)
30 33 3 13 -4
40 31 3.65 7 -1.7
50 30 4.02 45 0
60 27 445 2.5 1.8
70 22 4.65 14 1.85
80 17 4.94 0.95 0.9
90 12 5.03 0.4 0.88
40
35 : =@=Heel angle
30 f
g |
=2 "
S 20 1
10 E
s E
0 : " " " " 1 " " " " 1 " " " " 1 " " " " 1
0 20 40 60 80 100

Apparent wind angle(°)

%2l 40 Heel angle for apparent wind angle
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%2l 41 Heeling moment coefficient for apparent wind angle
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%2l 42 Boat speed for apparent wind angle
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