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Abstract

Technological factors for development of advanced sail-assisted ships are studied. Aerodynamic performance
of hybrid-sails consisting of a slat, a hard sail and a soft sail is investigated by wind tunnel test. Interaction
effect among plural hybrid-sails and that between hybrid-sails and ship hull are also investigated. Underwater
fin arrangement and its hydrodynamic characteristics are measured in a towing tank, and estimation formulae of
underwater fin effect are proposed. In order to investigate into advantage of wearing underwater fin
quantitatively, sailing performance in steady condition is calculated.

A practical hybrid-sail which utilizes deck crane as its boom is designed and its aerodynamic characteristics
are measured by wind tunnel test. Weather routing system for an advanced sail-assisted ship is developed, and
advantages of the hybrid-sail and the weather routing system are estimated based upon calculation applied to a
bulk carrier on North Pacific Ocean route.
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2. 3. 4 EXHBESN

Fig. 2.8 IR KM A0 HS6, 7. 8 D25 ))
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L L OIZ AR 1L 1.06 —E T, LIRS B0 5 85
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Wi 0.6m ¥ Om @ =4 (Tri600, HS6), REEIC
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HS8)D 4 FiTH D,
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TR D EWIZ LD BIT D72, 810 B0 MERED
R L 25 KC,/C, % Fig. 2.31 1273, Rfilix
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L P & 287, Cpuy LIRS X 2 21k
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2.35 [ ZBR M A Fig. 2.9 [Z kR &7 Gapl M O Gap2
DIRMET y B SEEREIT- TV D, B2
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D EMAMITNENZ ERHLMNC RS T2, F T,
BAMNOKHEZ TE AP TMFETHHMND AT
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DZETIMERRIZ OV T A L 72,

y=25" TAZ v bEHEREWRMN I E OB
(Sp)% 0.02, 0.03. 0.04m & Z{t & W 7= 854 O #t H
IZ2WW T Fig. 2.41 12#F, Sp=0.03m OH A C,
Nk KE72 5D,

Wy B ST A DM R % Fig. 2.42 (TR
Ty Copux TR 1.98 TH Y, FFEED AR ZAH L
AT b - KL O A G DRI XD EAW
HS2 2R Cppy /S W, 720, AR OR
WIXHAIC 2> Th Y, PEEMAOMNE L THD
2N RO R V (WS

2. 3. 8 WMEMEESM

Fig. 2.13 (277 L 72 i kLR 61 5 0L HS 12 oD 2B fs
R#%& Fig. 243 12T, Cpy DECKAEIX 1,76, C,
DI KL 1.56 TH - 7=,
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AITEE TR ESNTHk2 REAMNO S bEROH
TRAURERENG LN EBRIREND C, 2R,
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JEIE 4 #1107 T < O L2 e K HEE 7 1% %%
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SO, AEf 200 5 607 oyl Eny
PERE D LV,
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2. 3. 10 ZOOERBRE IRRDOEE)

=AMEEN HS2 © EEMEICE S 0.2m, @
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Copx XM O Crypy 2132 A TO Cp O FEHRAE R
£ F o Cope Cp & b FIHDBNMEIRIT NS,
SRS A TG L Uiz, H o~ N
INEhoTmEE R D,

2. 4 CFD ##

2. 4. 1 =

A D X HTH LW F A 7 OWLEES T O WL % Bt
T HEA, WM OFE, LEBERSEEE S D WLE
WIEEBEAT D, YROZ LN b, BREEIC
Lo aToz ) r R s LIIRETH S,
BUTE B R S BT R OV AL ERBE ) D38 IRIZ X 0 |
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Dynamics)(Z X WL D22 HMERER R 5 Z & 2k 2
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TV, FEERFER L O 21T 72,

2. 4. 2 FEF&E
%12, Adaptive Research #» PC LA Y 7
k TCFD2000) 0% ffif] L7, it sk, %X

0 6080

R R A EEB BRI O S RAATH 5,
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ot Ox,
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ot ox ox, Ox,

j J
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[ O )2 5 Ou (2.6)
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ST u MR 5 e Ry =TV ETH
60
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kxSRI iz,

2. 4. 3 TOYIDEERFRA
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T5HE, 22X105TH D,
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B A b U Fig. 2.50 (039, HELASSLE. o
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C,. C, e bEERDOERELE GO EIT - TR
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3 WILEBIZ LA IIOBWLEBFEL Tz
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WEESD ZEDBRNEETH > T EOH AN S ENERN
WCHFERE T IHREEMR DB TE o T,

WIZ C, DEBRAER & GG R OMEIZ SV TH
T D720 3 kIt 21T o 72, f5 4 % Fig. 2.51
IR,

2 WOt AR A B (Fig. 2.50 O #5 % %2 1 #3) %
‘Cal@D)’, 2 N TIEHHN 3 WLORFFEREEE
‘Cal(3D) & L TRd, WITHEEA D MEWE R & LT
BT, Colx 3 trtHICRB W T HBREA & G5
FERITIEE ST 5, 3 ot C IR ERFE R LV
HANSVEE lp o T, 7270 L EMER B £
T 5, 3 WLt Rk RN ERAER L B2 o8A s L
T BRI DR A 53 FIBA D 72 0 5 O JF K 23 5
Zbivd,

C, ZEMEMITRDD ZENRTE DLW FEREN
5 TN RAT y OOV T,
FH K REAN C J2BR0RE R & ik 9%, Fig. 2.52 137 — A
%, Fig. 253 13 A7 v MAZELLESEELETH
D, FNFhy=30" . B=35" ©C, ODFFHHERIC
KT HEAE L LTRLTWD, FEEREE G L 215841
OFEIT - F L, AWM O 5 BN E SR
EHAETE ETHITHE I ENNN5,

2. 5 F&H

e WL 6 85 0 B E LD 2 0 HERE % SR 1
I L7z, £7-, CFD IC Lk W AN D% Nt
HE L, FOMPELLT, UFDOZERHSMNIT
o,

PERM HAEZE STV D IE BRI, = R 5
L& PRz U T A a0k 2 72 BB BB A L o 4 ik
DHERR S 7z,

Bex e EMDO AT > My 7 — 5 RILL R
DB EME LT, TORE L L TAR=2.63 ®
HERAE WO e KRB C e 13258,
HEHE S ERH C oy 2.73 472, T Cypy 1
B L CHERBIHE AL D 1.49 5, =AMEL
P> 1095 TH D,

BRSNS <D, Thbb, ARPEIC
ONTHRRGIMRENNT 5, 20L&, il
REOIRE S B LA, £72, 810 B2V MEGE
DIETH DI KNC,/C, 12 AR=2.63 125 > T
DEANCH DB, ENE VAV AICITARD
MW K C/C) ST %,
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Fig. 2.1

Sail-assisted ship ‘Shin Aitoku Maru'.

Fig. 2.2 Sail-assisted ship ‘USUKI PIONEER'.

Table 2.1 Experimental models of hybrid-sail.

Model Case |Model Figure] Slat | SlatC | RWS |RWSH]| Soft Sail | Soft Sail C AR
Triangular HS1 Fig. 2.5 NA24 | 0.07 | NA24| 1.0 Tri. 0.45 2.51

HS2 Fig 2.5 Arc. 0.1 NA30| 1.0 Tri. 0.45 2.48

HS3 Fig. 2.5 Arc. 0.05 | NA30| 1.0 Tri. 0.45 2.64
Triangular with articulated boom| HS4 Fig. 2.6 Arc. 0.1 NA30| 1.0 Tri. 0.45 2.48
Rectangular HS5 Fig. 2.7 Arc. 0.1 NA30| 1.0 Rec. 0.2~0.5 | 1.47~2.63
Triangular type low height HS6 Fig. 2.8 Arc. 0.1 NA30| 0.5 Tri. 0.6 1.06
Trapezium type low height HS7 Fig. 2.8 Arc. 0.1 NA30| 0.5 Trap. 0.4~0.5 1.06
Rectangular type low height HS8 Fig. 2.8 Arc. 0.1 NA30| 0.5 Rec. 0.3~0.6 | 0.65~1.06
Triangular with gap HS9 | Fig. 2.10 Arc. 0.1 NA30| 1.0 Tri. 0.45 2.48
Rectangular with gap HS10| Fig 2.11 | Arc. 0.1 |NA30]| 1.0 Rec. 02~03 |2.11~2.63
Slat & Soft sail HS11 Fig. 2.12 Arc. 0.1 — — Tri. 0.225 2.49~2.76
Two rectangular soft sail HS12 | Fig 2.13 — — Ellipse| 1.0 Rec. 0.05 & 0.2 2.78
Note: Slat C; Slat Chord length [m], RWS; Form of Rigid Wing sail, RWSH; Height of RWS [m], Soft Sail C; Soft Sail Chord length
[m], AR; Aspect Ratio, NA24 & NA30; NACA0024 and 30 type form Slat or RWS

06100
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(a) (b)

Fig. 2.3 Danish wing mast? (a) external view of
wing mast and (b) tacking condition of the wing

mast.

Fig. 2.4 Hybrid-sail consisted of slat, rigid wing
sail and soft sail attached to booms.
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Fig. 2.5 Triangular type hybrid-sail [HS1,2,3].
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Fig. 2.6

Triangular type hybrid-sail with

articulated boom [HS4].
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Fig. 2.7 Rectangular type hybrid-sail [HS5].
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Fig. 2.8

Low height hybrid-sail [HS6,7,8].
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Rigid wing zail
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Fig. 2.9 Modified hybrid-sail with gap between
rigid wing sail and soft sail, and position of prop

belonging to soft sail at the boom.
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Fig. 2.10 Triangular type hybrid-sail with gap
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Fig. 2.11 Rectangular type hybrid-sail with gap
[HS10].
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Fig. 2.12 Triangular type hybrid-sail consisted of
slat and triangular soft sail [HS11].
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Fig. 2.13 Sail with two rectangular soft sails
[HS12].
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Fig. 2.14 Experimental apparatus in the wind

tunnel.
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Fig. 2.15 Cartesian reference system and < | —
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Fig. 2.18 Influence of slat angle on aerodynamic
characteristics of triangular type hybrid-sail

(HS2, y=20" ).
. . - 3
Fig. 2.16 Polar diagram of force coefficients for
a sail and velocity triangle. 2.5
2
3
” —o—p=25deg. =15 / ~
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Fig. 2.19  Thrust force coefficient of triangular
type hybrid-sail (Optimum slat angle, y=20" ).
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Fig. 2.20 Influence of boom angle on maximum

lift and drag coefficients of triangular type
characteristics of triangular type hybrid-sail hybrid-sail (HS2, 8=35" ).

(HS1, y=20" ).

Fig. 2.17 Influence of slat angle on aerodynamic
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Fig. 2.21 Influence of slat chord length on

maximum lift and drag coefficients of triangular
type hybrid-sail (y=30° ).
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Fig. 2.22 Influence of slot between slat and
rigid wing sail on maximum lift coefficient of
triangular type hybrid-sail (HS2, 8=35° |,
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Fig. 2.25 Influence of end boom angle on

aerodynamic characteristics of triangular type
hybrid-sail with articulated boom (HS4, B=35" |,
Y=35" ).
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Fig. 2.26 Influence of end boom angle on

maximum lift coefficient of triangular type
hybrid-sail with articulated boom (HS4, 8=35" ).
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Fig. 2.28 Effect of boom angle and aspect ratio
on maximum lift and drag coefficients of
rectangular type hybrid-sail (HHS5, 8=35" ).
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Fig. 2.29
aerodynamic characteristics of rectangular type
hybrid-sail (HS5, 8=35" , y=30" ).
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Fig. 2.30
aerodynamic characteristics of low height
hybrid-sail with same soft sail area (HS6,7,8,
B=35" , y=30" ).

Influence of sail form on
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An Investigation of

Table 3.1
carrier and scaled model.

Principal ship particulars for bulk

Ship Model
Loa(m) 185 1.254
Lpp(m) 177 1.200
B(m) 30.4 0.206
D(m) 16.5 0.112
dpy (M) 11.6 0.079
dpp1as(M) 5.24 0.036
dpjr (M) 44.4 0.301
Agpa(m) | 553 0.025
Appa(m) | 1997 0.092
Alpaitas (M) 767 0.035
Arpaig(m)| 3111 0.143
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Fig. 3.2 Plan and side elevation of model scale
hybrid-sail.

(a) ‘Plural’ with triangular sails

(b) ‘Ballast’ with rectangular sails

Fig. 3.3 Experimental arrangement of four sails
‘Plural’ and ballast load ship with four sails
‘Ballast’.
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Fig. 3.4 Load cell arrangements for experimental

measurement of forces on sail and hull.

Wind coefficients

Fig. 3.5 Aerodynamic lift, drag and moment
coefficients for single hybrid-sail
(£=35", y=30" ).

| ¥ Rridge
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TLI L

Fig. 3.6 Cartesian reference system of aerodynamic
characteristics on ship and definition of wind
directions & & ¥ for sail and hull.
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Fig. 3.7 Plots of individual driving-force
variation of rectangular sails, for four

experimental test conditions.
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variation of triangular sails, for four

experimental test conditions.



gobobooobooboooobooboobbosoobbonboo 27

08 —o— Plural )
' —&—Full /

0 20 40 60 80 100 120 140 160 180
v (deg)

Fig. 3.9
between single sail condition and each test

Averaged driving-force differentials

condition for rectangular sails.
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Fig. 3.10
between single sail condition and each test

Averaged driving-force differentials

condition for triangular sails.

b)

Fig. 3.11
with sail arrangements (a) graduated and (b)

Photographs of bulk carrier model

goose-winged.
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Fig. 3.12 Identification results for graduated
arrangement of rectangular and triangular sails

in full load condition.
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Fig. 3.13 Identification results for graduated

arrangement of rectangular and triangular sails

in ballast condition.
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Fig. 3.14 Effect of graduated sail arrangement

for mean driving-force coefficients of rectangular

sails.
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Fig. 3.15 Effect of graduated sail arrangement
for mean driving-force coefficients of triangular

sails.
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Fig. 3.16 Effect of goose-winged sail arrangement
for mean driving-force coefficients of sail No.3 &
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Fig. 3.17 Back side view of bulk carrier model
with goose-winged triangular sails.
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Fig. 3.18 Ratio of mean driving-force on different
test conditions against single sail performance
for different sail arrangements of rectangular
sails.
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Fig. 3.19 Ratio of mean driving-force on different
test conditions against single sail performance
for different sail arrangements of triangular
sails.
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Fig. 3.22 Effect of graduated arrangement of

triangular sails on mean (; and (),

in full

load condition.
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Fig. 3.24 Aerodynamic characteristics with and
different
arrangements of rectangular sails in full load

without interaction effects for

condition.
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Fig. 3.25 Aerodynamic characteristics with and
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arrangements of triangular sails in full load

without interaction effects for

condition.
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4 EDSE XM

DA S =, B0 e, TRE, R, RO,
MupHEZ, WERWY, &9 BAL  BREiE s R o R &
DY OB T D WL, AR T AT e AT W, 5
34%, #%575-(1997), pp.5.

2)Shighard F. Horner, Henry V. Borst: Fluid
Dynamimc Lift, Horner Fluid Dynamics, (1985),
pp. [8]4.

Table 4.1 Principal dimensions

Converted |Assumed
Item from model |sail-assisted
ship dim. bulk carrier
Length; L(m) 180 180
Breadth: B (m) 32.6 32.3
Draft; d (m) 10.9 10.7
L/B 5.52 5.57
B/d 3.01 3.02
Cb 0.802 0.7~0.8
Lcb (%) -2.53
Lcb (m) -4.55
] B
Mz
Mx
Fy
y

V2

Fig.4.1 Coordinate system

‘—1

Case 1

1
Position SS= 50 T -
SS= 4.6 |
Longitudinal length| B(m)= 8.0 H
Height h(m)= 5.3
Total Area| S(m’)= 853
Ln_: 5 -
Case 2 1
Position | S.8= 5.0 : -
Ss= 46 !
Longitudinal length| B(m)= 8.0 i
Height h(m)= 8.9
Total Area| S(m)= 1422
1 i
e
R ; b
Case 3 :
Position S.S= 5.0 H -
S.S= 41 1
Longitudinal length| B(m)= 16.0 i
Height h(m)= 5.3
Total Area| S(m)=__ 170.7 '
1
Case 4
Position S.8= 4.0
S.S= 3.6
Longitudinal length| B(m)= 8.0
Height h(m)= 5.3
Total Area| S(m’)= 853
Case 5
Position S8= 5.0
S.S= 4.6
Longitudinal length| B(m)= 8.0
Height h(m)= 5.3
Total Area| S(mY)= 427
—
Case 6 H _
Position | S.8.= 2.0 -
S.S= 1.6
Longitudinal length| B(m)= 8.0
Height | h(m)= 5.3
Total Area| S(mY)=_ 427

Fig.4.2 Underwater fin arrangements
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Fig.4.3 Measurement of hydrodynamic forces in oblique motion test.
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Case 1
Case 2
Case 3
Case 4 r
Case 5 -
Case 6 -
Estimated =+
— — Trap. Wing(Ref. 2)

S
-1 ~l —~ < g

lj&/; L
-2

p 4 i

- (Fy'=Fyo')/S

\
-3
40  -30 20  -10 0 B(deg)q 20

+ %X X O D> O

Fig.4.4 Lateral force component due to
underwater fin.
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+ , N o
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=04 ™ X Case4 N
X Caseb r
-06  *+ Caseb
— — Case 4(est.) L
Case 6(est.)
-0.8
-40 -30 -20 -10 0/ (deg)10 20

Fig.4.5 Yaw moment component due to
underwater fin.

0.2

0.1

(Mx'-Mxo0")/S'
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Case 4
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Case 6

+ %X X o> 0o

Estimated

0 3 (deg)0

Fig.4.6 Heel moment component due to

underwater fin.
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\ (Fx'-Fx0")/S’
0.05 r &
2 X [ y
0 . OAl X
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Fig.4.7 Surge force component due to

underwater fin.
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x
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Fig.4.8 Hydrodynamic forces acting on hull without underwater fin (Heel angle=0 deg.).
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Fig.4.9 Hydrodynamic forces in Case 1 (Heel angle=0 deg.).
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Fig.4.10

Hydrodynamic forces in Case 3 (Heel angle=0 deg.).
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Hydrodynamic forces in Case 6 (Heel angle=0 deg.).
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Hydrodynamic forces acting on hull without fin (Heel angle=9 deg.).
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Hydrodynamic forces in Case 1 (Heel angle=9 deg.).

I
O Case 1 |
—— Estimated
[y
-40 -20 0 PB(deg 20
3
O Case 1
2 G\b\ —— Estimated
1 4
0 1 1 1 1 o 1 1
1
2
-40 -20 0 B(deg) 20
o C
\E\E]\KK N
:\
‘{I \\ O
1 1 1 1 1 N D 1 1
o
O Case 1 C
Estimated C
-40 -20 0 [B(deg) 20

43

0 6430



44

O 6440

0 1 1 1 1 1 i 1 1 1
R X Caseb
o Estimated
-0.01 K
-0.02 \
-0.03
-40 -20 0 B(deg) 20
0.08 [
g X Case b -
0.04 —— Estimated i
0 1 1 1 1 1 1 1 1
-0.04 // i
-0.08
-40 -20 0 B(deg) 20
1.2 ‘
3 X Case b -
Estimated r
0.8
X L
04 % X
0 1 1 1 1 1 1 1 1 1
-40 -20 0 B (deg) 20

04 \
o X Case 5 L
il .
Estimated
0.2
0
-0.2
-0.4
-40 -20 0 B(de® 20
0.03 [
§ X Case b
0.02 —— Estimated
N "
X
0.01 3
O 1 1 1 * w eé * * x *
-0.01
-0.02
-40 -20 0 JB(deg) 20
1.5 C
< C
| - L
1 X —— C
X \ C
05 X -
x\ I\_/
0 1 1 1 X \ : 1 *
Xr x X
| X Case 5 F
05 Estimated C
_1 C
-40 -20 0 fB(deg) 20
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Table 6.1 Principal dimensions of new hybrid sail. Table 6.3 Aerodynamic characteristics in full-sailed

Full-Scale | Model condition based on attack angle o.
ggzil)lt overall (from 31.3m 0.939 m 2@ oL ) oMz | omx | omy | LD
-30/-0.390 | 0488 0.116| 0249 0.404|-0.798
Boom length 26.7m | 0.801m —20[ 0247 | 0297 | 0.044] 0.168| 0242 ]-0831
Sail height (L) 223m | 0.669 m ~10/-0.121 | 0.178 | -0.003 | 0,091 | 0.138 | -0.679
Slat chord length , 40m | 0.120m o] 0108 0.145[-0.102 [-0.048| 0.111] 0.745
Chord length of hard sail 56m | 0.168 m 10| 0490 0235]-0229-0312] 0174 2.085
Foot length of soft sail 22.3m | 0.669 m 15| 0.676 | 0.309 | —0.263 | 0443 | 0.230| 2.189
Slat area 88.0 m* | 0.0792 20 0.892 | 0.393-0299 [-0.601| 0290 2271
m* 25| 1.144| 0502 [-0.333|-0.786 | 0.367 | 2.279
Hard sail area 123.2 m* | 0.1109 30| 1449 ] 0645|-0347]-1.020] 0467] 2248
m* 35| 1.702 | 0.784]-0.346 | -1.225] 0571] 2.170
Soft sail area 248.7m? | 0.2238 37.5] 1.791] 0850]-0.345|-1.303 | 0.621| 2.108
m? 40| 1.903 | 0.925|-0.347 |-1.398| 0.679| 2.057
Total sail area (S) 459.9 m? | 0.4139 425] 2009 0998 |-0347 [-1489] 0734] 2014
m* 45 2078 | 1.065]-0.345 | -1562] 0.788] 1.950
Mean chord length (Lm | 20.6m 0.6187 475 2.124| 1.134]-0344|-1.612] 0.843] 1.873
=S/Ln) m 50] 2.146] 1.204]-0345[-1.642] 0899 1782
Aspect ratio (=Ln/Lm) 1.08 1.08 525] 1.050| 1284 |-0350]|-1498| 0959 1519
55 1813 1.400]-0377|-1.361| 1.047] 1295
60| 1.426 | 1496 | -0.451 | -0.999 | 1.084| 0.953
Table 6.2 Experimental conditions and results. 70| 1.134) 1.664|-0.461[-0.794 | 1208 | 0.682
Condition Full-sailed | Close-reefed 28 82‘7‘: :ggg :8;3? :8257;71 :ggg ggig
Slat :;f;lteNg'(deg) 3"13‘” 43x3103 100] 0109 | 1.923 0516 [ -0.022 | 1.355| 0.057
: : 110[-0.234 | 1.802 | -0.500 | 0.221 | 1.262 | -0.130
Mast-slat distance, 137.5 137.5
Ls(mm)
Slat-slat axis 15 0
distance, Lss(mm) Table 6.4 Aerodynamic characteristics in full-sailed
Hard S?(lil ar;gle, H 22.5 - condition based on relative wind direction .
eg.
Boom angle, v 7.5 0 ¥(d)| CX cY CN CK | a(d)
(deg.) 30] 0172 1866 [-0346| 1.346| 35
Farler-mast 34 - 40| 0527 | 2.181[-0347] 1613 ] 425
diatance, Lf(mm) 50 0.907 | 2.152 [-0.345 | 1.607| 45
Wind speed(m/s) ) 15 60| 1273 | 2.044 [-0344| 1536 475
a (deg.) at CLmax 50 40 70/ 1.608 | 1.792 |-0.344 | 1.344 | 475
CLmax 2 146 0347 80| 1.904 | 1558 [-0345| 1.170| 50
L/D at CLmax 1782 0.880 90| 2.146 | 1204 [-0.345| 0899| 50
Note Gap 100] 2322 | 0813]-0.345] 0.600] 50
between 110] 2428 | 0398 ]-0.345] 0283 ] 50
upper and 120] 2.460 | —0.030 | -0.345 | —0.043 | 50
lower slat 130] 2.418 | -0.457 | -0.345 | —0.367 | 50
is covered 140| 2.302 | -0.870 | -0.345 | —0.680 | 50
with tape. 150] 2119 [-0.870 [ -0.377 | -0.655 | 55
160] 2.011 | -0.166 | -0.475 | —0.086 | 80
170] 1.975 |-0.133 | -0.511 | -0.045 | 90
180] 1.923 [-0.109 [ -0.516 | -0.022 | 100
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Table 6.5 Aerodynamic characteristics in close-reefed

condition based on attack angle a.
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a(d)] CL CcD CMz | CMx | CMy L/D
0] 0.018 | 0.087 | 0.000|-0.017{ 0.061 | 0.211
10| 0.210| 0.147 | 0.013 [-0.156 [ 0.109 | 1.432
20] 0.283 ] 0.230] 0.017]|-0.208 | 0.169 | 1.231
30f 0.312| 0308 0.015|-0.228 | 0.222 | 1.012
40( 0.347| 0394 0.008 | -0.253 | 0.277 | 0.880
50{ 0.308 | 0.462 |-0.009 | -0.220 | 0.317 | 0.667
60] 0.236 | 0.519|-0.016 [-0.171 [ 0.359 | 0.454
70] 0.162 | 0.550 | -0.034 [-0.105 | 0.365] 0.294
80f 0.075| 0.571[-0.042 |—-0.045| 0.380| 0.131
90/ -0.013 | 0.572 |-0.049 [ 0.018 | 0.383 | —0.023
100/ -0.106 | 0.564 | -0.062 | 0.083 | 0.374 | -0.189
110/ -0.170 | 0.511 | -0.064 [ 0.130 [ 0.338 | —0.332
120/ -0.228 | 0.477]1-0.058 | 0.175| 0.322]-0.479
130] -0.296 | 0.437 | -0.044 | 0.231 [ 0.300 | —0.676
140/ —-0.362 | 0.377 |-0.019 | 0.288 | 0.259 | -0.962
150/ -0.306 | 0.293 [ -0.009 [ 0.247 | 0.217 | —-1.047
160] —0.255 | 0.208 | -0.004 [ 0.214 | 0.152 | -1.224
170/ -0.182 | 0.130] 0.001 | 0.161 | 0.088 | -1.399
180] 0.018 | 0.085] 0.002 | 0.001 | 0.052] 0.210

Table 6.6 Aerodynamic characteristics in close-reefed

condition based on relative wind direction .

v Cy Cy Cu Cx
0_|-0.087 | 0.018 | 0.000 | 0.017
10 [ -0.108 | 0.232 | 0.013 | 0.173
20 [ -0.119 | 0.344 | 0.017 | 0.254
30 [-0.111 | 0.424 | 0.015 | 0.309
40 [ -0.079 | 0519 | 0.008 | 0.372
50 | -0.061 | 0.552 | —0.009 | 0.384
60 | -0.056 | 0.567 | —0.016 | 0.397
70 | -0.036 | 0.572 | —0.034 | 0.379
80 | -0.025 | 0576 | —0.042 | 0.382
90 [ -0.013 | 0572 | -0.049 | 0.383
100 | -0.007 | 0.574 | —0.062 | 0.383
110 | 0.015 | 0.539 | —0.064 | 0.362
120 | 0.041 | 0.527 | —0.058 | 0.366
130 | 0.055 | 0.525 | —0.044 | 0.379
140 | 0.056 | 0.520 | —0.019 | 0.387
150 | 0.100 | 0.412 | -0.009 | 0.323
160 | 0.108 | 0.310 | —0.004 | 0.253
170 | 0.097 | 0.202_| 0.001 | 0.174
180 | 0.085 | —0.018 | 0.002 | 0.001

Slat[ I

P

S H -
=1 —

Soft sail

~— Mast

Strut ‘ ‘

Fig.6.3 New hybrid sail model.
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condition.
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Fig.6.10 Aerodynamic characteristics in
close-reefed condition.
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Fig.6.11 C.-Cp diagram in close-reefed condition.
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Fig.6.12 Aerodynamic characteristics in
close-reefed condition.

Fig. 6.13 Tip vortex separated from an edge of a
slat.

Fig. 6.14 Tip vortex separated from an edge of a
soft sail.
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Table7.1 Principal dimensions of the novel sail
assisted BC.

Item Dimension
Length overall ([I,,) 187.4  [m]
Length of ship between
perpendiculars (Lpp) 180.0  [m]
Breadth (B) 32.26 [m]
Draught (d) 10.7  [m]
Designed speed (U,) 14.5 [kt]
Block coefficient (Cy) 0.8146
Metacentric height (G_M) 3.29 [m]
Height of center of gravit
o8 gravity 10.19  [m]
(KG)
Transverse projected area
555.3  [m?]

(4:)
Lateral projected area 2138.7  [n?]
(4,) . m
Rudder area (A) 35.7  [m?]
Aspect ratio of rudder 1 689

(Ag) :
Propeller diameter (D) 6.0 [m]

Table7.2 Hydrodynamic derivatives.

Y/; 0.3912 Nﬁ 0.1189

Y¢' 0.0730 N¢' -0. 0501

Yﬂ/f/f 0. 6534 Nﬂﬁﬂ 0.0071

Yﬁﬂ¢ 0.0227 Nﬁﬁ¢ -0.0170

Yﬂ¢¢ —-0. 2445 Nﬁ¢¢ -0. 1392

Y¢¢¢ 0. 3651 N¢¢¢ —-0. 0852
Table7.3 Self-propulsion factors, resistance

coefficients and interaction factors.

1-wg 0.623 1-w, 0.624
1-1 0.784 1-1, 0. 780
n, 1.033 7 0. 450
¢ 1.85X 107 a, 0.813
c, 5.69%x10° X, 0.467
¢ 2.33%x107 2 0. 600

69

0 6690



70

Table7.4 Fuel oil consumption and CO2 emission on the great circle route (conventional BC).

GE Sl BC PORRE CO, Pt & PR IE ] 2 i R
[t] [t] [hr] [knot]
P BT 347.4 1114.7 323.5 13.4
VH L 310.0 994. 9 296. 1 14.6
e 8 i 326. 3 1047. 2 312.8 13.9
V5 L 312.5 1002. 8 298. 3 14.5
o UL 323.5 1038. 0 309. 8 14.0
VH L 327.1 1049. 8 306. 2 14. 2
P BT 333.0 1068. 5 315.2 13.7
A VG L 326. 4 1047. 5 305. 5 14. 2
S 325.8 1045. 4 308. 4 14.1
Table7.5 Fuel oil consumption and CO2 emission on the great circle route (novel sail assisted BC).
N . . PORRE CO, H Hi L IRy ) 28 il
Y i &R L BC (4] g [hr] [knot]
5% R 322.0 1033. 3 309. 5 14.0
V4 L 304. 8 978. 2 293. 3 14. 8
e i 324.4 1041.0 310. 3 14.0
R 305.4 980. 2 293.9 14.7
®E L 314.6 1010.0 304.9 14. 2
- R 313.2 1005. 0 298. 5 14. 5
K T ﬁﬂﬁ 325.0 1043. 1 310.8 13.9
V4 L 305. 1 979. 1 293.5 14. 8
S 314. 3 1008. 7 301.9 14. 4
Table7.6 Fuel oil consumption and CO2 emission on the selected route (conventional BC).
GE S BC PR #r CO, B & L i R[] IR EY -2 i
[t] [t] [hr] [km] [knot]
5% i 336. 8 1080. 8 320.9 8219.5 13.8
R 308. 1 988. 8 314.3 8362. 6 14. 4
5 i 295.4 948. 0 314.6 8051. 6 13.8
VG L 287.9 923.9 314.0 8214. 1 14.1
T’ AL 307.8 987.7 314.7 8087. 6 13.9
[ER 264. 3 848. 2 314.3 8126.0 14.0
S % L 332.1 1065. 8 314.5 8077. 3 13.9
A VG L 290. 0 929. 2 314. 3 8122.7 14.0
RS 302. 8 971.6 315.2 8157. 7 14.0

Table7.7 Fuel oil consumption and CO2 emission on the selected route (novel sail assisted BC).

Ui (I £ L 45 BC PRBR # CO, P 5 WL IR ] AT VA i S8 i
[t] [t] [hr] [km] [knot]
R HT 282. 6 906. 8 314.5 8097. 1 13.9
v it 257.6 826.5 314.0 8150.8 14.0
e WU 292. 3 937.8 314. 4 8066. 4 13.9
Vit 243. 8 782. 2 314. 4 8073.6 13.9
oo HT 260. 7 836. 6 314. 4 8086. 1 13.9
Vit 255.9 821. 1 314. 3 8163.3 14.0
K T 286. 1 918. 1 314.5 8124.0 13.9
A V4 it 272.8 875. 4 314. 6 8092.5 13.9
NS 269. 0 863. 1 314. 4 8106. 7 13.9

06700



goboooboobooobooboobbosoobboonbb

Table7.8 Effect of the novel sail assisted BC

against the conventional BC.

s i g JRBH Ik O, il 3 &
98 0 FT I )
I8 TE L I (4] ]
L 54. 2 174.0
L
o [N 50. 6 162. 3
UL 3.1 10. 2
%S
mE V4 it 44. 1 141. 7
UL 47.1 151. 1
e A
e [N 8.4 271
K WU 46.0 147.7
T [N 17.2 53. 8

Table7.9 Average CO:z emission and passage time.
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YL AR PEk M BC TR A AR LS BC
o W % i 14, 5[knot] — & 1045. 4[t] (Cy) 1008. 7[t] (Sy)
] T 15 \ U
KE LB (FEHg IR E 5 — ) (308. 4[hr]) (301. 8[hr])
188 TE L i LIS () 314, 4 [hr ] H B0 977.9[t] (Cy) 863. 1[t](S,)
Table7.10 Effect of the development item on COgz reduction.
H H BiE EIES {fi &
I DAL e INOEYIES 1-8,/C 11.7% BEE M . R ATV ) & AR E
1 AL 2 A VAT - - A —
WRIVERSMR AT 2O ey | oo | s o & w5 L Y
e DAL & A ORI AE s _ 0 PRV AN - o
WR yx?bi:ié{f\%\é\;ﬁ% 1 SS/CO 17 /lA) E}‘L{ﬁiﬁ#rﬁ'—]@@b %}%'Jmuyﬂﬁﬁ_ébfﬁb

Fig.7.1 Examined region of weather data.
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B 10 200 24

lat.

Fig.7.2 Examples of GPV data; left: significant wave height and right: significant wave period
(from 2002.5.10 to 11; every 6 hours)
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3 R }
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Fig.7.3 Examples of GPV data; left: peak wave direction and right: mean wind speed and wind
direction (from 2002.5.10 to 11; every 6 hours)
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Fig.7.4 Seasonal ocean current data; from top to bottom: spring, summer, autumn and winter.
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Fig.7.5 General arrangement of the novel sail assisted BC.

Fig.7.6-1 Folded sail condition of the novel sail assisted BC.

Fig.7.6-2 Full sail condition of the novel sail assisted BC.
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Coomd I'"/J’EJZW Fig.7.10 Coefficient of added resistance in short
a= [deg] [ crested irregular waves (#, = 0.178).
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Fig.7.9 Response amplitude operator of added
resistance in regular waves.

Waves Winds
H, Wave height
T, Wave period
X» Wave direction

Aﬁ B
Rudder angle, & H o

/ Fore X Longitudinal force
¢, Heel angle N, Yaw moment

U,, True wind speed
¥, True wind direction
U, Ship speed
, Drift angle
|

K, Heel moment
Y, Lateral force

\J
Y
Fig.7.11 Coordinate system.
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Fig.7.13-1 Interaction effect (longitudinal force).
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Fig.7.13-3 Interaction effect (yaw moment).
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Fig.7.12 Wind force coefficients of conventional BC.
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Fig.7.14-1 Wind force coefficient at full sail
condition (longitudinal force).
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Fig.7.14-3 Wind moment coefficient at full sail
condition (yaw moment).

Cy

Ck

2.50
2.00
1.50
1.00
0.50
0.00
-0.50

79

Cy(w/o sail)
Cy(w/o int.)
Cy(w. int.)

N\

\

\T // \7
30 60 90 120 150 180
v ldeg.]

Fig.7.14-2 Wind force coefficient at full sail

5.00
4.00
3.00
2.00
1.00
0.00
-1.00

condition (lateral force).

LT Ck(w/o sail)
/V\\ — ——-Ck(w/o int.)
\\ Ck(w. int.)
\\
\ Ao
\j
30 60 90 120 150 180
v ldeg.]

Fig.7.14-4 Wind moment coefficient at full sail

condition (heel moment).

06790



80

10.00
8.00
6.00

A 400
2.00
0.00

-2.00

HIEEEEEEE Cx(w/o sail)
———-Cx(w/o int.)

0 30

60

90

120

v ldeg.]

150

180

Fig.7.15-1 Wind force coefficient at folded sail
condition (longitudinal force).

2.50 [ [
------- Cy(w/o sail)
2.00 ———-Cy(w/o int.) [|
150 _J-
3 1.00 7 T
b i B N
-, A
050 [—»" = )
o R
000 '
-0.50
0 30 60 90 120 150 180
wldeg.]

Fig.7.15-2 Wind force coefficient at folded sail
condition (lateral force).

0.20 \ I
------- Cn(w/o sail)
———-Cn(w/o0 int.)
0.10
S 000 pEEpesTEs g
-0.10 S E e s
-0.20
0 30 60 90 120 150 180
v ldeg.]

Fig.7.15-3 Wind moment coefficient at folded sail
condition (yaw moment).

0 6800

5.00 I I
------- Ck(w/o sail)
4.00 ———-Ck(w/o int.) I
3.00
S 200 e
1.00 B LT SN BN
/f I DR
000 [ =
-1.00
0 30 60 90 120 150 180
wldeg.]

Fig.7.15-4 Wind moment coefficient at folded sail
condition (heel moment).



goboooboobooobooboobbosoobboonbb

BHP [kW]
10000 .
F+ -+ d—|— k4ol 4+—-1—f 4 |-+
9000 | | | | | | | | |
LIS I N N I A I U A ) D O
8000+ T+
7000'T7’\’ B F A R e A I | -r
s J,,L,,L,L,,L,/,,L
6000 — o L
5000 T+t
4000'T7’\’ Tif‘r”jffT”‘/’T”T
F4+ -4+ d—|—- k41— +Sf-1—+ 4 |-+
3000 | | | | | \7 | | |
I I N I S S A B N A IS N H Y B I
2000 AT
m T~ I I A A I e A B A A
1000 | t t t t t t t t
F4+ -4+ d—|—- 41—+ -1—4+ 4 |-+
L L L L L L L L L
0 2 4 6 8 10 12 14 16 18

U [knot]

Fig.7.16 Speed-BHP curve (newly built and
calm weather condition).

A & [2/(KW hr)]
200
190
180
170F—
160
150
140
30

40 50 60 70 80 90 100
BHP/MCR [%]
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