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Abstract @ Recently, the international community, including the International Maritime Organization (IMO), has strengthened regulations on air pollution
emissions of ships, and eco-friendly ships are actively being developed to reduce exhaust gas emissions. Among them, rotor sail (RS), a wind-assisted ship
propulsion system, is attracting attention again. RS is a cylindrical device installed on the ship deck, that generates hydrodynamic lift using a magnus
effect. This is a next generation eco-fiiendly auxiliary propulsion technology, and Enercon company, which developed RS-applied ships, announced that
fuel savings of more than 30% are possible. In this study, optimal installation conditions such as RS spacing and arrangement type were selected when
multiple RSs were installed on ships. AR=5.1, SR=1.0, and Q/D was fixed at 2.0 according to the RS arrangement, and the wind direction was
considered only for the unidirectional +y-axis. Regarding arrangement conditions, five conditions were set at 3D intervals in the +x-axis direction from
3D to 15D and five conditions in the +y-axis direction from 5D to 25D. C;, C, and aerodynamic efficiency (C;/Cp) were compared according to the
square([]) and diamond(<>) shape arrangements. Consequently, the effect of RS on the longitudinal distance was not significantly different. However, in
the case of RS flow characteristics according to the transverse distance, the interaction effect of RS was the greatest when the two RSs almost matched
the wind direction. In the case of the RS flow characteristics according to the arrangement, notably, when the wind blew in the forward (0°) direction,

the diamond () arrangement was least affected by the backward flow between RSs.
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a7 dasH Ad 3ol wet dsbd s Al
ek 2-euA] g 85t s5e] tEA Y T
olt}h. HASAL7]TH(IMO)E 20221 49 H-E vk ghah wiE
2 g2

0083 thH] 30% AFH3SH |2 T3
EHE gAE a9

Loy

o Mk ¢
A oAM= FHAUAE o1&
Xy

& Mup 327
iEw%l(Rotor Sail, RS)°] TPAlF FEuar 9] oh(Kim, 2022).

2

I‘J o ot
1 mlo

2. MY HAF
RSE AHF fl=o] AXFHE 9% A4y gy 7|5 o
2, nays 592 o] &dte] f4 98ty 4HS QA

3= 2] o] th(Nicolas et al., 2021).

RST 1920 549 &8 <% 4ol Anton Flettnerd]
ofsl] A=At Hxo] RS A& MBS ‘Buckaw S2 7 /i
o] RSE Ab&-ato] A2 shujEe] FH9S
21417] o] % FATAZ sl HgH Aol d%fﬂ HMJ‘OI
S7FstHA] RS ke ohA] 52l o, 20100 F oY

Z] 3]A}Cl Enercon jikoll A ‘E-ship I'TE &
A5 Auke]l dlolEi= Table 10 2.9k
Mancini, 2016).

RS9} #HH = A AAA R ks o] Fo] AL
Rnom, Mut 18-S FFAI717] 918 RSO &l gt
B> AP A AlEH ool FaE T

Marco et al.(2014)+= RSOl W3l %] AlEo|A S F3 <
T& ZeYstglt. v /)M AR(Aspect Ratio), SR(Spin Ratio),
EP(End plate)S W3A]17]H RSe] &35 A=32 o& Hrls)

p

gk - o] &
Abbreviations

AR 3] 1] (Aspect Ratio)

Cr 32 A S=(Lift Coefficient)

Cp & Al 5~(Drag Coefficient)

D : ZEAY A E(m)

D, s = EHOlE A E(m)

EP A= Z#| 0| E(End plate)

H : ZEIAY Eol(m)

Re CHolER F(=U . dfv)

RS : ZE A Y (Rotor Sail)

SR : 45 H|(Spin Ratio)(=w « D/20)

URANS  : Unsteady Reynolds averaged Navier-Stokes

U A S E(ms)

w  ZEHAY S (=rad/s)
RSO A& FAEA 2ads S dEshalth

Badalamenti and Prince(2008)= F&A18 S &3l =2 @]
w27 A 3 date 99 AWy Aol vAs TS &
213kl om, RS A= Z#| ] E(End Plate, EP) A ] o] wh& <
HAR(CT FEAR(CHS FuuAE B4t

3

I, Bordogna and Muggiasca(2020)= RS2] 37|83 A5

of thgh #Holm=e] IS Eletr] & U

< FYskqict. 1 A7, RS9 Fr19EH AHFol T3

(Aspect Ratio, AR)®} <7 %= H](Spin Ratio, SR) ¥ 3}ol| whe} o 3k

S Womn, o]F RS7F AAE Aol T IS A

of X wW &7t A vEhtE AE ERleith
Li et al.202D)= 99| t48 £ I3 g C,3% =

= 651 =
WMol $7h WeES (ol o Atk 4e

e
I3

A ol5e] FEAgel WE O3 0 WAE aYgze VI EHIAL
22890t} 71 o] %ol Badalamenti and Prince(2008)7} 4313k S SIATh
238 ANe ugom x Bl E3F ouAES Hu and Wang(2019)= ¢ ?'%ﬂ%ﬂ RSE AlQtstglon, 4
Fa)akAh. RS AUl AR=5.1, D=00889m 2 D,/D=20 A AFEANS Tl 2 SR 5& O 45 5 A
Ql 21 el 72 333 tHMarco et al,, 2015). ARAOoR 52 F7199 4 BE(CYCp= A& T AU
Devaraj and Raju(2017)%= Ay #4004 SR¥Sle] w2 il sk3ith
Table 1. Geometric and performance parameters collected from all-known RS
Ship(year) Buckau(1924)  Barbara(1926)  E-ship 1(2010)  Estraden(2014)  Pelican(2018)  Zhoushan(2021)
Height (m) 15.6 17.0 27.0 19.0 30.0 24.0
Diameter (m) 2.8 4.0 4.0 3.0 5.0 4.0
Aspect ratio 5.6 43 6.8 6.3 7.0 6.0
End plate yes yes yes yes yes yes
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Fig. 1. Geometry of Rotor Sail.
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Table 2. Results for grid independency validation

Scale Element ﬁwéralge- _CD ' Error of
(Base size) number & }ﬁ;‘s:"i g:)ne © average-C)
(Oc_?sr;i) 1.396 x 10° 1.000 2482
?g‘;dsig 1762 x 10° 0.885 -15.03

(Oii;l;) 2.304 x 10° 0.829 934

I 045m —+—055 —=—0.65
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(a) Data curves of C,

Drag Coefficient
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(b) Comparison of experimental data and CFD simulation results

Fig. 5. Validation of the numerical method.

o iied

o ofh

Ll

X 2

EA =Y
i
2

shset.

RSS] Al AR=
51,SR=10 2 D./D=20% 1183} 2Hr F5S U=5ms,
TS +yF gl digk =19 el



ZHAL] W Fejrt FH Gl A= dEel

Rotor?2
Rotor1l

el

x/D
(= Horizontal Distance)

z
*Lx

(a) Horizontal Distance of Rotor 1 and Rotor 2

Rotor7

Rotor8

y/D / Rotors

x/D
L X ] Rbtor‘6

(c) Square Arrangement of Rotor 5 ~ Rotor 8

r o)
o
>
2
1%
o
2
-

; ¥/D(= Longitudinal Distance)
Rotor4 :

‘ /w)—(om

Rotor3 s

(b) Longitudinal Distance of Rotor3 and Rotor 4

Rotorll
y/D '
Rotor10

Rotor9
Rotor12 )

‘YL x

(d) Diamond Arrangement of Rotor 9 ~ Rotor 12

Fig. 6. Arrangement of Rotor Sails.

ri
i
b}
T
==

FA Aol A RSS 2 g 2712 Bordogna and
Muggiasca(2020)8] S5 A18de] 724 A= s =3t
A EHE FEAQ APzl ta) st on sl =
A2 Fig. 63 Table 30 tFEbIACE FWak Adls x F W
FO= 3D~ 15D77P7<] 3D Ao ® Z 57bA] AL HAs
5D~25D7}4] 5D HA

ke F7)|9ekA 3
"JEP"*EP PB‘S& HH =l ﬁéﬂ%oﬂ w2 RSe|
52 @) F 7
Mol whe el RS°ﬂ Rk Oﬂ €y 2% 39T

O

\I I—
ﬁoﬁl‘é_l

4. 21t A 0H

4.1 B4 7+ (Horizontal Distance)ol| ME RS54
Figs. 7 (@)~ ()t TW 1140 w2 RS9 ¢, Cp¢F &
71984 G8(C,/Cp) AoE e 1z ojt}
Figs. 7 (¢} (b)dlX= 242t xDe} yDell w2 Rotor 13}

Rotor29] C, ¥ Cp7b & #Fel7h 91913, S7het A=
T3 BAFS B Fig 7 (A= T HEd w
C/Cpel Wsts YERHl o™, Rotor 12 H4 0] Hojd 4=
C,/Cpe 2% Z7F8F A Rotor 2= 14 0] HoAA 45 )/
Cp7t 23 Zas7y A48 FA8hs 43S Bt
AEAow RSE| T M4 gig ¢ 3% SRR
71

2 Zo|7F iAo, C/ChE +y F
Rotor 1] §-Zo]l $1%]3}= Rotor2 Bt} H o oF 75
2 Zloz UEstth

% &80l

Figs. 8 (@)%} (b= =9 H 4 744 wD=3D9} H o 7+
¥D=15D°] e+ &2 vhebdl Zolth Fig 8 (a9 2ol
x/D=3D 7FZAo| A= Rotor 13} Rotro2 99 °5°] A=
FIFE MAE Ao YER o, Fig 8 ()¢t Zo] D=
15D ZFZA ol A+ Rotor 13} Rotror2 Alo]oll =83 14&
A glo] F RS FSS] FEe] AZ G A4

AoZ e

- 201 -



AL - 2 - o] -8
Table 3. Values of analyzed Variables.
Rotor 1 Rotor 2
Distance
Case (Horizontal/Longitudinal) X z X z
3D/- -0.6 0 0 0.6 0 0
) i 6D/- -1.05 0 0 1.05 0 0
Ifi‘l’rréiz‘ﬁ 9D/- 15 0 0 L5 0 0
12D/ - -1.95 0 0 1.95 0 0
15D/ - 2.4 0 0 2.4 0 0
Rotor 3 Rotor 4
Distance
Case (Horizontal/Longitudinal) X z X y z
-/5D 0 0 0 0 1.8 0
o -/ 10D 0 0 0 0 3.3 0
S /15D 0 0 0 0 4.8 0
irection
-/20D 0 0 0 0 6.3 0
-/25D 0 0 0 0 7.8 0
Rotor 5 Rotor 6 Rotor 7 Rotor 8
Distance
Case (Horizontal/Longitudinal) X y z X y X y z X y
15D/ - 2.4 0 0 - - - - - - -
Square 15D/ - - - - 2.4 0 - - - - -
arrangement 15D/25D - - - - - 24 78 0 - -
15D/25D - - - - - - - 24 7.8
Rotor 9 Rotor 10 Rotor 11 Rotor 12
Distance
Lase (Horizontal/Longitudinal) X y z X y X y z X y
-/- 0 0 0 - - - - - - -
Diamond 15D/12D - - - 2.4 3.9 - - - - -
arrangement I5D/12D - - - - - 24 39 0 -
-/25D - - - - - - - - 0 7.8
4.2 g4Il 71 (Longitudinal Distance)ol| ME RS54 Rotor 37 Rotor 4] 7FA o] Fol AWl 0= Rotor3®
Figs 7. (d)~(H= FWF 1H40l w2 RS9 C;, Opt ¢y ©ll 93 Rotord F919] F&gol 9IS Agxo=z g
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, - o B ] )
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o = == o A o 9]3) addko] ©
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(h)

and (e) ~(h) diamond arrangement.
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