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As global concerns over climate change grow, the shipping industry is facing increasing pressure to reduce carbon emissions,

Although crucial for global trade, shipping contributes to approximately 3% of

global greenhouse gas emissions, In response, the

International Maritime Organization(IMO) established a "Net Zero' goal by 2050, intensifying the demand for eco—friendly shipping

technologies, Among these, the rotor sail, which utilizes the Magnus effect to provide auxiliary thrust, has recently received

significant attention, In this study, the aerodynamic performance of rotor sails with various design configurations is mainly discussed

based on numerical simulations, Eight different rotor sail designs including telescopic model, convex and concave shapes were

newly suggested from the base model of rotor sail, In this study, various performance parameters such as lift, drag, torque and energy

efficiency were compared and discussed, Additionally, the drag of various geometries in the stationary state were also analyzed,

Keywords : Wind assisted ship propulsion(MEFEEEAR=X) Rotor Sail(2E M), Appendage(F71S), CFD(FIALS SIS
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Fig. 2 Reference rotor sail dimension

Table 1 Reference model dimensions

Quantity Symbol Value Unit
Rotor height H 0.947 m
Rotor diameter D 0.158 m
End plate thickness T 0.005 m
End plate diameter De 0.289 m

Density of air Dair 1.184 Kg/m®
Dy”amci)? ;:rscosny b | 1.83E-05 | Kg/(m*s)
Inflow velocity U 2.717 m/s
Rotor speed o) 0~ 172 Rad/s
Reynolds number Re 2.74E+04 -

Spin ratio SR 1~5 -

2.2 TR 7[H R BAH Z=zie| Hef

2 Mo Z7|ded Msg 245D 2l 74l siME
2 3cQl STAR CCM+ Ver. 15.062 ARSsIICE 26 MY
2 3t HILEA MM RS2 J1YsRien,
O| TRe SN 25 K 2H MY FH R
B2 JIESIICE TRIBiA S QIS AHf Aoz
RANS(Reynolds—Averaged Naiver—Stokes) HAS ALSot
2| 25 NMES Alsle thF gole 7l &F
|.AI-E XIJZ'I:HQ K—{Rs},?&tl. _J_|t|:_OI—E:i
EEoZ AHlbsio] oif WHAIZ B
25 h= SIMPLE(Semi—Implicit Method
for Pressure Linked Equations) €12|ES ARSSIICE R =
He Ml o472l Kwon et al. (2022), De Marco et al. (2014)
o| ZT}= &350 K—p SST 2! (Menter, 1994)2 AFR35104
71|’.&3F%EP. MEE x| 7|He Table 20 H2I5ISC
F7|= =E| Mol 2l DE 7|F Z0|2 Helst
pracieh 74|t 40| 7|2t AAH =712 of2h Fig. 30f| LERAACE
Eo| vl to| A =7ol| w2l 26 Me| siM Ayt et
N

me -4 oz

10
0

pnd

0X 0x rE
re o
)
I-I'I 0

rlo
X 1
0>

dl
Og ]
o \d :‘q
ol
i
i
-‘l‘l
rr

e o R rir
Y] kl

rir

gl

icl|

k>

m

i

_J|-I'I N

ot
=2
N
¢ X
=
- i
)
>
ﬂJO

1 =

| 2= 9lck= M2 Kwon et al. (2022)2} Garenaux et al. (2020)
oA To A AZEl B} QU M ool wEH ZE| M

[y — )

Table 2 Numerical method

Subjects Description
Tool STAR-CCM+ Ver.15.06
Governing equation RANS
Convection term 2" Upwind
Pressure—\/elomty SIMPLE
coupling
K-o SST model
Turbulence model (Menter. 1994)
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(Velocity inlet)
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Side 1

Inlet (Velocity inlet)
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Rotor Sail
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Moving wall condition)

Bottom

? (Wall, no-slip)
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Fig. 3 Computational domain
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Fig. 4 Grid system

oflM AR2El MARINZ} Puetz BVe| ZSAIY 21} 2 &251%
Cl ESAIEZn & Mule| F2of| AFHo=z Pikg olx|l=
UHH$(C)E H|wsI¥ 2], 2+ Aol Hol= ofzf Al (1)=f
ZTh 047|M, Lift= CFD siAlollM 2=l 26| Mol a4zt
2, A R WekE J|Eo= St 2 Mae| £ thHXg
olo|slc},
Lift
¢, =1 (1)
5{0[]214

ARle| BN E "oksP| sl AR =& X[$=(GCl, Grid
Convergence Index)& 01851201 Al (2)& Sall ALk RACEH
(Celik et al., 2008). Z{AF 37| /2 B4 Z7HAI7|04 Coarse,
Medium, Fine2| Al 71X| ZXIE AkEsto] SU5ICE Holol| At
= HolAs SSAY Zugo| EMste £2H| 2.400A 2
SI%C = Y AXlollM Zh2 S5l ofei &A1, 2, 32 =
MEHZ Fine, Medium, Coarse ZAALE LIEFHCE 7, 2 Medium
I} Fine ZXt Alo| AL 37| HIgS LIEMN, ¢, e, 282
Medium-Fine, Coarse-Medium Afo| Xjo|E St 3 HE
= &H|(Refinement ratio, R)E Sdll HIISICt (Xing et al.
2010). 2 22 Coarse@t Medium ZX} 7+ 10|12} Mediuma
Fine grid Z4Xt 2t X{0|E Sall Xl 8 M E mlske
Alo=2 Al (3)& Ssll AlMEICE Zuk= of2l Table 3ol Hel5i%

F[F

Q,—Q
1.25 IQZ‘
GCI?, = — @
79 — 1
1 €32
P= In|—
In(7,) ‘ €1 ‘
El/ = Qz' - Q]
_ 3)
€32

R<O0 : Oscillatory convergence

{0 < R <1 : Monotonic convergence
R>1 : Divergence

Table 3 Results of grid convergence test

Coarse | Medium Fine GCl R
Cells | 1.4M 3.2M 8.3M - -
C 5.6162 | 5.3268 | 5.3236 | 0.0009% | 0.0112
Error | 11.3% 5.6% 5.5% - -
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Table 4 Comparison of present study and model test

SR 1.4 2.4 3.4
2.065 5.044 6.973
EXP | Model test | (400 0%) | (100.0%) | (100.0%)
c Kwon et al. 2.344 5.490 7.626
L oD (2022) (+13.53%) | (+8.83%) | (+9.36%)
Present 2.197 5.327 7.202
(+6.42%) | (+5.60%) | (+3.28%)
0.509 1.510 3.03
BXP | Model test | 400 0%) | (100.0%) | (100.0%)
C Kwon et al. 0.615 1.610 3.193
D oo (2022) (+20.90%) | (+6.57%) | (+5.29%)
Present 0.606 1.636 2.945
(+19.17%) (+8.34%) (-3.56%)
CL
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Fig. 5 Results of C. and Cp
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Table 5 Various rotor sail configurations

2-Plate 3-Plate Fixed EP W/O EP
Fixed
(non
Plate 1 rotation)
Plate 1
Plate2 <+ Rotation *—|
Plate 2 <
Plate 3 <+
Telescopic Cone Convex Concave
0.9D 0.9D 1.1D
0.9D atTop at Top atTop
1.0D 11D 0.9D
100+ at center at center at ctnt:r*_
1.1D
11D 09D 11D
at bottom at bottom at bottom
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Fig. 7 Comparison of Lift, Drag, Torque, and Energy Efficiency for Fixed EP and W/O EP
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Fig. 9 Comparison of Lift, Drag, Torque, and Energy Efficiency for Convex and Concave
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