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The rotor sail is one of the representative devices in eco—friendly wind—assisted propulsion systems that have been practically
applied to commercial ships, The present study proposes an asymmetric vertical folding rotor sail (AFRS) designed for small
ships, featuring asymmetric geometry along the vertical direction and the function of vertical folding, To evaluate the
aerodynamic performance of rotor sail, the drag, lift and lift—to—drag ratio were derived using computational fluid dynamics, The
aerodynamic performance of AFRS was compared with that of normal rotor sail with different aspect ratios and spin ratios, The
effect of geometric parameters on the aerodynamic performance of AFRS was assessed by varying the asymmetric diameter
ratio, The maximum improvement in lift—to—drag ratio for AFRS was approximately 12% in the considered case, Additionally, the
resistance is decreased when AFRS is vertically folded without rotating, Throughout the present study, improved aerodynamic
and resistance performances for AFRS were confirmed, which will successfully provide additional propulsion to small ships,

Keywords : Asymmetric vertical folding rotor sail(H|CHE <~% 0|4l 2E{MY), Magnus effect(Ti1H4A 1), Lift-to—drag ratio
(ElH), Computational fluid dynamics(TIARXSE!)

1. A—I 2 sail)2 CHE Mtlof MA|=|o| s ¥ Fopt 430 UAeH
(Schmidt, 2013), ool kst od2f o377} Zl =1 UCt

M NAMOZ 7|50 o5t D7} AlZIIX|HA] AEQ} De Marco et al. (2016)2 Mute| Hx FX AX|ZM ZE{A|
27| o SETRE Zskekn Ut ool A 2 e ol =7| MAE ¢loll MARH e Computational Fluid
oAl= MulofA] HiESE= 37&% Zo|T ®Bfzxo| oY Dynamics, CFD) 7|82 &tt 93X &S(aerodynamic
£ 2|5t sl A DTASID ATt (Vilanova et al., 2023). performance)2 E715IQ0, EEMY MA mi2jolEfel =
AMufo| O|AKEIEI HIZ S AMZb5Hs g2 371| = IRz H|(Spin Ratio, SR), &&H|(Aspect Ratio, AR), EtF Z2[0|E
FEE 4 olch X HES 012 MX| otmLjo}, HEF2D} ZHe (End Plate, EP)2F 214 Afol2] H|EQ! D/D2| Hizlo]| = ZH
oAl dzo| ARBOIN, F Hills 33 22X FEAAR(Wind M M5 X0|E HII6ICE Kwon et al. (2022)= ZEIML2|
Assisted Propulsion System, WAPS)2E2M HIZHS 0|23510 & AH mi2lo|e Hslet s 7]l Xjolol| e MES oSN
Z FEE 2 =1 0|5 Soff Mue| ¢E AH|E U= Ct. CFD siMg flst =718 Misp| flsil 25 Ad 2Pt
BHEHO|CH (Czermanski et al., 2022). Clksh E2] Hx FRIA|A = ZEMY RRIS MRsi9on =M Fujof w2 -'?-7‘:|-rJ

B = oA EHmagnus effect) S 0|28 ZEIMY(otor 104 Ha| y+ Zto| kS HESIZCE Ly et al. (2022)= Hix
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Fig. 1 Comparison of the shape between (a) NRS and (b)
AFRS

Table 1 Main parameters of NRS and AFRS
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Fig. 2 Perspective view of (a) internal structure of AFRS
and (b) folded AFRS
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42, 82| F&o| 20%Rol w2t DR=20[04, siE AFRS 2
2 AFRS-22 HolsIirt. L XIX| F1x=9f ttof 4ol w2}
AFRSE Ciefet =0|2 Ho7t 7ks3ie], = AdFoiM= 2etez
THE ZHAMYRZ 50%2| 0| HaE T{sIXCE AFRSS| U
7 gt 0280 whE Fol Al gak2 Fig. 20l LEICE 2
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Lol IX[5104, Fig. 2(a)2] MUz EAIE &FE0| ShFC
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SICE ZEMY F2lo| RS2 2ARY| fsl HIYEA FA2|
HIZA 3R M a2 78I, $R[GIME 2/ X[ul
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07|M, u= x2l EHEAO| WE & H20|H, t= ARE p= 7
Aol 2z, pet u= 282 9, 7Alel BM Agolot HESE A
(2)9l 2lols= 23(Reynolds stress) &2 7|Z A70IM M
5t k—o SST(Shear Stress Transport) EHE ARRSIHCE (De
Marco et al., 2016; Kim et al., 2022). X[HEFEAlo AZFslof|
ChsliAl= 1XF HEEQ! Euler XEE 70| M=o, ZZlo
Chet o|rtek= 2xF Ak 7|®#(Second Order Upwind scheme,
SOU)7t ARBEIUCE. £E-22 &5 7= HEEAel Ak &=
45H= SIMPLE(Semi—implicit Method for Pressure-linked
Equation) YI2|E 7[HS 7|#ez AAEACEH (Siemens,
2021).

2 =20l ARSSE AN dd 2 FAH =2 Fig. 30 LEt
HiCE De Marco et al. (2016)2F Kim et al. (2022)2] 7|& o4+
£ HiEez 2HMYe siNs ZAkP| fst BF A
(overset mesh) 7S ARESIICE ZEMY 24| IS ¥A
It 0| M2lEt 2F PAS 212k 3™ WA(rotational region)
2l H|E|M %(stationary region)22 AXSI920{ 0|E Fig.
3(c)oll LIEfICE & P Mole EZKinterpolation) 73S &
3l E2lES NS uskict AlA ¥edo| F7]= De Marco et al.
(2016)2] M3l AF0M Kot 37|15 BN, Af F=
gisto= 275 < x/D < 5.0, At Fa Wl 25t gisto

E7 = R dA =g MEsIict EHAMY EHolls M2
4A =718, OIE HM2IEh LIHX| P2 tha A =718 AR
SI%Ct ZEM(Qe| 3|H 8RS Fig. 3(b)e HTHOA
oz MMSIQICE iAol ALSE ZEMY EH 2 diEh ZA|
Mol HXIE Fig. 40l LIERHCE 2EMY HHol RS Mels|
ol EsP| flsh y+= 2F 12 d™siion], ZEMIYUS| SAS }
2} 571e] Z2|E Z(prism layer)2 FASHD ol Z2|E =
Z S|(prism layer thickness)= 0.017mZ& SICt
£ =20ilM HMAlskz AFRSE o7} 7ks510d thg Mutof|
5l AHMeZ Kot wE A3 Mulol| MEsiez, AFRSS|
S AE2 2ol =2 SRAIME silM S =85t SRe| <
10lA 57[K| 1 4o Ta{5i%enf, AFRSS| SRol| Cist
o= NRS2} 2|Zo| 525t 0.5H0lAM MA=QIct. SRe| He|
Al (3)n ZC}H (Kwon et al., 2022).
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Fig. 4 Grid distribution on the surface of AFRS and bottom
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Table 2 Results of grid dependency test

Grid  |Number of grids Co CL C./Cp
Coarse 1,228,547 2.137 7.135 3.339
Medium 4,354,785 2.157 7.223 3.349

Fine 6,226,213 2.164 7.250 3.350

@E—i L% ¢2o|0] A= At 7a HEES V|ES
Z A7= s|Mske 21F Azool of
2= IH ARESIAIA} 5k | 7[HE M
510 Fig. 50l LIERAC) (Badalamenti et al.,
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177.8mmo|0d, X7 Tri—m__ m/s2 1H=ACt siMs &
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4&g Holn, o|x Za3IcHFig. 6(b). C/Coll AT Mt
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S e} ollM ARoO| Z71Elo| w2l Cre s, Ce S7I8t of
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0 22 A AFRS-22F NRSe| C/Cp AlO[7F FX| gteond,
%5 o0 o5 1 _19151 2 25 3 35 SR=10A1= NRS7} B =2 C/ChE EeITHFig. 6(c)).
(a) 4
— T AFRS-2(AR=06)
wre————————————————1 | e [ NRS (AR=6)
gf —&—— Present ——f—— AFRS-2 (AR=4)
""""" £}~ Badalamenti et al.(2008) 3 ke NRS (AR=4)
6 —+8— AFRS- 2(!&‘—11
.............. NRS (AR= z] P
SIS Q " p e -
2f (SR
0_
2 e 1
5 0 05 1 15 2 25 3 35
SR
(b) % 1 2 3 4 5 5
Fig. 5 Comparison of CD and CL between present and SR
experimental results (a)
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Fig. 6 Results of NRS and AFRS-2: (a) Cp (b) C_ and (c)
Cl/Co

22t ARO| B7KElol t2bM AFRS-22] C/Co7t NRSOH &
sl O 2 Zr2 7HKA =0, 22 SR ZZollM= 1 xfo|7t &
A soldt 4 9ot ZIXOR AR=69] AP AFRS-2
9ot NRSS| C./Cp AlolE SR=1, 32t 5 ZZA0IA oF 7.8%,
4.5%, 3.2%S Ztzt LiEkdC),

AFRS-229t NRS2| SstA| A2l XI0|E =telsP| 2fsh 2
BiMIdel ZolH chHolMol &M 2= A (C) 225 Fig. 7
off BlWSIHCt = Aol Fol= of2fet Zo| LIEkd o= Qlct

M2 28, RS% LIERACE, #H
o= 0°7F &7 A = gedo|nd, 180°= &7 &Al =H
goz tlH\|71| oso o2 ZIlteich 7Pé =2 z0lel z/H=

A7 =2 SR Z=740f 90° fIxI2| Ce= AFRS-27F M ZH2
(2 71X0, OIE =07} B7teloll w2t xtol7h gt g
£=0[2t 2HA310] 0°2t 180" FZ0lM2| Co= NRSIFE 2 &4
EoIct ol2{et Geel Xf0li= Fig. 601l Eol SR=1 Z=710i|A
Co®t CLof Al0|E MYt HHH SR=31} 59| ZZ10fA] Cp2
Xfol= SR=10i| Hlsl Zfenq, =olol| e Cpo| H=h= SR=11}
4eks LIEHHCE 2/H=0.170llA 90° ®IXI2| Co= NRS7H
O 2F2 22 7o, T o7} Sotelol wet 1 deol o
b EESF SR=101A] =tolgh 4= AAT 0°2 180" F2ollA2]
CrE 2 XOIE 20IX| ph=rct DRPIKIZ 0[2{3 Gl Afol=
Fig. 6014 E0l= AFRS-22t NRS2| C/Cp RIO|E MHSICH
ZEHAY Felo| RSE XfoIE =elspy| 2l z/H=0.172t
0.830flAe| EHH 24 EX2E Fig. 80fl LIECE *Al= Fig. 8
o| FHOIM 2522 520, 2EAMY2 A gekez 5T
St SR=1 | ZHoIM 2of U2 Ex= NRS7F AFRS-2ECH
H A = ig. 8(a)et (c)E Safl &ele == Ut
BHHZ ZEMY S22 9| =2 z/H=0.170llM= AFRS-2
7 NRSoi Hfs & 3| —E—_ =lof Ak AFRS-29| ofefZ thH
OlM= AFRS-22| =7 Aol S7lalof w2t ZEMY S|lHe
2 gt £t B7IsiH, ool w2t o 2 =g JIKA
Ct. 9HH 7/H=0.8301A1 AFRS-22| &4 H4ZE QI5h SMEEo|
daTt 2ob ¢=of ATt IX| g2 Aeg HriEct SR=52)
=2O| Xo|7} FX| FS2

Fig. 701|A‘|

= )>
(/)

InJ
D>1

r_l.
r|o

=

N

\JOOII

& mo rg g

42, AFRS-22 NRSe| 221 A=

2/ f=0.83

T
0 (deg)

dH=0.5 |
180 7m0

‘-’sn 0

00 0 20 180

0 (deg)

2/H=0.17

a0
0 (deg)

C
& & b f oo

2/H=0.17 ZH=0.17 |

‘00 0 9 180 270
0 (deg)

SR=1

=
o
o

1] a0 180 ] a0
0 (deg) 0 (deg)

SR=3 SR=5

180 270

Fig. 7 Comparison of surface pressure coefficient along the circumferential direction for NRS and AFRS-2 with AR=6

72

gt Mstsl=2% Hl 613 M2& 20241 42



:
S
-1
23 z o0 1 z I T I N
x/D xD
SR=1 (z/H=0.17) SR=1 (z/H=0.83)
(a) AFRS-2 at SR=1
2 =
1E
iin
9
23 0 L o S EE 3
x/D xD
SR=5 (z/H=0.1T) SR=5 (z/H=0.83)
(b) AFRS-2 at SR=5
2 2

WD
e

XD )]
SR=1 (z/H=0.1T) SR=1 (z/H=0.83)
(c) NRS at SR=1

oD -SSR
SR=5 (Z/H=0.17) SR=5 (2/H=0.83)

(d) NRS at SR=5
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Fig. 13 Contours of pressures on the surface of (a) NRS
and (b) folded AFRS

Table 3 Results of drag forces

Force NRS AFRS Difference
Drag force (N) 29.421 15.409 -47.6%
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