Cist=Msts|=2 %! Research Paper

elSSN:2287—7355, Vol, 62, No, 2, pp. 88-95, April 2025
https://doi.org/10.3744/SNAK 2025 62,288

Journal of the Society of Naval Architects of Korea

M) Check for updates

TH-TE Ad siM=E St 7 20l FHY 55

'IC'DI'E E A Oﬂi

o —|oO =

sl ARlalP

S0l B{E| 2IXt B!
TRUEIEID ADIEQMDYIZ|E| 2t}

=

Prediction of Cavitating Flow Characteristics around Flexible Wings
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Cavitation is one of the main factors negatively affecting underwater ecosystems and ships, and understanding and controlling it
iS necessary. Flexible propellers made from composite materials have been proposed as a solution to cavitation, and extensive
research on this topic continues, This study presents the effects of structural deformations in flexible wings on cavitating flow. Rigid
and flexible wings are placed in a cavitation tunnel to predict the cavitating flow around them, Numerical analysis is performed
under various cavitation number conditions, and each condition is compared to identify changes in cavitation characteristics due to
structural deformations, To ensure the reliability of the study, the results are ultimately validated against experimental data, This
research is expected to contribute to the optimization design and development of composite marine propellers,

Keywords : Computational Fluid Dynamics(CFD, TARA|EE!), Finite Element Method(FEM, S8tQARH)  Cavitation(ZHH|E|0[4A),
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Fig. 1 Fluid-Structure Interaction scheme
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Table 1 Material properties of hydrofoils

Table 3 Test conditions

ltem Rigid Flexible ltem Value
Material Stainless steel | POM polyacetate Angle of attack [°] 8.00
Density [kg/m’] 7,800 1,480 Rn (x10°) 0.75
Young's modulus [GPa] 210 3 Velocity [m/s] 5.00
Poisson’s ratio 0.35 0.30 o 24,26, 7.0
Table 2 Material properties of fluid o7IM, V.2t p, = 72 &5, ¢S oolsid, ve ™
ftem Water Vapor M A%, p, = BTIRl0ICh EBE SAlsIMS TN et 7o
Density [kg/m’] 998.2 0.017 N -
2 [jAtoE H|ZE gl 2E 2 M 28iz|od = x
Dynamic viscosity [Pa-s] 1.00x10°7 8.85x10°® IS HEoR HES X 55 F30IM FRU. 28
Saturation Pressure [Pa] 2’340 jljo'HA-I E‘Holkélzgl\—g}' Lél-7H9‘| HF%Z!-% —T'—Xc;lEn_ll:l' 37H9‘| g_%\—

Pressure outlet
T

Tunnel wall (slip) i

\4’//

Root(Fixed) _~
) p /

-

y
}\ NACA 66-Mod

///Tip(Free)
_d

N
A

»
! 191
Velocity inlet m

/

150mm
Fig. 2 Fluid domain and boundary conditions
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o| MAZ TRt MFMel ME SMX| I Fx[6HAMol| MEE
A EMX|= Table 12} Table 20| Me2|sict
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Zo| gekoZ O 523 7ASIYICt Efde| M2 0| ¥ =
Z(slip-wall condition)0| M&=|0, E{de| YZnt F|Z H2 £
T 72 HM(velocity inlet)t 24 FE M(pressure outlet) 22
2tz MEICE HY UiRolls 220 Aol EXist Rien, &
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= 2
5P Ve

Z=2oll thsl siAls SIS, MF AltkEZ2 Table 30i|
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TEE HAES fASIRCE AXE 8IFE ARl Timmer2
THEn, £ FHe| AAIS RS X FHBIEOIME H 2A}
sp7| 2ol Z2|E B2 B2 MFSIICt o, FAtE} =
H H2l= 1 olste] +E2= MESINCEL At ET HAES
Y PHE ez sAdisigiend, 0lF Al 72l Leroux et

al. (2004)2t B|1W5l0] HESIACE $8 7[E2 30| L5t

= ¢ ATE SE2

2 NsIch 20 $E2 mUCo| el Kz ERsI 4

Table 4= ZX} +HE HAE Zujo|ny, ZHAP| =&
g U3 AgIt $EHoks Ag & = Urh S| Hetde=z
AT H| WSS f 2R EXi5k=H| 0|§ HYs| Eelsh|
Table 4 Grid convergence test

Grid G | Eror(%)
Leroux et al.(2004) 1.065
Coarse (1.9M) 1.138 6.8
Medium (3.5M) 1.133 6.4
Fine (5.8M) 1.132 6.3
6
® Leroux et al. (2004)
® Present
4
@* 2
0 e ® e
-2
0 0.2 0.4 0.6 0.8

x/c

Fig. 3 Comparisons of pressure coefficient between the
experimental and numerical results
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Fig. 4 Fluid and structure meshes on the hydrofoil
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Fig. 5 Representation of mesh resolution

Table 5 Time step convergence test

Time step (s) C | Error(%)
Leroux et al. (2004) 1.065
1.0x10°° 1.133 6.4
5.0x10™ 1.133 6.4
1.0x107 1.133 6.4

Twist angle - -

Fig. 6 Schematic view of the hydrofoil with bending and

twist angle
0.006
Displacement(m)
E
b= 0.004
Y
=
j)
&
2. 0.002
2
&)
0
L 1.1 1.2 1.3 14 1.5

Time (s)
Fig. 7 Time series data of displacement of the flexible
hydrofoil (0=7.0)
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Table 6 Lift coefficient and displacement comparison: rigid
vs. flexible hydrofoil in non—cavitating condition

G &lc 8(°)
Rigid | Leroux et al.(2004) | 1.065 - -
(=7.0) Present 1.133 - -
Flexible | Ducoin et al.(2012) - 0.024 | -0.39
(0=7.0) Present 1.185 0.021 -0.22
0.3
@ Flexible, Ducoin et al.(2012)
0.25 — Flexible, Present
— Rigid, Present
0.2
§ 0.15
0.1
0.05
0
0 0.2 0.4 0.6 0.8

x/c

Fig. 8 Comparison of the deformed shape between experimental
and numerical results in non—cavitating condition

Co-Simulation: Displacement[k] (m)
, < 0.000 > (.003340
A [ om

Fig. 9 Displacement along the spanwise direction for the
flexible hydrofail(c = 7.0)

root

p
Co-Simulation: Displacement[k] (m)
., < 0.000 > (0.002991
A [ I

Fig. 10 Displacement along the spanwise direction for the
flexible hydrofoil(c = 2.6)

root

Co-Simulation: Displacement[k] (m)

. <0.000 > 0.003037
S B m

Fig. 11 Displacement along the spanwise direction for the
flexible hydrofail(c = 2.4)
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Fig. 12 Comparison of the rigid and flexible wings in cavitating

Pressure (Pa)

rx ]:_‘, Pressure (Pa)
<2340.0 >50000.0 <2340.0
— -

> 50000.0
o

Fig. 14 Comparison of the rigid and flexible wings in cavitating

flow(o = 2.6)
03—
|'_ Cavity, Rigid (Num.) — Cavity, Flexible
0.25 : |r Cavity, Flexible (Num.) — Cavity, Rigid
i O Body, Flexible
O Body, Rigid
° oo : o ° . o’ ;:c o
0.6 0.8 ]

x/c

Fig. 13 Comparison of the experimental and numerical
displaced tip section in cavitating flow(c = 2.6)

Fig. 132 83526 = 401H% %’rd = BE FolM &

M= FHHIE|0lME HAS 7|&E $=R[6HA (Ducoin et al., 2010)
2 A 47 (Ducoin et al , 2012)2f H|wsto] LERHSICE S
5t 74l 5K =20l 7o ShollAM EMsk= 9R2 F FHiH|H0|
Mo Zo|7t 24 Hlol| t'IoH ZA LER Rlen, ol S E

B MEOoR sk ghg2io| AS0| AoleR Holct o5 AEt
2 7|& FAlIA 2 A AFoME S LD e,
7 Mol 2Msk= JH|EjolMd Zolel A9 Ducoin et al

(2012)2] Al 734349}_-.:_ & olx|ske slolst

Fig. 14= =
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Fig. 165 35T 2.4x70IM 283 7 7 EL FolM
LlISH= FRH[EOIM Fag 7IE RlohA X Ale odTot
5i0f LIERAQICE OREPIXIZ ZIHel et gF2 5 7HHIEo]
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ot 2 & 7 W =F AT A2 & 5 UCh

flow(o = 2.4)
0.3 |
e ) — Cavity, Flexible
<«—Cajity, Flexible um. . Py
0.25 :: :V Y — Cavity, Rigid
ii i O Body, Flexible
° o O Body, Rigid
«— Cavity, Flexible (Exp. ) o .
0.4 0.6 0.8
x/c

Fig. 15 Comparison of the experimental and numerical
displaced tip section in cavitating flow(oc = 2.4)

0.30
® Flexible, Exp.
® Flexible, Num.
x Rigid, Num.
0.20 - o @ Flexible, Present
x Rigid, Present
L
) ¢
0.10 .
X
0.00 T T
22 24 2.6 2.8

g
Fig. 16 Comparison of the non—dimensional cavity length
between experimental and numerical results

Table 7 Lift coefficient and displacement comparison: rigid
vs. flexible hydrofoil in cavitating condition

§,/c o)
Exp, Ducoin et al. (2010) | 0.0232 -0.34
Flexible -
Num, Ducoin et al. (2010) | 0.0240 -0.27
(=2.6)
Num, Present 0.0181 -0.21
Exp, Ducoin et al. (2010) | 0.0241 -0.28
Flexible -
Num, Ducoin et al. (2010) | 0.0233 -0.26
(0=2.4)
Num, Present 0.0181 -0.21
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ZIt= o[2f8t Mol Fakg P IK| Rt U=, Ol oA
MYS R DR IX|2 F PR[siAolM ARSEl R ZAFT |
2 RANS 7|Ho| 2xE2| ZlE ¥ FAH-T= 43AFEE 29|
i

HSIK| Zelol| 7[elgt =M 2 EHekElch

Zo[2tZ 2=o| ool w2t ZelE
Of Zopx|7ALt RAISHL A= YelZ ofSE ZH2eZ 2o|oq, of
off 2kl F71&Ql A7t Heer AR HolCt Fg. 182 7
=7He| = EChilMe| FIS2 2F2 Ducoin et al. (2010)9] &
& RlelA] it Zjet H|WSINEt. M2 SEt KolEol| ot
2 HISEZ0| Zasks Z0| FERARA| LIEI-FRIZE = R[olA]
o Zif= FEiet des Hol| ofglch Zdst FHHEokee]
& IS ofet HEEUS 2t ofidte o Rlen], T 2AL 7|
THMEDE o2} EHe| TS ! A HHS 2EOIME HEH R #7

S4g ol AmE L0t ASE SelsIFct.

A= = ra
cled| 2yt 350

O

52 &

= Q7= SN 7o IR0 S5 75 54 dst
7] fIE 7|1E ATR, FA-TE dMoiME S Z2E2Ct
Chedh Yol 3R 7l 2he| HE & ojol| 7|2lE S5
e SME 2lsidict =X Hao| WE xjolE =elsy|
Pl 2o H 7Aool ol 22t xlsh 1S HElsk
oA SASIUCE

HISS Z7io| 27 74l ot50| 282l ulet 7 &l
T Bl melnt FISE0| LSl Ee2io] SIISIHA,
St 2= = Sl 7o 2749 2= ATt 2 Zoiol
tloh S7t5ke AS QISIUCt Lot DYEX| gk2 Giel &
o §2 Z=5 HYY0| SIf5i, i BTt ol Tk
2 0| Lsts solsigict

& ZHOIME F 7he| S5 =2 Z PRlGAE SISt
Wk 2M HISS ZHoMe| EMnt FARH 7AH 712l H
(e FISE)2 9 Aol g2 04, ol= 74H[E|o]
Mo| Lol Pk olxls AE 2lSict SYE S5+
Z2dol|lA 27 eteel ofdollM LIsh= gF2 § FHBIE|ojMe
27 24 it 8wl 7oA 274 FHOIM AHX|= Hg &

elsien, ol a2t Sl 7|elet Aoz metet 4 et
ek olejet deke 7|E AlolA H A ddTele| BluE
ol A3t o2t S5 71 SoRdoll w2t et 7HH|E|
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