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The Design Optimization of a Flow Control Fin Using CFD

Daeol Wie

Department of Naval Architecture and Marine Systems Engineering,
The Graduate School
Pukyong National University

Abstract
In this paper, the Flow Control Fin(FCF) optimization has been
carried out using computational fluid-dynamics(CFD) techniques. This
study focused on evaluation for the performance of the FCF attached
in the stern part of the ship. The main advantage of ECF is to
enhance the resistance performance through the lift “generation with
a forward forece components on the foil section, the propulsive
performance by the uniformity of velocity distribution on ' the
propeller plane. This study intended to evaluate these functions and
to find optimized FCF form for minimizing viscous resistance and
equalizing wake distribution. Four parameters of FCF are used in the
study, which were angle of ECF, longitudinal location, transverse
location, and span. length in the optimization process:. KRISO 300K
VLCC2(KVLCC2) is chosen for-an-example ship-to démonstrate FCF
for optimization. The optimization procedure.“was .considered using
genetic algorithms (GAs), a gradient=based optimizer for the
refinement of the solution, and Non-dominated Sorting GA- I (NSGA-
) for Multiobjective Optimization. The results showed that the
optimized FCF could enhance the uniformity of wake distribution at

the expense of viscous resistance.
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Fig. 2.1 KRISO 3600TEU Container Ship (KCS)

e =Y

Fig. 2.2 KRISO 300K VLCC (KVLCCZ2)

KRISO 3600TEU Container Ship (KCS)olt}. KCSe| FaA|¥2 FXz3t dol(Lpp)7t
230m, #(B)°] 32m, =F(T)7} 10.8melH B H|AA|5(CB)= 0.651°]th. |[KCSE= 7
ol oz fFxidolu At EAM T ALudjda e Serh st AR A ol
A zA ge] 2R s HlFe] 2 Hjelth whebAl Mg AA N oA ZaATI BA
7b AE AFFo AvadE HH A= AR A A A oF gt

KVLCC2(Fig. 2.2)& MOERI(F* KRISO)° A HAHAL PFAF A7t 7= 3
+ KRISO 300K VLCC (KVLCEC2)¢JEk, KVLCCe] FoAald2 43 Aol(Lpp)7t
320m, #B)°] 58m, ()= 20.8meol™ WFRHA5(CB)= 0.8098°]tF. KVLCC2
B ASH AR AeRe Qs e AR UE Muiel nzed dEd
Aol AAAG] 90%0]/d-S 2HA gl KVLCC2+= LCB7F Tddwl el Fo
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Fig. 2.3 Wake field of KCS and KVLCC (Left:KCS, Right: KVLCC2)
(Kim et al, 2010)

Table" 1 Principal particulars of KVLCC2 and KCS

KGS KVLCC2 . KVLCC2 Model
scale 58.0
Lpp(m) 230 320 5.5172
B(m) 32.0 58.0 1.0000
T(m) 10.8 20.8 0.3586
D(m) 19.0 30.0 0.5172
CB 0.651 0.8098 0.8098
S.C.H. (m) 4.1 5.8 0.1
Fn 0.260 0.1423
Rn 4.6x10°
U(kn) 24.0 15.5 1.047(m/s)
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e A4 el o3 FasHs UM, 382 Boussinesq®l isotropic

eddy viscosity modelZ AF&3Fo] th&3 o] e 4 Q.
oU,  aU,
— [%4 — } - %%k (2.3)

—

A7IA ke e solyx|olil, v = turbulent eddy viscosity yoll A2 53

A4 AAS vE G FEAIAFEA et 2ol & & Q)

U»:Ut—i_in (2.4)



APZYE 2Lpp "oA gtk 18] ' = Ay =

T —

AZo2HH LiLpp BolA ow, #&4A%E

CFD program

Govering equation

Froude No

Reynolds No

Boundary condition

Inlet region: velocity Inlet u=1.047m/s

Outlet region: static pressure = 0

Hull surface: wall (no-slip condition)

Remaining region: symmetry

Turbulent model

k —¢ turbulent model

Mesh type

Unstructured hybrid(tetrahedral/prism)
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Table 3 Resistance coefficients (KVLCC2)

CF(x10% Cvp(x10”) Cv(x10%) 1+k
ITTC 3.450
197 5(2010) 3.211 0.677 3.888 1.127
ek ‘:(2008) 3.374 0.913 4.287 1.1243
Author 3.2167 0.8563 4.073 1.183

B RN TR 2E AR

Z #2 el 5(2010), A3 S(2008)0 4
& el Aol 9eg B @ = vk

Fig. 2.7¢ Z237] el FAu

AR ¥ (nominal wake distribution)®] 253
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3. Flow Control Fin¢ 274
3.1 Fine A1

Table 4 Comparison of Chord and Span length

Plate Fin
o3 Bt KCS KVLCC
L(m) 230 320
Chord length(m) 2 2.8
Span length(m) 1.5 1.4 0.7(25%) ~ 2.1(75%)

Choi et al.(2009)2 KCSA &l feAolds F2sto] Aol nA= &S F49
A BA A AFEgdnt HAe AYE Span LengthE 47l, Cord LengthE 37019

Ha A= dolWFo R 5st, EFWIFOR 3sto R HA
stof Fasielty. = AAs 2 A Hskg w7 48 Zle® Chord
length= 2.0m, Span length= 1.5m=z A3 ¥t}

B dA4= FCFe Fagdaders KVLCC2Z A8k AL, KCSeF KVLCC29] ZolH]
of wZ chord lengthE AASH . chord length/span length”7}-0.57} ¥+= span
lengthS %7] FCFY AlPozZ AASa chord length/span-length7k 0.7(25%) ~

2.1(75%)2] span lengthZS AAASF2 AAste AFE 433513}

———

— N\ P

Fig. 3.1 Profile section shape, NACA 0012

o171A,
t (A F7A) = cx12%=2x0.12 = 0.24m °|t}.
FCFe] @3 o2 NACA 0012 (Fig. 3.1)E AH&3llth ol tA/de] o= A

)% e] 7 2ATFo] AF ALRT,
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3.2 FCFe] 71914

\ % Position

. 7.8em
7%

Initial FCF
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Fig. 3.2 Ave. stdev of initial design variable

58 FAAR B Al xF

Ag & Aol
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X Position Position
Initial FCF(cm) | 40.004 8 Ak ¥

Fig. 3.3 Initial position of FCF
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3.3 FCF(Flow Control Fin)¢} FCFP(Flow Control Flat Plate)¢] H|

X Position (-0.85 Chord length ~ 0.85 Chord length)

Fig. 3.4 Design variable of FCF (Flow Control Fin)
(Left: -0.85 Chord length, Right: 0.85 Chord length)

X Position (-0.85 Chord length ~ 0.85 Chord length)—

Fig. 3.5 Design va%}e of FCFP (Flow Control Fla

(Left: -0.85 Ch %Rhght OS&E)rd e
E

Yoon et al.(2009)ell ©]3A ] Xﬂomliﬂ' Sell FCFP(Flow Control Flat
Plate)E F-#éto] 7CASES] F-29jX& AAstal Wi E SQleqitt. & A= vt
FEs wEx7F KCSHth & KVLCCE tiduto= A
-4 FCFP(Flow Control Flat Plate) 2.t} FCFo] 2
of Z7]H-2k¢] Aol 4] FCFP(Flow Control Flat Plate)®} FCF&
A JARAR A5 ALteH

_13_



HEETS £X7F HA27 H8 2719%d FCFE ¥#ste] -0.85 Chord length ~
0.85 Chord length®] AAMTE A (Fig. 3.4)1 RvE EA3t¢ste] X414 844t

REREr S FA7F HA7F He 27]9139 FCFP(Flow Control Flat Plate)& 23}
¢} -0.85 Chord length ~ 0.85 Chord length®] AAHFE HAH(Fig. 3.5)1 RvE &
&

estel AAN sheint.
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XPosition

Rv

Fig. 3.6 Rv of FCF and FCEFP

Fig. 3.6 %7]%-Z9]#]ollA4 <0.85 Chord length ~ 0.85 Chord length®] A AW
w2 FCFP(Flow Control'Flat Plate)ell H]ste] ECFS F-&et S v JAHAF A&
vebdth, ZAd A3 - A A FCFP(RlowControl Flat Plate) 2. ¥ FCFE F-23131S o
Aol A2 FA7F YEbdS SRS adn s AdugEAel X =8 FCFE

$atels Aol AAsitha gk,
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4.1 AWM

1) X Position (- 0.85 Chord length ~ 0.85 Chord length)

Fig. 4.2 X position design variable of FCF
(Left: -0.85 Chord length, Right: 0.85 Chord length)

Fig. 4.3 Y position design variable of FCF
(Left: — Radius of Propeller/2, Right: Radius of Propeller/2)
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~25°)

3) Z Angle (- 25°

Fig. 4.4 Z angle design variable of FCF
(Left: - 25°, Right: 25°)

4) 7 Position ( Span/Chord length = 0.25 ~ Span/Chord length = 0.75)

I'l'\.

Fig\Y5 Z Be
‘%O 25, Right! Span/Chor@f};l/i 0.75)

'
r
Fs

sition design variable of FCF

(Left: Span/ Chordﬁeﬂng

[Hﬁ

H A= FCFe 279 XoA] An] Zdojutaks X3,
Fekeh, 183 FCFe) X&F 994, Y&
stqit}. 7+ W4mo] & alety} 3 8AES Fig. 4.2, Fig. 4.3, Fig. 4.4,

FOow HEFS
PR

AAES2
Fig. 4.59} 7t}
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Fig. 4.6 Propeller plane of KVLCC2
Lee and Kim(2011)
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(response surface)S AA3 SHEFEHAA HA3 dug|S5S 483 FCFY A
AWM= X Position, Y Position, Z Position, Z Angle ©|t}. Z} W59 A AW
of o3k X3 2570e disl HAAFRYS RHRETTE(Ave. stdev)E A4S T
Table 7 AAWG Fqol e FCF 25719 ME¥ AXAHAE HojFth

Table 7 parameter sets of FCF

sample | X Position | Y Position | Z Position | Z Angle Rv(N) Ave.stdev
1 0 -0.34 -1.056 -2 9.2286 0.11884
2 1.28 0.85 0.384 -4 9.2741 0.11968
3 -3.84 0 0.768 -16 9.4487 0.12931
4 0.64 1.77 0.096 -6 9.2477 0.12601
5 -3.2 -1.36 -0.576 14 9.2127 0.12516
6 3.52 0.51 -0.672 18 9.2202 0.13665
7 0.32 1.02 0.48 16 9.2222 0.1239
8 3.2 -1.02 0.192 0 9.2745 0.12143
9 -1.6 1.19 -0.48 10 9.243 0.1205
10 -1.44 —gl 1O 0.242 24 9.2061 0.13319
11 -0.96 Sl i LillS2 -22 9.3002 0.11489
12 -2.56 ot -0.096 2 9.2292 0.12212
13 -0.32 183 -0.384 -10 9.2353 0.12089
14 1.6 oRs) ] 0.864 -20 9.4658 0.12309
15 -1.28 2.04 -0.768 20 9.2318 0.13109
16 2.56 -0.68 0.576 -8 9.351 0.12211
17 2.24 -0.85 -0.192 22 9.1983 0.14648
18 0.96 0.17 0.96 -18 9.4428 0.12333
19 -2.88 -1.87 -0.288 -14 9.412 0.1219
20 -3.52 0.68 1.056 2 9.3891 0.12691
21 -0.64 0.34 0.288 = 9.2055 0.12477
22 2.68 1.26 -0.86 -24 9.2533 0.12168
23 3.84 -0.17 0.672 4 9.2442 0.12745
24 -1.92 -1.53 -0.864 8 9.2206 0.11845
25 1.92 -2.04 0 6 9.2604 0.11738
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S (response surface)e 37 EX(regression analysis)S ©|-&3te] AT

o

O

Table 72 Z} BA34E EEMSR 51, 4719 A AMS(X Position, Y Position,

7 Position, Z Angle)E SHWHIFZ st 23 thaste2 FdHoh

Rv = f(X Position, Y Position, Z Position, Z Angle) (4.2)
Ave. stdev = f(X Position, Y Position, Z Position, Z Angle)

tlo
2
lo
td
o

Fig. 4.6 Rvel Ave.stdevE WEDS| Angle, Location® <= H3H3)
o]t}

AspIs Bne - 8Ed

o il =
o ol )/{//

< 20

Fig. 4.7 Response surface of Rv

IN] 1d-5Td

Fig. 4.8 Response surface of Ave.stdev
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5. #Ast AL A3

HAs 72 71&7] 71d A3} 7] H(Gradient Optimization Method)¥} gH&&

3} 7]1 ¥ (Search Optimization Method)©.& EF& 4 ¢l

717 71k HASIHE SA4gee Az vt @hs Feked A2 B ol
oot FHEEYE Wt B4, E EEshed Alglke] AAl Evke Aol k. @)
ARt AAs 7 271 gkl Aol daL, =Rz EAEA Ggotok HA e =Fo] H

vk agla vAdAEd A9 27 @S vbrol 7k HAstE Adstolop g

SD(Steepest Descent), CG(Conjugate Gradient), SQP(Sequential Quadratic

Programming)°] 7]1-&7] 7|49 A 3}7]Ho|t}

SEEH HAIM2 A e 7ol wa vEA ke Al f&et. EAA

ol @ol &g o] AFA R ALEE O HAV] WaR Wo] 2AoXaL e FA

o]t}. GA(Genetic Algorithm), PSO(Particle Swarm Optimization), SA(Simulated

Annealing)7} S5&4] HA 7ol

B ATE $EEY A48 /Pl Bl Al Bol A SHEEL 44
2%k

a2
A

18

s
stod ARbe EQdvh i dgEe] A eE Folv] flste] HA s S

B ok 18] Z(Genetic Algorithm, GA)
< ol&3ste] A3 FA 9 s gt F WA dAeA= A HA dA NN =E5H
e AlFHoR sto] 7127 7Ivk HAS 7]¥H<Ql NLPQL(Non Linear Programming

by Quadratic Lagrangian, Schittkowski 1985/86)< 2 &3}l t}.
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5.1 AZAERy) HA 3}

HA AR ATE 7M1= FCFO F-29121¢F AldS 37] 918 A3t A4 5 A A
AR FEEA HAH3E 718 GAE A&t GA= t&EA HAs dagEd
NSGA-TI (Non-dominated Sorting GA-1I, Kalyanmoy et al. 2002)& 3&}i}eo] E# g

Aol stAE Wt HEsklor GASl 274 w2 Table 89F Zth

Table 8. Conditions of genetic algorithm

Number of Initial Samples 300
Number of Samples Per Iteration 100
Maximum Allowable Pareto Percentage 70
Maximum Number of Iterations 200

HAst HAel F WA dAR 7]&7] 7INF HAHE 7|HQ NLPQLS A-8-3lit).
Allowable Convergence Percentage: 1.0E-6°]t}. 1 A3 dojz FCF9 FzH¢x ¢}
A Q9-& Table 99 #th.

Table 9. Location of FCF with minimum Rv

X Position Y Position 7 Positon Z Angle
-3.6765 -0.42671 1.1729 21.994

Fig. 512 Ha HAAYS 7HAE FCFe H-39x|¢} Aol A <] A f4 (limiting
streamlines) S YWERNAL il Au|dkai R olq(stern bilge vortex)@A o= Q18 fA4
o FHE ¥ F9lx, AMr o dHE ZACAN BAsE fAd9H(streamilne
convergence) @S W9k o @A ol o|F Aow WA e TRk 3xkd v

#(ordinary separation)@Aro]t}, 2] 3. FCFe] SIw oll-H]|stef ofsiwH oA ¢t&do] A

Fig. 5.2+ #H4& HAAEES 7= FCF F29i A8k Aol A e &=¥E(Velocity
Vector)E YEFHIL gtk FCFe| sitdol] Hlsto] ofgidol A wE £ f&5& 7=
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Fig. 5.1 limiting streamlines of FCF with minimum Rv

Fig. 5.2 Vector of FCF with minimum Rv
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Table 10. Comparison of Hydrodynamic data
of Bare hull and hull with Rv optimized FCF

Rv(N) RE(N) Rvp(N) Ave. stdev
Bare hull 9.1965 7.2477 1.9488 0.12763
Rv Opt hull 9.1965 7.2562 1.9403 0.13456

Table 102 H4A AAAES 7HA= FCFE #23 Ay} Bare hulle] 2 A&} w
FETSE g Aotk AAAIFS 9.1965NC2 e £ 5 da, MFEdSE
(Ave. stdev)¥® 0.1276304 0.134560.8 Z7}3to2x wiRiEis A7t Z7)stes
ANRE 7hA gk FCFe] F-Zol ofste] mbA (RS 0.0085N F7FsFAAIwE A ¢t
AL 0.0085N 7H43t el Fig. 52004 ®WSo] ofgiwola <telztso] o3 #5%
o] Wizl wkarrlolF o] Ao <oJdt 329 Hhg](ordinary separation)@Ato] Zo
= Ao dddr. FCFe] Fztowm Qs A2 S7hshiAwt wejzt 4= Qlsko]

At EATd Eo150] Bare hulle] A} 2 A5 dAvhar debdn)
A=
=
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Ao WRETEFNE 7S FCRY) 291G AUE 27 98 A43 B4 F A
WA |AR BEEN A3 /M GAR H839Th GAL BB Ads dueF

>

d

d

¢] NSGA-T (Non-dominated Sorting GA-1I, Kalyanmoy et al. 2002)& &} }e] 24
g el el stAE Wdste] Hgskaleon GASl A4 g Table 119 £t

Table 11. Conditions of genetic algorithm

Number of Initial Samples 300
Number of Samples Per Iteration 100
Maximum Allowable Pareto Percentage 70
Maximum Number of Iterations 200

HAst HAel F WA AR 7]&7] 7INF HAE 7]HQ NLPQLS A-83lit).
Allowable Convergence Percentage: 1.0E=6¢]t}, 1 A3 dojxl FCFY H-2H¢] x| 9}

AL Table 129+ 7t}

Table 12. Location of FCF with. minimum Ry

X Position Y Position 7 Positon 7 Angle
2.8133 2.1188 w132 -23.089

Fig. 5.32 H& WMFEHSEE ZIAE FCRe FA9 A9 AldolAe] FAFA

5
5
(i
7]
=
D
o)
S
5
D
@
o
=
R
=
Kl
%0,
A

rr

Vector)E YEHHIL gt FCFef of el m]skef sirdeA] w2 £ F5& 7HA

e} A=
AE &g 4 9l
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Fig. 5.3 limiting streamlines of FCF with minimum Ave. stdev

Fig. 5.4 Vector of FCF with minimum Ave. stdev
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Table 13. Comparison of Hydrodynamic data
of Bare hull and hull with Ave. stdev optimized FCF

Rv(N) Ave. stdev
Bare hull 9.1965 0.12763
Ave. stdev opt hull 9.2465 0.11683

FETeEE 7HAe FCFE §-23 ety Bare hulld] A%

12763914 0.116832.2 0.0108 7+

—
oy

o
o
—
w
flo
1)
B~
rE

0
A5k a A AETE 9.1965N A 9.2465N S 2 0.05N E7tste 25 At}

£ YeRdY. Fig. 5.4°14 FCF2] SimdolA o} )
Bare hullol] B]8}e] 12A] F3Fe] A &F3bo] EolE RS FQlsh 4= lom 6A] 3]
&3ko] Fof = |

& gl

P L

il

r}i

e R
X2

Fig. 5.5 Comparison of wake distribution at propeller plane
of Bare hull and hull with Ave. stdev optimized FCF
(Left: Bare hull, Right: Ave. stdev opt hull)
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A3t Ao E4FG BFE Hastehe e
Tethe S AR ErbsetH, ol 1 o dRkAoR FHEE FERIS HE
affoll A wh= =] &= a7k dA =L o]y g sjE Bl (non-dominated solution)#}il

o, ShollA AFd RE BAFTFE Haslele HAst AAAA 2
35 @l x7F &l yE Al s, x= vA e Ha xO-yGe

T,yES B

2A(B.1)E 9 v Az E5E AES U E H 45 (Pareto optimal solution)gkal
3y, o J%S U E FHZF Fd(Pareto optimal set)elzkal (b= 5 2007).
o524 A TAE sty o) HASSE aEEERE st HZ S ol A

A Aol =2AY. e AAse) onE de 2485 4 FHIA LaAE

E AFdAE ZAYY v iFEdS BEE HATFTE she FCRFY t&3H
Mgt Fgsty] s vl ARS 7Nt 2 BlaL v g A5 EAe ¢
A}8-5 = NSGA-II (Non-dominated Sorting GA-1I, Kalyanmoy et al. 2002)& A&
ShoA .
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Table 14. Comparison of optimum FCF and objective function

X Position | Y Position | Z Positon | Z Angle Rv(N) Ave.sdtev
1 3.9992 2.125 -1.1986 -24.495 9.2277 0.1186
2 3.9992 2.0264 -1.1986 -24.495 9.2564 0.12001
3 2.8133 2.1132 -1.1622 -22.763 9.2337 0.11689

=
tlo
o
24

O

h

SRS A6 uESE HAE A1 Ygo
EERERE PEE

EREEEE

=

A5

(limiting streamlines)¥} HWFHFE¥XZ 29l

Fig. 562 H2o gAALI HFRFEEES

FCFel 729179} 4]

Fig. 5.6 Vector of Multiobjective optimized FCF
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Table 15 Table 13. Comparison of Hydrodynamic data
of Bare hull and hull with Multiobjective optimized FCF

Rv(N) Ave. stdev
Bare hull 9.1965 0.12763
Multiobjective opt hull 9.2337 0.11689

Table 159 #2490 JAAFH WFEFTES FA WHeh= FCFS F2¢ Advtat

Bare hull®d] HAAdAY} HFEATS

0.116892.% 0.01074 #4333 A2 9.1965Nl A]

7bebs FAE A

Fig. 5.7 Bare hull} #H49 JAAZ WhiEd s Al s FCFE #

A dure] Wi BEE VeI Fig. 56014 FCFe] QA ofdiwel] wlate] whe
& 7HA7] Wil Bare hullell Hlske] 12A4] 3ke] A &gbe]l Foj= Als #<l

Hag Aoty WMRZESLE:
9.23

Fig. 5.7 Comparison of wake distribution at propeller plane
of Bare hull and hull with Multiobjective optimized FCF
(Left: Bare hull, Right: Multiobjective opt hull)
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