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A propeller shape optimization system in a wake using CFD
to improve propulsion efficiency.
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ZOFFOREWZ2FIE LTHEFT LN ON, HHRAREESHRET A (GHG) HEHHIHIC
&% EEDI Bl OFRZhTH D, ZiE, 1998 75 2008 4F &£ T 10 I 5 dhidfin
OVFEIH2 GHG i EZ ) 77 LU AT A 2 LT, 2015 40D 5 42 & 12 GHG HEH
Bx2V 77 LU AT A0k LT 10%00 5 30% F TEBEAICHIRT 2 Z &gk ST
%o Fio, WHEEFR CTIIRMSESOSEMEICH D LD, ESEEED H7-DICk=
A b CIHEMTE DMA~OHIFIE Y, 29 LRI oF, HRAICIZEEERE 1 2 4G 18
FIOMRBUZ B D Z & HIEMBFEE OZIEFF bR L 2 L TRV . KiEMmathiT it
X DBt IRk D 7= B =R OBFIZE LT 5,
BT FMAOBRICB W TR R T e —F L LCiE, Wk FIERED M\ b & FEEk
PERED M EAZET oD, 2055, PP M LITHEEMRE O E2 B L, &
HEMEZN S 2 RBLT D 7o O DRk 2 B IR EM B Lo THAE#ED BTV D,
INET, #ERFEL N EX S50 TR Ao TEhE7m 7] O3
TR (22T, EEMOICHEESRCIES,) 2T MER BT 20% - et Th
NTh&Ek, 290 oEfiE, BFEOMBSCE MY, 7aXTicd LT, ThE
NEROYERER L2 XA TIThN A2 DOR—KHThoT B2 bbb, LrL, b
EFROE LD 1 20 UM & LTERD EBMRERIIMAICEEL RIZLH > T
DT LTRGBS e L FERBEEOMRER LA B X D 0RTIE Tfh) otEREm Ex
X5 ETIEARTSRAREENS D, 207, felcfithiz, EnattfMoBg sk LT
WAHZEEEZD L, A%, BIELY L EIZEWHEEMERE L R T 2720120 T &
LCoMgEm B, oF 0, U B2 17ax7 ) Lo K MieEER Lo
FHEBELZEE L2 ECORE - RBMLERRKRIC/RD Z IR SG I B x5, —F
T, BN E B E D FECEMEREERF LOREL B[R L) OHEEMGED R LA ERT 5
IRV AT K TH Y . TOL ) REMEOBTRICITREVEAZEST L &
BEZDLE, BVERRERRLORELBE LI FHIE LV EE V525,
ZOREE RIS -0, HlZIET eI LTE 2T, MEEREEE L= e T
FREHCBAT D HFTER ERIHEDN B RS LT D, Lerbs VX FRARANICE & HH S L7 Feil g R
53 PR CIEEN T D BRICA 2 K 912, MR mIc S\ T, B mAE (UUF, F
PACE) ICBT DT mNT ~OGRARE & 7 a7 85O EEORGREN G, kil
BRI N EBEEHTHIEEBR U, £70, IFEEHBRECEMN O E 7R
BL<BESNTBY ., LR LAFERT TOF a_IHFITEL THZOFSTIZZR,
72 2R, BRNIART v ¥ VHEGIZHS W2 SQCM 12 K 5 7 a2 T e & s
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AR THERERHI AT O BUIARESOE =1 i 7s E b bR CET L LT+ 5 Z & T,
TR PRMERLE AT 6 20T DR A B LR Bl b a2 1T O FHH R &b
HINTWS 399968, DX 91T, Fafba i Lo ERERREHI A%, IERICETIC /RS &
BEZONAH B LIRS N DO RELDTHDL EF R D,

T IT. IS LI T r T R I B 2SR S S Em T A R D &L E
X7 T YERERHIIC AN T v v VBRI SN R R L E 2 P ORI E A L Twn
HETH D, TH., TWAKEATIZ Computational Fluid Dynamics (CFD) ZMHW\25 Z L 3—
AL 720 D DB 50, O L) ZRRBUCHBED O TS WEREA SN L8 & LT
Wi ORHTICE T 5 AMOEICH D EEZ DD, —BIIZ, SEAEIL CFD IR 2 &
7' SRTPERERHMIIC E T SR REAR /NS <. REDO T m AT AR L CTHERBRFAMN 4 2
T2 EaE ot LIS g UEO T RERMED ECEMICH D E S 25, ZOHMD, /8%
MWERT B XTI EEICE HVLNTHWEEEBATHA I EB 2 OND, —FF CIEDE
FERIIMEREME 4 M EL TR Y, CFD ICET AR a2 MINEL RV 22552 L
o, CFD Z W7 e XTIt bk L CARAETIIRWEEZZ NS, 28 21T,
He "4 —72 =20 CFD 22— F (OpenFOAM) &gt~ 7 v F 7 4 — A
(DAKOTA) #MWe7aXT O FIEZABE L TnD, Lo, ZOFEFITIEfE
MafzBZELTELT, — KT COFERELZER LIZDOAHD T o7 kil E
S>TW5, F£7o, Park? IR L 7' v T ZflAaG b7 CFD T ic L 0 iME D2 %
EELIDIREETT eI BIROE#ELETT> TV EH, ZOFEFITIE T a7 ORERHIC
T D bV OFFENEGEICE D RESEL L TND Z &b, FHEOPERED HIRE S
NDEEESEBS (Fvy) OBREMNT- SARWAREERD 5, ZNEZ o0 st
AT 256455255 ELOMERD D EBEZ I, £z, REEFEORNEZ X 75
T CORBALNRIIAAHETD 5,

Z 2T, AWFFETIE. eI EREOFHEIC CFD f#r & vy, 7 a7 omlisk s My
IIWIRESEL 2N LD ICHIRIZR LTREB T e XTIRRE (b T 5 v AT LD
HrBERD, VAT LAOFEIMEE —KERT O T a0 Tt B L0, T ORERE HVWZK
R AT D Z LI L - THERT D, S SIATGEAR KA 0 REFE 53 A0 % 5k 8 A3 o fe it
bZ1795 2 & T, —RIRIERMICE T 2RO EALEBR L7 07 HgiEkic X 2%
REIR VR A RRGET D, 7ok, PERPREIETIX, L0 EBENRRFHOEST D & 25
Z. Gy T — v a UEREFHET 2 FiEEBR L, TOFELEA Ui b
HIT 9,

PERDPERH 7 1 T i b B Tl bAS ROV TR, AERBRICE Y | 203 %E
ZARRIZ L2 FEI D72 L 28T, PEREm oI, CFD IZ X oHEE & ki
12T BUHEERC BRI E O KRR A 0 2, KU AT AT K D0 7 v~ 7 i
{EDOFNEZ RS 5 2 LA TE UL, BEICHE ST\ % CFD % AW in B Bk
10 L FHAE DT D Z & T, FERIOICIIEL L 7 e T O— (R A FTREIC 2 D . &5
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WZIE, ERMHIICRE SN D ¥ 7 MUED A0 > PBCF1272 8D 7 a X Z i) %
BEMICEEILT A Z &b ARRICR D EEXbND, ZOWE, B & ) Rtk
ZHR < =T DS T COBMIPRICET 2 BIRREbE 22 2 &b, ZhETU RIS
CFD # Rk OB R EE D & TSN, L0 EWHEEEREEZ A Lo
FREHC O D EHIfF SN D,



2. uRTEBELT AT L DIESE
2.1 B#Eby 2T LS

AN Y AT LD EIRMR A LTI R T,
® I kT LAY XA
> R IKEEYE (Sequential Quadratic Program)
® T VEREHEE FIE
> CFD (HBRAREE)
® fni{b/NT A—H

> BT

> RREF =i

> 2= NRA

> BRI AR SRR AL A
o HIBK

> 7 EAT s

o KM
>R (WHERIES K ORI E) (0512 vy 250 0.5% L4
> A= FRESE BT R<T) Sa— FEFESE L7 <)

Fig2. 1.1 IRV AT LD 7 v —F ¥ — bR d, KA T AIPIRIRE L TR v
TN z2 6N L, RE(LTLIY XL (SQP) ICESWTRIEIL /ST A —X B H L,

IRERHEDO T u_TETNVEERT D, Kb/ N7 A —F OEEZSMITN-D
Fortran TER L7270 7 Z Az k0 pfmzfEH L, £ ORERICESWTRH =%t CAD
V7~ =7 T 5 [Rhinoceros| W TEFE% 7 0 X7 O =Rl T —% 2 1EkT 5,
D%, ERHKE T T _TI22O0T CFD # Wiz 7 a RIMREFI 21TV, A7 A B LV
M VEREAHEE L, TR RIOREZEMT 5, T e XTOENERIE L, ol
72T E CIRIRR AR K LATV, R ahlz LI2BEIC, b7 m <73 M)
INnbd, 7k, CFD #HEICHW DT OARIZITINAE 74 Y 7 hTh 5 [Hexpress)
W TEHY ., CFD #HEIITIA ORI Y 7 Y =7 Th % [Fluent] &Mz, 72
B, &Y 7 Uo7 OEE - EITICENEO Fortran Va7 A58, RNyF 77 A LEBION
KV 7 My TIZFESNTWD v 7 mied v,

A Ly A7 LT, AR OiE Y 7 a XTI Z CFD T1T 2 28, Z OFROHRALL
R —tkite LTHEAGEE—RRT R 7 o XTI PRk e LTHRLOND, £, il
AR PERE A GE—HRkE) 2525 2 & TR Rt 7 v X7 21525 Z L N Alfg

2%,



2.2 BBILT LT RADEE

AHFZE T, Sk 7 v X2 SQP 2B L7z, 40 H Bl bHF7E TlaEism

7T Y XA (Genetic Algorithm) 3% H W HHINL < B id b ius 0, GA XK
R FOTVE VI FERDH D DD, Iilifif 2152 2 K207 v XZERIC
DWTHREHEE Z T A M ERH 5, A0l 7o NI PRI CFD # Wb Z & & L7223,
WL BIUTEDFHRMIEREMN M E LT 5 LTz, RIZICEKR 28D CFD 3HE 21T 5 121
ZEOARRLZET LI LD LEZ b, RIICEEKERESD 72O OFTER ] & HY
KTHHDEBZZOND, R TREE LT Ry AT A EBENRRGFHY —1E LT
AnbZtaE25L, mELICET 2RRIIMBOEL 22 ZENLEELL, 20X H7%
FIEN O, AL TIRRITRERIZME D FTREEDR RN E WO REDRHDH H DD, GA &
% LI OEHE R TR A S DAL D ATREME D EV SQP A H WA FEE L, 7k, SQP
DRI DN T, 3 3 FEITRT,

2.3 BT A —F DIEE

AFFETIE, UTIORTTBIRANT A =2 %2, Ta"TRIREERT HDRENRT A =X
&L TR BN T A—=ZITHRE L TV D,

. (BEEJ7IR) B T

. GRS mKF v 73—

. (BEET7IR) 22— FROA

. CEEETTR) SR D322 28 BRI A1

BB, TuRTBREERT DREWRANT A —2 L LT MIEE mBEIE S 03 26T
HIDA, B PRALE OBEIIE TR OBLED BRI OHANT & - TRRIEAE X -
TEY, KELOHHERHE Y m< RN EBERL LN Lo b ARR#E L TldfiiE bS5
ELTERLTOARY, R ET 537 A—=F 2O TE LR O H 7 6 5 HIEIR A
RE7R U AT L Lo TERY AT, & 6 FICE vy Foufi, mRFx v =401, =
— FROMOKECZ, 5 7T HEB LU 8 FICE v Fofi, KT v /=40, Wi
(LR SHIF IERAEI0b ST a5 a7 IS

BB LIRF ORFHER KO L/ ST A —Z OEEIFTEDFEIIZ OV TIEH 4 RIS,
AWFFE T 1 O FE LN T A —Z 125 LT b [HORGFEEEER L TRREE LN A
HF L ERLEM LT,



2.4 HRIEAE

ARG IHEEN R DO EE2 B E L 7 a XTI BIRE#E(LE1T ) 2 £ b, KiEfkic &
TaRTGRORERbERIET DO THD, £ T, REELTIZT 77 R0 ﬁ%
HAUBAEUZRRE L, SQP (2L BB OR/IMEZ X5 Z & & Lz, Zrdbs, Tr T8¢
I (2.4.1) TEEIND,

zégé = (2.4.1)
Z I,

KT>—§T X (2.4.2)

pn~Dp

KQ:m%g X (2.4.3)
ThV,
T: AZ A b
Q: iz
p R

n: a7 EEREL
Dp . 703/{5@?%
Th b,

2.5 flRISZMF

ARFFETITHAISEMEE L TR D 2 R E2FR LT,

A) HIRISRME L [ —EB (RTERE S X ORI E) ([CH10 2 L7 28 0.5%LLN
B) iK% 2: 2 — FEESE (B eXT7) =a— FEESE (Gl r~<7)

FT. HIRSEM 1 OBARBZRT, ZOHNEZEETICT e RXITPREETT S L,
TEIRZEACITAEWERBRREDN (LT 2 Z & D, [A—1EiRICBIT 5 M7 13T 5 2 &
IFRERBICEES 220, Lr L, @, e XIEREE1T O BRICIL, MRICHEE S L D FHEITEE
ICHELTEBY ., THOEEIEED (FL27) OBRITTaXIRkHLMEE LTS
Nz e s, ZORMHEMEZEI L TCLED &, TE{LICX D 71T OHEERY RN
ﬁibtkbf%%%%&mﬁ#%&iﬁ@z&w LMD AR RSN D
2 B < BB TR 7o RS2 EREofilFISRIE 1 Th 2,

RITHIFKISRM 2 DEAFH 2§, —RAICEREEZ /NI <T52 L TT eI HERER



] T2 H 572, a— FESG ML T 256, REEEZ/NS<T 5450, 2
£V a— FRESEMITNE LS T D HM~EELE D TRER SV, —F T, REHED
BRSNS 22 CREMENSEFICHEY, YT —Ya VIEROBE(LEZFRT L5
BRDDH, DA, KT, BRmAEN NS R EICELDF vy T —va stk
REDEALZB CHBIT, Kb 7 v X7 OREEN AT 0 X7 OREFHE TR 20 K
1T, HIRIEMEZRIT TV D,



3. mE{bFiE

ARWFFETIE, b7 T Y XA E L THEK 2 KEFEITE (Sequential Quadratic
Programming) % A\ 7z, AKETiE, SQP OHEMEIZOWTRT, 728, SQP 1F#l#972 L
BLEDORIE T D= 2 — FAEDE 2 &2 ATl & il kR o gk
Thdld, SQP OMMIZIES D = o2 — F UAEDOIRIZ OV TARg 1314),

3.1 BB L OB TER FIEDER

AR TITHAREEEZRB.1.1), RNESHKBEEZNGB.1.2), F 5%z B.1.3)D L
BYFET,

HEH . (%) #£(3.1.1)
R SHIFIR S . g(x)<0 #£(3.1.2)
MR . h(x)=0 #£(3.1.3)

ZIZT, x=(qpxpnx,) THY, (VI1I7 MoEsEERT, £, HIBEEEZHIZ
5He. FO—EMmMIAGB 1D TERL, CEHSIERGB.1.5)TET, B, ﬁ@1@iﬁﬁ
R kL LR, KBTI E TN S,

[ of (x) ]
oxy

f (%)
Vf(x)= 8{(2 A:(3.1.4)

of (x)
I 0ox, |

P P )

8x12 0Ox;0x; Ox,0x,,
, Cr® Pf® ) ‘
V() =| avo oxs Ox,0x,, #(3.1.5)

Prw x|
| Ox,0x  Ox,0xy ox?

n

ol X[ IEx D VATHY t@1@f%ém5 AETII N L OERLZ WV TH K
BLFIEOWIS 2R~ 2 & LT 5,

||x|| = \/xlz +x3 +~~~x,% A(3.1.6)



3.2 R1EE

AETH I SQP BL V=2 — P ik, H=a— b EEIERIZEHRIE & Xi3h 2 i
LiETH 5, KEETIE, LLFOFIEIC X 0 gz ko 5,
O & 2L 2 S xg ZED D,
@ BB rx) D ixy D DE/INE TR D HRIZBEF BT Mbd, T 5,
@ HEB2.DITHEV, KOHx ZED D,
Xpsl =X; +oydy #(3.2.1)
@ xUBETHO@QLODOFIEZMMYIRL (KKIE L), & TR (REREFRO LR, X —x
PN SWE) Al LB CTRT 35,

ZIZT, alFAT oy SEEMIEN D, HELTIEICLY o od DEHNERLRL Z LD,
WEILAE & F1EICS U8 FiE A2 T,

3.3 #i=—=a2— b UIE

8.3.1 ==—FUiE

TR oo — N UEOREB L a2 — P UEIZOWTHIB A TR T, = =2— hE
VR 72 Ui EREOMRIETH D . RNIEORBIX BB ro D7 A 7 —EBIC L 0 15
SN EEZ DR THD, r0ERx, DY TTrA4A7—BHLEXEZE25 L
K@B3.DDIrITEREIND,

F(xg +d) zf(xk)+Vf(xk)Td+%dTv2f(xk>d £(3.3.1)

WE, d B E 2D ERGB3DIFTAICET L kK E S 25, ZoXB.3. )R E
5L dERELTHIFEEZZ D, ZORBELEHNZ Uik LTExXLE, 1R
DOFGEPESRMEITRG DI TOREND LBV L2 a 2B ERTWDEZ D, K
(3.3.21F(B.3. D& A IOV Ty L=XB.33DIE TR EIND, B, 1 ROFEMESMST
Lk, HARFTREBICBW TR Th D, L. ZOREEMTZLENDES
STRFRERTHD EIZEZR0ED, ZORMFIIVESEEE D,

Vi(x; +d)=0 (3.3.2)

Vi(x;)+ V2 f(x;,)d=0 #(3.3.3)
IEAICHOWTHELS ER(B.3.0) %55,

d=-V27(x;)'Vf(x;) #(3.3.4)



ZORBIDICEVRDOND d & M, (ICBITHERSIM, & LTREEZITY DR==
— hAETHY ., ROKEIZBT DA Sx, T2 & x,3E3H)CTROLND,
Xpp1 = Xf +oydy #(3.3.5)
B, AT v T o \TEARRERE TRO SN,

- o T, RBI3DOWRITH LTEMMN S VI 202 L. REBIOBEDNSD.
Vi) dg =-VFx)T V2 F(x) TV (xg) #:(3.3.6)

TOLEVIIxONEEETHD L T5 L, REB.3.6)IFADEE & 5, VAx) d, 1T f(x)

EOR (X ) 26 d FRA~OEbEZ LT Z b, ZOENADHEEZIRD &) Z L
f() BB LTS Z La®d, AR~ M VX)) 13 F(X) 23 bS5 5 1m & w4
T e A idED TR e R LIl D, il (R/ME) &S IR TR ORR

FHRr MARKBETHS = Ehb. KEE V(X)) BEEETHD = L REHEE 725,

3.3.2 #E=—a— b UIE

TITEH, =a— b EERRETAZLICL D BREINZHE= 2 — RO E R T,
Za— N AETIENYyBITFINIEEETHLILERNH Y . £/, ~yBITHIOFEHNEEL
WAL LT, FEAT EOMBEANH LML H D, £ T, ~yETHORD DI
478 n RIE BT B ICEE R 52 LT, =a— h U IEORMES 2B LS O
ME=2— P AETHY . REBHIKZ LBECRIBEOMRETH 5,

Y= o— b AT, OERIT=2— ok EFUL, RB3B/IRTERBY THY,
o TEFIRRTRO OND, BRI MiE B 2 HTX@B3 DL v ELND,

d, =B, ) ' VA (xp) £(3.3.7)

785, By WA Bo I IZBAATHI T 2 B2 2 & SAIEETH 1) . By O LS
EChE oL L, REITFTEH L FNEElTUERS S,

B8k =i #(3.3.9)
ZIZT,

Sk =Xpq —Xg X(3.3.9)

Yi =V (X)) =V (xf) #(3.3.10)

Thbd, 2Ol ML EENEEZTT-T By ORDF IS H LN, b AEDE
SN TWBDIEA(3.83.1DI1C7”7T BFGS A TH 5,
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Bs; (B;s; ) N vilyi)'
(¢) Brse  (54) vx

3.4 R 2 RETEIE

3.4.1 KKT 444

BN BIR 2 RETBIEDBEIE Z2 7R3N, R & Rl kRIS 5 1 IR DTSR
HcH 5. KKT & (Karush-Kuhn-Tucker condition) (2D TaRTd,
HF AT & B b R RE Tl E SR 2 E 2 BRI R@ADITREND T 7T > V2 B
Lixhp)z A5,
L(x,hp) = f(x)+ A" g(x) +p” h(x) #X(3.4.1)
70, ThELRTHER(B.4.2)E05,

B, =B, - #(3.3.11)

/ m
L(x 0 p)= f(x)+ Zil-g,-(XHZujhj (x) #(3.4.2)
i=1 j=1

ZIT, MpE T 77 0P af AT ML THD,

B DX ITB W TR SR g, () =0 2725 L x| g, (X) 13 x [T A ALK L
FEAEAL, S OEDHRIO NS B Vg () B RMSITH S & X, x KEAITH D, b
Bifx BERITH Y, o, RIRERTHS &%, x 12315 L p) O@E~2 L
VXL(% 2 1) 13 x 123500 Tl(3.4.8) 70 BB 4B R T Sl il 7= 7

/ m
VXL(X*,x*,p*)zw(x*) + fovg,. x")+ Zyj-th x")

i =) #(3.4.3)

=0
A =0 (i=12,--1) #(3.4.4)
hgi(x)=0 (i=12:-1) A(3.4.5)

ZDEE | RESEKBEE L SE5HOBEEIL. FoME E. SARMICRB.4.6)F L O
B5DIRTRUEEW =T HLOTH D,

g(x)<0 #:(3.4.6)

hi(x)=0 #(3.4.7)
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ZDR(B.4.3) 0 BB ADITRTEMN KKT K LMEEN2 O TH D,

3.4.2 FR 2 REEREICRIT 5 2 KETEIRE

HIR 2 WEHEEIT ., HIEOMT X RoE k8O KKT &2 %= 2 — F B CEEW T, &
B.4.8)IT T d BT 5 HAYR A, X(3.4.9F L OR(B.4. 10T R T HFISAED F T/
b4 2% 2 kEHERIE (QPRIE) 25252 L T, HMERELEEZE 2t 2X5
DTHbD,

OB - Vf(xk)Td+%dTBkd #(3.4.9)
AESHIFRIE : g,(x,)+ Vg (x,)'d<0,i=12,...,] #(3.4.9)
SEHKOBE : b (x)+Vh(x,) d=0,j=12,..,m #.(3.4.10)

IIT, B M= a— N UELRIUEZ L TEDL, 7770V a0~y EITHI

VXL(X, ) 12 F2 5 20 BATHI Tl 0 72, 20(3.4.9)3 L O3 4. 101 L HI50BI S & 45 X,
DEDLY TIROHEETTA T—EBHLTELZLOTHS, 20 QP RMEICHT 5 KKT 4
HIEaTHOR(3.4.9), K(B.4.10B L OX(B.4.1D)15H (3.4.13) &7,

/ m
B, d+Vf(x,)+ D A4Vg,(x)+ D> 1;Vh (x,)=0 #(3.4.11)

i=1 Jj=1

4 =0 (i=12-1) X(3.4.12)

)'i -gi(Xk)+Vgi(Xk)Td:O (i=1,2,---,l) 2(3.4.13)

Z O QP NG d DR L OHST 5 h,pnE R 25 & QP MEIZ%I9 5 KKT 44
EieT oL Enn, Zolx, d=0ThUX, KIS X RE{LFEO KKT §54:
(R(B.4.3)NHR(B.4.7) LD LITHLNTHD, 2D LD, QP MEEE MR-

R d=0,720Rx, 2155 2 ENTEIUT, X, (THIFIN & RE LD KKT 2 £ i

ez leled, SQPIE, ZDd=0ER5 KX, ZREICLDRODDLBEDE N ZENT
&, d=0138QP DR TR L%, 22T, QP MIEZME d DREM 2152 72D DRAE
ANERAE L PO, d =0 & 722 R X, 23K 5 E 2SN RAE & 5,
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d=0THHEE. X, 1T 2 KEHEREOd 2 AV T(B.4.10DF TEH D,
X, =X, +ad #(3.4.14)

ZIT, ATy URe TEHRERTROOND, E2. B, OFHITNB.4.15)IR R
U TV OEE BFGS #FIZESW T ThiL 5,

-B _Bksk(Bksk)T +§’k(§’k)T

B, = - #(3.4.15)
o ' (Sk )TBksk (Sk)TYk
ZZ T,
"y, > "B
7, :{Yk 9(Sk)TYk 7(Sk)T Sk (3.4.16)
By +0=80OBis, (s, )y, <y(s,) B,s,
=72 L.
T
B = (=7)s,) Bys, #(3.5.17)

(Sk)TBksk _(Sk )TYk
ThHV, ylF0<y<1ThD, B, AETHEM Ly 1Zy=02Tdb 2,

UbEv, SQP OFIEZHLHNIEK T & UUTO#EY &7 5,

@ W42 X, BLOB, 2 ED, k=0LT75,

@ di2B¥ 2 QP REA M, zofizd, L9 5, (NERKE)
@ EREFICL Y 2T v TiHa, ZED D,

@ X, =X, +a,d & LTHEEHT L,

® B, #{EE BFGS ARXUT L7=pd > THEET 2,

©® KTHREZMIESRWEEA, k=k+1&L LTOIZES,
ZIZT, Q0 b@DUEENNTKIE L 725, 70k, QP MBEDMRIESCIEFRRTR O 1513 3C

13



k12RO Z L&,

3.5 a7 EE{b~DE A

AWFFECHEEE L 7o it A 7 A TR EAEPICLL FORINGEEEZRE L T D, 209 b,
K(B.5. 108 LOK(B.5.2)08 My B2 AT 075 0.5%LAN &3 2 72 Ol 5
Thbd, Fiz. KB5.IBLOK(B.5.4)0, TaXTEFHENRH T o7 L0/ S5
RN E BT IO ORIKEETH D,

g1 (X): K;(X)

Koq —-1.005 #:(3.5.1)
&@%Owﬁ-Qw #:(3.5.2)
KQO
S*
g3 (X)=¥—1.005 #:(3.5.3)
PO
Sp(x) ‘
g4(x)= 0.995-——= #:(3.5.4)
PO

ZZ T,
Kpo : A7 0T D kLo {545k

KH(X) - BT 050 ks 55
Spo : FEITF 0T OHEER

Sp(X) : EI% 7 0T OEEH

Thb, ZIZT, 7aXTOYREFA~ORERMEEREE n L35 &, TaXTREMEIT
HEBEHNICE VKD S,

Sp= zn:(ciﬂ + Ci)(”i+1 _’”i)

5 #.(3.5.5)

i=1
=72 L.
ro PR E
G lilBIFSa—FE
TH

O

o

14



4. TaRFIROER
4.1 BRI HDER

AWFGETHERL U122 2T ATl BT 025 R3Ok R T X — 2 A6kt LT, AT
FENMERLD L TERBOIIR AT A =2 iR D, . BEERSMTEHIR
RTA—ZIZH LTHBICERSND O TH D, BB & BREBRE L OLHBED
R Z @1 DR,

By) = p(r) = dpy) A(4.1.1)

ZZ T,

Pl) : ERET o XTIIRANT X — 2 55
p@)  FRT aXTRARNT A —H 5T
dp() : BRI

r R VAR

N

BEREZALERTEOEPIICB W TERINTERE L AT T 4 VI L0k
bd, ZORATTA AHEICHO LN D EREP AR e AT b EORRFIER L 725,
7RE. AAFIE TIEEREHA £ % r/R=0.180, 0.400, 0.600, 0.800, 1.000 (R {Z7' m 7 ¥-X%
TT.) D5 RTERLTEY ., Rk RERDLBR AT A =20 n BEOLGA ., &t
BOHIL5n & 725 ATFIEIZTY vy FHMOERE M & £ LTl % Fig.4.1.1 1277,
72, Figd.1.1 {OR LTEAERRSMESNWTEONZE v FomE AT o XT70E v
T34 e Hefs U724 % Fig.4.1.2 10079, Fig.4.1.2 [ R T By FAOMITENI L 72 5 (—
E) By TFRMmThy, RBREREHEOE y Fofizkrd,

Fig.4.1.1 X V| r/R=0.180 75 r/R=1.000 O TE®D LAz 5 RO FEE GR\WZ A ¥
DT\ b)) AZEDSWVTELRAE Ly FoA RO BERIN TN D Z L D3R
T& 5, ¥72, Figd 12 [ZRTEyFoMEEREIY, —EE Yy FORAE v FRIRITK L
T Figd. 1.1 IR TERRE F Ul Z & TEREDM EAHETRO ¥y F 040 BNERHE 04
ELTHELNTND Z ENRMERTE D,

i

4.2 MAU 7' uXZEMEHDOER FiE
42.1 Fx N \—50f - BESAH DZEAITL

AWFZeClE. b PEER & LT MAU YaxX54% 5255 L L=, MAU a7

15



(3R Rk & SEE BN ZE T (B - M BEANZAESEET) B LT AU 7rX7 2R
L7277 a7 Thh, RitFrv— A7y FBAK BENTWDH— N1 ~7 T
o % L ZAT O BRICIRF v o N —RREE 2 AT 5 LB W2 MAU 727 )68
b3 %2 L2223 MAU 7' v 7 ORKBE G #IL Tabled.2.1 [T koA 7 &y RBA
SN TWHEDHTHY, 23— RAEROF ¥ =GR E S ITARR ST,
ZZ T, A7ty brba— FARBERESML KO v o\ =i &k, B Re7skk
WCHAERTRT D L2l AT, A7y FEREBIOF v oA —0BFRIIHA.2.)B LT
KU2DITR-T LB TH D,

Yoxy =Tcxy +0.5% fex #*(4.2.1)
Yuxy =Ty —0.5% fexn #.(4.2.2)
ZZ T,
Texy : 2— REMBRIE A

fexy @ =— RAMF ¥ 2 /3—546

X :a— KRG RLE

Th D,

B RITBATPE (R RBEALE . R v N — (LB DR L 3% Ok
REALE, JRF v o N— LB N BRI [2aH LT, 2t nd.23)RT L9 4
ROZEAEBTRT Z EE2EF R, FRBOFREIT RN " FETRE L,

f(x)=i(aix[) X(4.2.3)
i=0

ZZ T,

f(x) + == RGREESM S L <135 v o 3—0 10
a; 4 R PUREL
x A= NGRALE

Th D,

F7ky Moo a— FHRORER L OF v o —0f0 & ZEAGT LR RO
4 Fig4.2.1 70 Figd 2.7 (ORT, 7k, HBRIIHBN% = — FE CHRKIHL L= —
R MALEZ /R L, HEiT R REE TER L LZEEDS L EF vy o —&E 2R LT
5o Filo, BAFRIZHAWD B8 a; % Table4.2.2 [Z7RT,

Fig.4.2.1 7°5 Figd.2.7 LV EENAG & F v o \—fia ZHEAEE LR ITA 77 v
R BLNEF Y o N—BEOEESALE LS L TWE L NRRTE S,
Tabled.2.3 (24 7+ v B EH SN RE . F 3 2 —5 7 & SIEASTLEEE B R
TPIRERE R2 AT, WTHORXLIREERE R2N 1IZEY 2 TWVMEE TR LTEY .
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ZOZLHDLSERERIC LY MAU 705 03— KARBIESAAE £ U5 ¢ 23—
SATTAR % 14y RS CRELTIE C b B = & ASTRIR T X B,

T X, MAU 7 a7 0Oa— RGRBEESME LOF v oS =04 B L EAT U
LV RBAREIZR 2722 LT, MAU 7'~ 225 U CRWm (72— FHREESMPF v
Y N—=3A0) DEFE A S RBEMBTE 25 2 LN AREIC /R o T,

4.2.2 a— FHRF ¥ VI X—HBHDER

Al TR T ¥ o NN— i b 35 2 L b, I RF ¥ VN —DOEERIZIET
Ta— RHROF ¥ N\ — b [AEBREAEET 55 EE AW ERALE rlcB T 2R KF
¥ UN—BIERE dpgmper(r) ET D &L T— RFMAF ¥ =010 1FKM@.2.0I2TH 2 5
=

4

Fe= 6013 Jedpamperr) (4.2.4)

i=0

Fig.4.2.8 12 r/R=0.700 |23 TETEZ dp gmper (1) = 2.00 D352 BT 5 O 22— R HF ¥
YR—03 A E T, MAU 7' XZ @ r/R=0.700 {ZEIZ I 1T 5 F v 7 3—434i 1 X/IC=0.400
DONLE TRRF v o —&% L D0, B OR LIERIIR TR KR F v o3 — &2 0.500
THHDOIZx LT, TR LIERZRITR KT v o 3—&28 1.000 & 720 | 2 F0OfH
LTRoTNDZ LN, MR TED, o, BRF v U A—(LEDUSTH IR L TEE
BIGROF ¥ N —RIT 2MEDE L 72> TND Z EDPHERTE 5,

423 a— FHFRAEBESHMOEE

REGBL T, B RRERIE b %R E ORGSR L CREA LTS5 L L L,
BRRIEDER LMD = L NTHETHIIE, 71— FHH X v 2 A— LT 1k L A
DFETERPTHETH S 2, T KRIEO T IREEIRE OBLE b IR HE O BRITED
SRTHIEROHRERDRV, 22T, RFEZ LT L7 05 WiEom Hog 59
5 HECREEHBOREN LT AEA Uiz, REEHORFS AL TIIR4.2.5)0 5
@.2.7) TRTHIEE RV,

ATcxy = To(x) X a(x) *9Pre(ry #:(4.2.6)
a(x) = 0.5x (1 + cos(H(X) - 72')) X(4.2.7)
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0=0.0 at Xtmax , 0 =mat Trailing Edge

Th b, BEEHEZINZ - BEIZR KREEMEM I ORESMEIT OV CElfe 2 -2 B
fr)C R 28 B BT ﬁa%‘éi&%ﬂ%u\f:o r/R=0.950 |26 J 5 3ELEARAZN R 5 &
Fig429 D LkY L2 5,

FROFETHELNTEREEOFEIIATHE Back HICHEXHZ & & L, 2T
MAU 7'ua~X7® Face mN7 7 v MNpfgREZFf > T\ aFEn G, REELOFE%E Face
mIC5-2% &, BmAEALIZIR E 720 ZirmtEie OB b2 b 72 b et 2 L 7o
O ThHD, Z0D, B O 7€ > MIR(4.2.8)F8 LUOXM.2.9)TRT EBY L7225,

Y'O( ) =Youn) +ATcex) £(4.2.8)
Yoo = Yo (4.2.9)
T,
Yooy : # Back TiA 7 & v Myfi (REETEIR)
Yorx) | B Back HiA 7 v My (RIRE T %)

Yu(x) : # Face A7 & v boyAi (RFFUTZIR)

=

YI'J(X) ¥ Face A7ty hyfi (BIRAEER)
TH 5, Fig.4.2.10 (22— FHRREZE K dpre(,) = 0.200 & L7256 0 r/R=0.950 (25

\F % 22— RGBSR s AR,

PLEXY ., BEE dp 35 2 LNAVUTEREO 32— R HREESAE X O v o3 —5040
NELRDLZEERD, KMA.2.DB LA 2DICHESWTEKRA 7Y NEEFRTDHZ
EMAREL T2 D,
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4.3 =Rt 1T CAD ET /IVDOIER

Al Tl 7 1 TR CFD 2 W5 Z &b, =kt CAD =5 V1R
HVENDH D, 2FETHRAZ L H1Z CAD TF /VOMERIC i{fLFH 3WILCAD Y7 b =
7 TRhinoceros| (LT, Rhino) ZMW =23, CAD ET WAEKICIZIATI 7 7 A L& LT,
HHEAZERT D WRIUEET — 4 2 ANNT— 2 LTHET ZHERD S, 2T, 2%t
fﬁ?%?“‘&f“&)é?ﬁ7%~‘/ cr—%5b, LTFTORXEHNT 3 WnlBET — X 2155, 72

B, UTOXTEIA 7Yy FOX X", Y, Y, &2y & LTHELL, 3RITMRERELEZRE

LT 3 RICE AR EEAE (x, y,2) ~EHT 5 2 & 2 E 2 5, 3 WOTMEEERS L3 kTH

A % Fig.4.3.1 1257,

2 W TA Ty b F—F D 3 YT M R~ DI
T 2 OTEERE (', ') % 3 Yot RS (x, 7, 0) ~EHT 5 2 L 2 B2 D, 2 WO
JERET — 2 035, 3 RTTH R EEA~D BTN (A.3. DI SV TR SN D,

x=-rtang,(r)— {l (r)— Q }sin @p(r)+ y'cos g, (r)
r=r X(4.3.1)
(IS (r)—c(r)/2+ x')cos ¢, (r)+y'sing,(r)

0 =—
r
T,
lﬂﬂ=r%v) #(4.3.2)
cos g, (r)
@i)—fﬂﬂ #(4.3.3)
2mr
ThHo,

c(r) : a— FENAA
H(r) : BT 50
Pp(r) = L= XA

Bo(r) A% = —fas A
T<bh b,
3 I fEEEE D & 8 IR TTIE A FEFE ~ DI

3 WIC I EAE (x,7,0) 5> B> 3 YRILIE A IEAE (x, v, z) ~DZEHIE, (4.3 SV TH
Ehb,
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X=X
y=rsin@ H(4.3.4)

z=rcost

ZHUCED, 2WIEDF Ty T —E 0D SIRITEET — X 5 /FH LMW TED, 2O

JERE S — 4 % Rhino O~ 7 v e % AW CE T /UERET 9, Rhino ®~ 7 1 #fEI% Rhino
N8 RhinoScript Z W TIER LD THY . RHBITEITIND, Zod, @FILT
13T R, B, BRI E DR AR o EIC CH T — 2 2B T 5. Wb 5 R
RLER % Jifi 4 A, AHi# b TlE RhinoScript FOREEERI A HIFIIC LV Fig.4.3.1 (R TkE
Back i & Face ma22&GhoEEE L,
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5. CFD # /= 7 1~ F M EE 2L
5.1 FE&MH

Tl eI MRl 2 CFD TEITT 2RO RS2 x4, £7. Figbh.1.11
FHE R OIS X & 9, BRI T 2 2T BRI 4Dp, %512 10D, RGN
6Dp OHEIPHCTEE LTIV | SHIROANR L O 2 AR S, %4 it s R St &
LCW5, MABEREMEZ —RRITE LTRET D &, mbfbiT—HRRT Rt e 20, fF
oA GE—#kii) ZRETIUTMFRTRELRERDTON D Z L LD, fRATERE %
THBIT, 7 uXTHitk 2Dp. 510 3Dp OEML A [MlEsfEIK, LIS & [E E Rl & L
THEZ DB LTS, BB, BERIT e XTHLEFA O & LT, FuXJiihms
X#ihe L, 7aXIanEAmaELE+5, £/, thim EHE Z#he L, O-XYZRAFHRE
AHEIIC Y EMERET D,

FRLOFEIBIC EE S W THERR SN D MR T DA & 7~ 97, Fig.5.1.2 ([ZFHRfEE O
DkForA% . Fig5.1.3 I 7 T RRmMOKEF oMMz R~T, b, FHREFOERIC
T 2FETHLB IR WHKTFER Y 7 8T =7 [Hexpress] # A 7-, Fig.5.1.2 »»
LR TE 2 &R, FHREBEEANG OWMALER S 7 v <7 £ TOZEMIZ, £OEMIC
NTHFEZME LTS, ZHUE, RS2 EDIFE—RRREE N2 5 2 T2BICLLT
D2 MEWRTHEOICHRTELOTHS,

o BRTHESME T IRRGE CHBLATRETHD Z &,

e TuNFIETDHETCOMIEGXTZEHENHRNBBWIE L CLEbRNI L,

Fig.5.1.4 |\27' 1 X7 - [[lfiA72 L OREE CHRABL U IE AR B3 2 5- 2 C CFD %32
ITLTCRERMNS . eI AEICB T D MESMm A LR e T, £/, hET
MAFER COME S %273, Figh.ld KV, T rXTLEICIT 28 E A LR ABE R
BT LDHRESME LB L TR, FoRRERETREETIC T m XINEE TR
NTNDZEDERTE D,

F7-. Figh13 IR T 7 XT3 REMEF0MHI1E, 1 #EDA% Keyblade & L THiZ b
L. ZOMOBIZOWTIIHTEENHLS o TWD Z ERERTE D, UL, AT A
R bV % Keyblade (28 < WidA ) 2 355+ 2 2 & TR L. WA ) OB HITHVW 20
DI ONWTIIE THBEZMSRET 2 2 & BTHOHIE, 2 F ILFHRERFEM D&
x5 HDTHD,

BB FIEIIRGA VIR T T a7 ER L RN SR E D EEEICE SN2 LA
VA Rnp7s 1.10X 108 DARRET yr=abt.1 72D L HREL TV 5D,

_an}

v

A(5.1.1)

RnD
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ZZ T,

n: a7l

Dp: Fu~XTEE

p  EUREMELREL

THDH, TNHOREICE VK TEIIRIRT 150 T FREE L 7> TR Y | FHERFHE OHY
KA LoD HE RS AR T L oo T, B, T OREK I
727 T PEREHEE 4 CFD TfT 2 BROFHER 7 & LIS -5 2e v, £ 2T, RHED
SPEMT 101D 21TV HEIRE CTH 2 7 0 R I ROHEEREICEN o2 & 2R L T
WD ANFED SFRHT OFERI 22 ROV T, 8RR,

Wiz, 7 e XTVEReERHii 2 CFD CERFHEIC L 0 EITT 2O RS M % Table.5.1.1 (2
R, TRANTEBERLA VRIS 025 T 7 T BB & E T 5
BOSRMICAE DY TRE LTz,

FRLOFEME A - FHRAM T 1 EOFRICE T HEHERFH T abt.1.5[hrs.] TH Y | Fi{k
BRI 9 5 OICBLER R EHEIFE & /2o T 5,

8 HCIXRBEILICIEEF AR EZ AV, TOBOHESM & EFEOFELMEN 54
HL7ZARUIZHOWTRT & Tables. 1.2 D L0 L 7e 5, KA AR At 137 12 X7 Olaldsfg 53
2[deg.] L 72 2 DITAYE T DM TH Y . 2L 180TimeStep TF XT3 1 AT 25 = &
EEWT D, 2k, BRSO LIEBEF R FEIC W IR EICE RO 2 7~ T,

5.2 FEFEE

AREITIE T 7T VEREFHIF I E IS W D PLRTA##EYT Y 7 R 7 =7 TANSYS Fluent] O
CFD FHRFE 82OV TRT,

5.2.1 XELHEFN

CFD M8 X 0 WM 2 4T 5104 7= > TiE, R6.2.1D)B LUK 5.2.2) 0 HFEX 2 fiE
KHFHELrsd, B, KRGE2DITHEHFRGEFEXTHY . XG.2.2)ITETEILFE TR L Sk
T 5D,

o
g§+viaﬂ=3m #(5.2.1)
0 - . = . -
a(pv)+V-(pW)=—Vp +V-(r)+pg+F #:(5.2.2)
-,
p : HE
TS HT YV

22



pg : EIEFET)
F o SRR ATE
THY, uZHFRE, 12T E LT T idG.23) Tk bn s,

r =,u{(V17+V17T)—§V-\7[} #(5.2.3)

X(5.2. DB L ORG.2.21I2x LT, HEMD u, BELOAD T —/57 ¢ 1220 TH(5.2.4 B
FOKG2HINRTT Y T E ZAT RT3 KON 3N b o L L
THEHREEDOT » I MR TR T2 &, X(5.2.0)8 L O0RG.2.2)1x2h 2 R(5.2.6)8 &
OR(5.2.TDIE Y Gk TX 5,

w; =i, +u, A(5.2.4)
b =i+, #(5.2.5)
op 0 _ -

5+§4 ;)=0 #(5.2.6)

at j ax i j

0 o o 0 ou; Ou; |\ 2 . ou 0 -
—(puz-)+67(puiuj)=——p+—P{—’+—’J——5--—Z}+—(—puiu/~) #(5.2.7)

ZZT,
S 1 /BRYA—DTNH
Thy, RG2DELA VAP F 2 b—2 FEA (RANS) LEENn 5, K(5.2.7)
DFDFAETHA B E KT ECH Y . —pupd, & LA VRIS LR, K(5.2.6)5 &

OHGB2.DEMITIE, A I VR hE2EFET LT HLEND D . Z OO ERE T LN
M‘g& fcﬁ 50

5.2.2 #ELIEET IV

LA I NVRISIOET I EEZTZLORERET LV TH D, £T. T VRAT DGR E
AT A VR hag+d e, RG2YDEBY KT LENTEX D,

—pu}_u, #{ZJ_ + ZZ}%(’)““’ ZZ—ZJ% #£(5.2.8)
ZZ T,
m:ﬂﬁ%@
s BT O EH) = R L —

ThbH, AKIFFETIE, ANSYS Fluent (ZFEE I T\ 5 SST #EEE7 /L (Transition SST
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koE®T V) ZHVWSLHEL Lz, Zhit, SSTk-o®T VX EB I NESEES LA/
VAREIZ K DB ORAREILONTORZ K S W5 2 & TEROEB R L OHIEEZ
SSTk-oET /L LV bEREE CHITT 5 2 ENATRERILKET LV TH D, RET/VILLLTIC
TR AEE G FERICOWTEFR L TV D,

d d d ok . e .
° < )=——|T, — |+G, Y, +8§ 5.2.9
o (ok)+ ox, (pku; ) o, [ k aijJf k=Y +Sk = )
d d d dw .
< < )=—I|T,— [+G,-Y,+D,+S 5.2.10
o o) =5 1,526t 10450 54(5.2.10)
0 aU;r 0 . |0 .
§”+;itgﬁgﬁ@r@ﬁ5ﬂﬁﬁfﬂéﬂ X(5.2.11)
J J 14 J

3,) olpU;RE ¢ :

opR%) , 2oy, eet)zpw O\ o (11, )2 R0 #(5.2.12)
6t 6xj ax] axj

X(G.2.FELIRIC L 2 #EB) = 2L —k ICRT 2k F A TH Y . A(5.2.10) 1T b kR
o, RG2IDEFHXRE, . RG.2IDITEBEE I ICESSERB LA )V AERe, 12T 5
kAR TH D5, 22T,

T, : ALIREEY T %L X —Z B9 5 A 2k Bk

Gy ELUREE) T KL — DA RIH

Yy : ELEIEE) = Rl X — O BURIH

S, ¢ ELDEB T R L X — D2 — P —EF Y — RIH

r, : HHGRSRIZBE T 2 A 2nitRik

G, : HHGEFEOAERIH

;B R O B TE

D, : R FED 7 v A PLHIE

S, : HEHREO 22— —EFR Y — AR

THY, ZNZNLUTFTORIZL VRO LM, FEHICOWTIEIZE R 1802 2o = &,

e’“<

Hi

I, =pu+t X(5.2.13)
Ok

Gy =74 G #.(5.2.14)

¥y =min(max (yy,0.1)1.0)7; #(5.2.15)

r, =u+ 2t #(5.2.16)
O-a)

G, =22 ¢, #(5.2.17)

Uy
Y, = pPo’ Ri(5.2.18)
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D, =201-F )p—— %k e #(5.2.19)

@0 9 6x ax

5.2.3 MBIk

CFD (XA REFRIEIHE > THNT N FATEIN D, FAIRERIEIC L DM CIE, ez
Fig. 5.1.2 IR L=k 9 a3y he— R Y 2 —2a GHERKTF) 12oE L, R(5.2.20)
WORT AN T — B¢ IOV T Oy HREXZEEL L7=X6G.2.20F AWTHES Z L L b,

P9 dV+§p¢v 4= §r¢v¢ dA+IS¢dV #(5.2.20)
a ¢ faces Nfcu
L+ prv,¢, Ap = Y TyVes-ds+54¥ #(5.2.21)
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p . BE
VoY R L
A : HEFENZ BV

T, ¢ OILEBAREL

Sy BALIKREH T2 Dy DY — R

N e = APEIET AT DA F-BLRH 1 O
¢, o 1 &I D4 CHE)
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Vo RHRAS T OIS
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EBZ D, —RINC, AN T — kg OBEBAEITAFIEE T ORI TRE S D2, K(5.2.21)
R AT T RAE A BB T D AN T — g, #GDLERE LD, 2250
£V g, RDOD, ABFETIE, ZOMMIC “UAGE R 75> (Second-order upwind) % >
Foo TUKSER ESZEATS 2 L0k, ¢, BRG2.22DICL VRO BB,

Pr=Gup +Vyp-7 #(5.2.22)
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bup + FURBIEHSERS TSI D g
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THD,

wiz, RB.22D)DENHE 1 HIZOWTE X DH, ZOHEINHEETHY | ZEMEEBbE 5
Btk Fig) Z V2 EK(B.2.23) D LBV REND,

% - F(g) £(5.2.23)

R E R FHR O L AT ER SN2, HEFRFROLEIIIBET 2LERDH Y |
BEBL 2 S 2 2 L&D, ZOMERIZRG.2.20120E > TIThiL D,

n+l n
P At—¢ - F(9) #(5.2.24)

ZIT, "EBDEERDOAN T —EEE L, ¢"NIROBEENCBIT D AN T —EEET,

5.2.4 JESI-EHEEERR
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SIMPLE 7 /L= U X A%, R(5.2.25) 1~ T BEHU L L 7o B &R A7 R AT 729 K 5 12 ET)
DOWIEMEZEDD Z LT, EHERDDL LD TH D,

N_/izce
Z‘]fAf =0 #(5.2.25)
f

T R oK R E | 2@l SEERETHY K (5.5.20) TREND,
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XA 5 J, 2X6.2.280 D LBV KT,

* A

T, =T, +d,(pi, - i) #(5.2.27)
Jp=Jp+J, #(5.2.28)

ZZT. SIMPLE 7 A=) AT, J, HENOHMIE p 2 AV TH(G.2.29) O T&

ENd, 7B, BN L ENMEMOREEEITAG.2.300 TR D,

J,=d (p, - p.) #(5.2.29)

p=p +a,p 1£(5.2.30)

H(5.2.25)12(5.2.28) 3 L OH(5.2.29) R AT 25 & JE Ml EMEICEE 2 %155 2
EWTE D, JEIMIEMFREAEZMHLS 2 &, BERFHRERXEW- T M EEI SO
. FESEmEDHR(B.2.30)F HWTIENZRDD ZenTE b, -, K((5.2.28) K
(5.2.29)7 BB B R A TEEREZ RO D Z LN TE D,

5.2.5 RlEFHEDOET VAL

T RIS 5 CHE R E R RN T I LD, T e TR A HEE T 5 I ITEER
WOET AR MEL 7275, [Ansys Fluent] Tl Multi Referance Frame model(MRF)
& Slieding Mesh Mdel (SMM) & 9 2 FEEEOE T ML 2 FHERFICHE AT 5 2 E N A[HET
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MRF (DT
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ELTHI =, FHEICOWTHEE LRV, 20L& BEEERDF SN F ONLE
FICHFET 2R PICBW T, MR O A 1330(5.2.31) D RIfR 2 £,

V.o=V—u, #(5.2.31)
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U, : AHERE R 2 e L LT B A R O R B
ThY, U 13X(5.2.32)TROBND,

U, =aOxr A(5.2.32)
ORI Y EEIREBICT D KRR (BT SRR L OEE) B )
3R(5.2.33) B L OHK(G.230)DEBY EEIND,

V-pv =0 #(5.2.33)
V~(p\7r\7r)+ p(2a3>< V. +OX DX 17)= —Vp+V-:+f7 X(5.2.34)
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ThH D,

MRF TiX, BEhEEIIBE BRI EE DN T AT D3 T AU R RS C I s R A R (2 3
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DFARFA v H—T 2= AERBIFLE LRV, A v F—T 2— ABER ETOIERER
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3R AER(5.2.35) THETZ LA TE S, SMM Tk, ZOXEFKIFLNC TR FLRD
fo, FHEIEEREHAEAITI L LD,

%jp¢nw:bw@—ﬁgwﬁ=jrv¢wﬁ+j%dv #(5.2.35)
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A SR FEROERE~Y hv

Thb, EHE—HIFEETHY ., R(B.2.36)DFRICEIND,

n+l n
%jmﬁdh (os?) - (o) #:(5.2.36)
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H(5.2.36) D n [FBUEDRAN KT HETH D Z L 2R L, n+ L ITROFZZE T 2 TH
52 LERT, b L, BRIl GHERTFOBE) 12X EERFOBRBEELNELD &
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v _ [ o N :

E:@J-ug.dA:Z iig - Aj X(5.2.37)
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SMM TIEFHEE FDORE VIZEFZNC L0 B b LanZ &b, Ki(5.2.36) & K 5.2.37)1%
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% _[ pgdV = e )MA_I(’) ok #:(5.2.38)
V

D iy 4j=0 #(5.2.39)
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6.1 HZBELFHFBLIORE I RT

RETH, by A7 LAOFIMEE R LR 277, A EOmRIIE, &b B
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TWDH—HT, M7 OEEMZ 0.7%2MZx b TR Y | BMZEO M ERIX 2.1%FE Th
% Z L Table.6.3.3 L V8 T& 5, Table6.2.1 |27~k L7 CFD #EERE R TIZAT A M
&% 1.4%., b7 Z{b%E-0.6%EHEEL TEB Y, CFD AR & KB R TR T 2 ME
HE« MV MERED L NE T B2 > T D LV Z D, (IR LI ARHED S fift 6. CFD
HEERERIL 2N IRED RN S EF L TNDLI LD EEZEZ LN Z LG, ZORITAENS
R L7=EREE 2 Hivb, L, Case0 & Casel @ F/L7 PEREZEIL 0.7%FRE ZHI 2
BRTWDZ Emb, HFIEEEZMMMUIZBERTH D, #t&EE®B L2 E 5 b
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2. 7uRIEBEILY AT HADOEE]
2.1 B AT LHERE

| Input: Original Propeller

)
—>| Modify design parameters by SQP |
rm---m---o-- I ESEEEEEEEEEEEE Create Propeller Shape Sequence
: Calculate New Propeller shape (Proceeded by Fortran)
1
: (Modified design parameters X Original shape) :
1
1 [ |
1
| I I I ) :
1 | Max. camber dist. | | Cord length dist. | | Blade Thickness dist. | L | Pitch dist. | :
1
. [ I ] i
i . i
1
: | Offsets (Wing section) | 1
1
i ' '
i L i
: Calculate three-dimensional coordinate of points :
: defining blade surface 1
|
- peresetaErmr=rener = r=rermmmrmsmsmmm o mmmmm oo
Create new propeller 3D-CAD model I
by CAD software (Rhinoceros) CFD Analysis Sequence
l (Proceeded by Commercial software)
1

Generate grid for CFD analysis from new CAD
model by mesh generator (Hexpress)

|
|
|
!
i I
|
|
|

Estimate new propeller’s performance
by CFD software (Fluent)

Max efficiency
Satisfy Constraint Cond.

| Output: Optimized Propeller |

Fig. 2.1.1 Flowchart of propeller optimization system.
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4.1 BRESHDOES
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Fig.4.1.1 An example of modification ratio Fig.4.1.2 An example of original and

distribution of pitch. modified pitch ratio distribution.
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Fig.4.2.1 Comparisons of thickness and camber distribution between offset and

approximation at r/R=0.950. (Left: Thickness, Right: Camber)
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Fig.4.2.2 Comparisons of thickness and camber distribution between offset and

approximation at r/R=0.900. (Left: Thickness, Right: Camber)
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Fig.4.2.3 Comparisons of thickness and camber distribution between offset and

approximation at r/R=0.800. (Left: Thickness, Right: Camber)

1.00 0.50
030 % r/R=0.700 085 b r/R=0.700
0.80 N 040 N
0.70 h\ 03 L F A\
# ] ¢ ]
§OAGO I/ 50.30
£ 0.50 ? o Offset £025 o Offset
v 0.40 (f \ ——— Approximation(L.E. side) “0.20 \ Approximation(L.E. side)
0.30 ¢ x —— Approximation(T.E. side) 0.15 x —— Approximation(T.E. side)
0.20 x 0.10 x
0.10 0.05
0.00 0.00
000 020 040 0.60 080 100 0.00 0.20 040 060 080 1.00
x/c X/C

Fig.4.2.4 Comparisons of thickness and camber distribution between offset and

approximation at r/R=0.700. (Left: Thickness, Right: Camber)
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Fig.4.2.5 Comparisons of thickness and camber distribution between offset and

approximation at r/R=0.600. (Left: Thickness, Right: Camber)
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Fig.4.2.6 Comparisons of thickness and camber distribution between offset and

approximation at r/R=0.500. (Left: Thickness, Right: Camber)
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Fig.4.2.7 Comparisons of thickness and camber distribution between offset and
approximation at r/R=0.400. (Left: Thickness, Right: Camber)
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Fig.4.2.8 Comparison of chordwise camber distribution between Original propeller and

modified propeller.
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Fig.4.2.9 Modification function at r/R=0.950
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Fig.4.2.10 Comparison of chordwise thickness distribution at r/R=0.950
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4.3 =R 7a T CAD EFI/VDVERR

Fig.4.3.1 Coordinate system

Fig.4.3.2 Comparison of leading edge shape between with and without curve surface.
(Blue: with, Red: without)
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5. CFD % /=7 1~ #RESEAMh
5.1 FESZRM

Fig.5.1.1 Calculation Region.

Fig.5.1.2 Grid distribution at center line.
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keyblade

Fig.5.1.3 Grid distribution on propeller surface.
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Fig.5.1.4 Velocity distribution
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5. CFD ZH/=-7 a5 HEesih
5.2.4 JES-HEHERR

N

9[Updating physical property.

!

Sequentially solving for
each property .
L (u, v, w, k...) )

J

Solving equation of
pressure correction.

v

Updating mass flux,
pressure and velocity

!

Solving scalar equation.
(Turbulance, energy...)

No

Yes

[ Finish calculation. ]

Fig.5.2.1 Flowchart of pressure based solver

V4

y

Moving coordinate system
X Y

Absolute coordinate system

Fig.5.2.2 Relationship of coordinate system.
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6. HEiLT AT LDENERER
6.2 HEILEERRE
6.2.1 2T MHEE
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improvement of propeller open
efficiecy (% from original prop.)

012345678910
SQP Steps

Fig.6.2.1 Optimization history of SQP steps.
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Fig.6.2.2 Comparison of pitch distribution between Case0 and Casel.
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Fig.6.2.3 Comparison of camber distribution between Case0 and Casel.
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Fig.6.2.4 Comparison of cord length distribution between Case0 and Casel.
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Fig. 6.2.5 Comparison of blade section at 0.70R between Case0 and Casel.
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(a) Case0 (b) Casel
Fig.6.2.6 Comparison of blade shapes between Case0 and Casel.

6.2.3 7T RMEES] LB

(a) Case0 (b) Casel

Fig.6.2.7 Comparison of pressure distribution on back side between Case0 and Casel.
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(a) Case0 (b) Casel

Fig.6.2.8 Comparison of pressure distribution on face side between Case0 and Casel.

6.3 AERBRIC L AR OMHER
6.3.1 KIEHRBREM

(a) Case0 (b) Casel
Fig.6.3.1 Photos of model propeller.
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Fig.6.3.2 Comparison of thrust coefficient between Case0 and Casel(Tank test result).
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Fig.6.3.3 Comparison of torque coefficient between Case0 and Casel(Tank test result).
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Fig.6.3.4 Comparison of propeller open efficiency between Case0 and Casel

(Tank test result).
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7. PER R
7.1 HEREART

NN

i

[
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C.L.

Fig.7.1.1 Body plan of Ship A
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-100

Fig.7.1.2 Wake distribution at propeller position of ship A.
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Fig. 7.1.3 Averaged nominal wake distribution of ship A.
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Fig.7.2.1 MAU design result for ship A at each design point.
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7.3 HERF 7 e T HRERTR

0.2500

0.2450
0.2400 . o Case0 (Uniform flow) |

0.2350 R © Case0 (Wake flow) —
0.2300
w2 0.2250 &
0.2200
0.2150 g
0.2100 N
0.2050

0.2000
0.150 0.200 0.250 0.300 0.350

y
’ ’,

Fig.7.3.1 Estimation result of thrust characteristic of case0.
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Fig.7.3.1 Estimation result of torque characteristic of caseO.
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Fig.7.3.1 Estimation result of propeller open efficiency characteristic of case0.
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Fig.7.5.1 Optimization history of SQP steps. (From Case0 to Case3)
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Fig.7.5.2 Comparison of pitch distribution between Case0, case2 and Case3.
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Fig. 7.5.3 Comparison of camber distribution between Case0, case2 and Case3.
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Fig. 7.5.4 Comparison of thickness reduction ratio distribution between Case0, case2
and Case3.

5.0
4.5
4.0
3.5
3.0

2.0
1.5
1.0
0.5
0.0

0.

Case0

OGS

10.0 20.0 30.0
X

50.0

——Case2

——Case3

Fig. 7.5.5 Comparison of blade section at 0.70R between Case0, Case2 and Case3.
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7.5.2 7 ~XZHERE R
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Fig.7.5.6 Comparison of thrust coefficient between Case0, case2 and Case3.
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Fig.7.5.7 Comparison of torque coefficient between Case0, case2 and Case3.

83



0.4500

0.4250 =

0.4000 -

0.3750 -

< 0.3500 s —
¢ Case) ©Case2 ¢ Case3 |

N

N

0.3250 7

0.3000 e —

0.2750

0.2500
0.150 0.200 0.250 0.300 0.350

J

Fig.7.5.8 Comparison of propeller open efficiency between Case0, case2 and Case3.
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Fig.7.5.9 Comparison of pressure distribution on back side.
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(a) Case0 (b) Case2 (c) Case3

Fig.7.5.10 Comparison of pressure distribution on face side.

7.6 KIEREBHER

(a) Case0 (b) Case3
Fig.7.6.1 Photo of model propellers.
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Fig.7.6.1 Wake measurement results of ship A.
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Fig.7.6.2 Comparison of thrust coefficient between Case0 and Case3. (Tank test)
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Fig.7.6.3 Comparison of torque coefficient between Case0 and Case3. (Tank test)
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Fig.7.6.4 Comparison of propeller open efficiency between Case0 and Case3. (Tank test)
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Fig.7.6.5 Total resistance curve of ship A
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Fig.7.6.7 Self-propulsion test results. (nr)
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Fig.7.6.9 Self-propulsion test results. (1-t)
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Fig.8.1.1 Pressure time series at reference point on r/R=0.900.
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Fig.8.1.2 Pressure time series at reference point on r/R=0.800.
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Fig.8.1.3 Pressure time series at reference point on r/R=0.700.

8.2 JE /1 &/ IME DRIt

Pressure Coeficient

-1.2000
r/ R=0.900
-1.4000
”A,.“AWM

-1.6000 M‘*"""/ \

/M Case0
1100 J e e s Sl et s S Case2

| A WA A -_——=0
-2.0000
-2.2000
0 45 90 135 180 225 270 315 360

Rotation Angle[deg]

Fig.8.2.1 Pressure time series at reference point on r/R=0.900 with on.

91



-1.2000

r/R=0.800
-1.4000 AN » ]
- M "
[=
2
& -1.6000
3
O Case0
L
3-18000 - ——— - - == - - Case2
o
a -==0
-2.0000 A
MMMMW“ v
-2.2000
0 45 90 135 180 225 270 315 360
Rotation Angle[deg]
Fig.8.2.2 Pressure time series at reference point on r/R=0.800 with on.
-1.2000
r/R=0.700
14000 P A : - ~
€
2
& -1.6000
3
O Case0
Q A
5 v o pAr AN M MW
§1.8000 e o Y = g N I Case2
a -==0
-2.0000
-2.2000
0 45 90 135 180 225 270 315 360

Rotation Angle[deg]

Fig.8.2.3 Pressure time series at reference point on r/R=0.800 with on.

8.3 FEAHIF Z AN LU i- B bt Bk R

92



2.5%
2.0%
1.5%
1.0%
0.5%
0.0% o ® © o 5 & ¢ Case2->Case5
'(1)(5):? & Case4

=41. 0
-1.5%
-2.0%
-2.5%

& Case5

Improvement of propeller
performance from Case2

0 5 10 15
SQP Step

Fig.8.3.1 SQP history. ( with pressure constraint)

8.3.1 BERMEET

-1.2 -—

000 r/R=0.900

w ~1.4000

g UGB

ko) Case0

L=

é 1.6000 ‘ . Case?

v ¥

e MM&”%;\?- - e, = Case3

2 -1.8000 AT

@ o Case4

=~ M. "

A+ -2.0000 Caseb

———

-2.2000

0 60 120 180 240 300 360
TimeSteps

Fig.8.3.2 Pressure time series of at reference point on ¥/R=0.900 with on.

93



-1.2000

r/R=0.800

_E -1.4000 M..r_ M*’V"" AN —
'g Case0
C=1
§ 1.6000 Case2
8 N el T
5 -1.8000 Fo oo T e o Cased
2 A Case4
=~
4 -2.0000 - Caseb

ww -——=.0

-2.2000
0 60 120 180 240 300 360
TimeSteps

Fig.8.3.3 Pressure time series at reference point on r/R=0.800 with on.

-1.2000 —
r/R=0.700
& 14000 — T
:% Case0
S
§ 1.6000 - Case?
P
[ M Y
% L8000 - o Case3
g =" R R R Case4
Sl
~ -2.0000 Caseb
e
-2.2000
0 60 120 180 240 300 360
TimeSteps

Fig.8.3.4 Pressure time series at reference point on r/R=0.700 with on.

94



z
v AEI
Cp
2
18
16
14
12
1
08
06
04
02
0
-0.2
-04
-06
-08
-1
-12
-14
-16
-18
-2

(a) Case0 (b) Case2

z
v 4‘:1
cp

2

18

16

14

12

1

08

086
04
02

0
-0.2
-0.4
-0.6
-0.8

-1
-1.2
-14
-16
-1.8

-2

(c) Case4d (d) Case5

Fig.8.3.5 Comparison of pressure distribution on back side.

95



(a) Case0

(c) Cased (d)Caseb

Fig.8.3.6 Comparison of pressure distribution on face side.
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Fig.8.4.1 Photo of model propellers.
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(c) Case4
Fig.8.4.1 Photo of model propellers.
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(a) Case0 (b) Case3 (c) Case4
Fig8.4.11 Cavitation observation result. (Rotation angle=144deg.)

(a) Case0 (b) Case3 (c) Case4
Fig8.4.12 Cavitation observation result. (Rotation angle=174deg.)
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(a) Case0 (b) Case3 (c) Case4
Fig8.4.13 Cavitation observation result. (Rotation angle=204deg.)

Fig8.4.14 Cavitation observation result of Case0. (cn=2.7119)
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4.2 MAU 7' a7 EMEOER ik
4.2.1 F ¥ N\—54 - BRESAH DZEAITE

Table4.2.1 Offset tables of MAU propeller.
(a) Offset table of r/R=0.950

No. 1 2 3 4 5 6 7 8 9
X 0.00 3.13 6.25 9.38 15.63 23.44 31.25 46.87 50.00
Yo 22.40 31.50 40.35 48.60 63.20 78.05 89.05 99.70 | 100.00
Yu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
No. 10 11 12 13 14 15 16 17
X 55.88 63.23 70.59 77.94 85.30 92.65 96.32 | 100.00
Yo 98.95 94.55 86.85 75.75 61.20 43.30 33.10 22.00
Yu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(b)Offset table of r/R=0.900
No. 1 2 3 4 5 6 7 8 9
X 0.00 3.06 6.11 9.17 15.28 22.92 30.56 45.85 48.90
Yo 21.40 31.30 40.40 48.55 62.95 78.00 89.10 99.75 | 100.00
Yu 5.60 4.00 2.70 2.05 1.20 0.70 0.30 0.00 0.00
No. 10 11 12 13 14 15 16 17
X 5491 62.42 69.94 77.46 84.97 92.49 96.24 | 100.00
Yo 98.80 93.45 84.65 72.30 56.50 37.45 27.15 15.80
Yy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(c) Offset table of r/R=0.800
No. 1 2 3 4 5 6 7 8 9
X 0.00 2.84 5.68 8.51 14.19 21.28 28.38 42.56 45.40
Yo 28.90 38.35 46.80 54.45 67.70 80.35 89.85 99.80 | 100.00
Yu 18.80 14.00 10.45 8.05 5.05 2.70 1.15 0.00 0.00
No. 10 11 12 13 14 15 16 17
X 51.82 59.85 67.88 7591 83.94 91.97 95.99 | 100.00
Yo 97.90 90.55 79.45 65.30 48.45 29.70 20.00 10.10
Yu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table4.2.1 Offset tables of MAU propeller.

(d) Offset table of r/R=0.700

No. 1 2 3 4 5 6 7 8 9
X 0.00 2.51 5.03 7.54 12.56 18.84 25.12 37.69 40.20
Yo | 3425 |4495 |5390 |61.35 |72.65 |[83.00 |90.95 |99.80 | 100.00
Yy |26.85 |2050 | 1545 |11.95 |7.70 4.10 1.75 0.00 0.00
No. 10 11 12 13 14 15 16 17
X 47.23 56.03 64.82 73.62 82.41 91.21 95.60 100.00
Yo | 97.80 90.25 78.80 64.30 46.90 27.60 17.60 7.42
Yy | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(e) Offset table of r/R=0.600
No. 1 2 3 4 5 6 7 8 9
X 0.00 2.18 4.36 6.54 10.91 1636 | 21.81 |32.72 |34.90
Yo |39.60 |49.60 |58.00 |64.75 |7520 |84.80 |91.80 |99.80 | 100.00
Yy | 3040 |23.60 |18.10 | 1425 |9.45 5.00 2.25 0.00 0.00
No. 10 11 12 13 14 15 16 17
X 42.56 52.13 61.70 71.28 80.85 90.43 95.21 100.00
Yo | 97.80 90.10 78.45 63.70 46.05 26.35 16.20 5.87
Yy | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(f) Offset table of root side sections (from r/R=0.500 to root)

No. 1 2 3 4 5 6 7 8 9
X 0.00 2.03 4.06 6.09 10.16 15.23 20.31 30.47 32.50
Yo | 42.00 51.85 59.75 66.15 76.05 85.25 92.20 99.80 100.00
Yy | 31.00 24.25 19.05 15.00 10.00 5.40 2.35 0.00 0.00

10 11 12 13 14 15 16 17
X 40.44 50.37 60.29 70.22 80.15 90.07 95.04 100.00
Yo | 97.75 90.00 78.25 63.30 45.45 25.55 15.30 4.85
Yy | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table4.2.2 Coefficients of polynomial approximation of thickness distribution

and camber distribution.

Thickness Camber
/R i
L.E. side T.E. side L.E. side T.E. side

0 0.2233 0.2594 0.1117 0.1297

1 3.0512 2.9017 1.5256 1.4509
0.950 2 -2.6129 -2.6882 -1.3064 -1.3441

3 -1.4279 -0.3575 -0.714 -0.1788

4 1.3289 0.1046 0.6645 0.0523

0 0.1590 0.1181 0.1352 0.0590

1 3.9391 3.6758 1.3633 1.8379
0.900 2 -7.3752 -3.8734 -0.7302 -1.9367

3 10.2221 -0.0432 -1.5940 -0.0216

4 -9.0621 0.2809 1.0334 0.1404

0 0.1019 -0.0953 0.2378 -0.0477

1 5.3617 5.5476 0.8355 2.7738
0.800 2 -15.1738 -8.3467 0.9934 -4.1733

3 28.1749 3.3341 -5.8036 1.6670

4 -24.6225 -0.3390 5.2307 -0.1695

0 0.0752 0.3373 0.3051 0.1686

1 7.4906 3.7297 0.9161 1.8649
0.700 2 -31.3771 -6.0107 -1.4536 -3.0054

3 76.8527 2.1253 1.8710 1.0626

4 -77.0059 -0.1078 -2.2765 -0.0539

0 0.0935 0.5927 0.3497 0.2963

1 8.4805 2.6263 0.7678 1.3131
0.600 2 -40.6666 -4.7498 -1.0108 -2.3749

3 113.6344 1.6746 0.2673 0.8373

4 -130.2932 -0.0857 -0.3528 -0.0428

0 0.1125 0.6820 0.3650 0.3410

1 8.8121 2.1953 0.7822 1.0976
0.500 2 -45.2568 -4.1843 -1.8513 -2.0921

3 137.5547 1.3789 4.4443 0.6895

4 -172.2121 -0.0239 -6.8075 -0.0119
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Table4.2.2 Coefficients of polynomial approximation of thickness distribution

and camber distribution.

Thickness Camber
/R 1
L.E. side T.E. side L.E. side T.E. side

0 0.1125 0.3650 0.6900 0.3450

1 8.9455 0.7941 2.1786 1.0893
0.400

2 -46.6114 -1.9044 -4.2496 -2.1248
~100t

3 143.7394 4.6279 1.5109 0.7555

4 -182.6461 -7.1960 -0.0854 -0.0427

Table4.2.3 Determination coefficients of approximation of thickness distribution

and camber distribution.

Thickness Camber
/R L.E. side T.E. side L.E. side T.E. side

0.950 1.000 1.000 1.000 1.000
0.900 1.000 0.999 1.000 1.000
0.800 1.000 0.999 1.000 1.001
0.700 1.000 0.998 1.000 1.000
0.600 1.000 0.998 1.000 1.000
0.500 1.000 0.998 1.000 1.000
0.400

1.000 0.998 1.000 1.000
~root
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Table5.1.1 Calculation condition of steady computation.

Turbulence model

Transition k- SST

Rotation speed n  [r.p.s.] 19.189
Propeller diameter Dp [m] 0.240
Rnp 1.10x10°

Discretization scheme

Second-order upwind

Velocity-pressure coupling SIMPLE
Relaxation coefficient 0.3
Number of Iterations 2000~2500

Boundary Conditions

Inlet boundary : velocity-inlet
Outer boundary : velocity-inlet
Outlet boundary : pressure-outlet
Wall boundary : No slip

Rotation modeling

Multiple Reference Frame model

Table5.1.2 Calculation condition of unsteady computation.

At [s]

2.8951 10

Convergence condition

0.0001

Rotation modeling

Sliding Mesh Model




6. it AT LADEHFESR
6.1 BELEHB LIRS TS

Table6.1.1 Particulars of original propeller.

Propeller name Case0
Blade section MAU
Number of blade 5
Propeller diameter 0.2400 (m)
Pitch ratio 0.6689(Const.)
Exp. Area ratio 0.5350
Boss ratio 0.1939

Table6.1.2 Propeller performance of case0

Case0

Kr 0.2100
10Kq 0.2310
no 0.4341

6.2 HELHERR
6.2.1 o ~XZMHEEHE

Table6.2.1 Comparison of propeller performance between case0 and casel

Case0 Casel difference (%)
Ky 0.2100 0.2130 +1.4%
10Kq 0.2310 0.2296 -0.6%
o 0.4341 0.4428 +2.0%
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6.2.2 7 RSUR I

Table6.2.2 Comparison of maximum camber between Case0 and Casel.

r/R Case0 Casel diff.(%)
0.950 0.0162 0.0289 79%
0.900 0.0163 0.0337 107%
0.800 0.0202 0.0464 130%
0.700 0.0263 0.0505 92%
0.600 0.0348 0.0475 37%
0.500 0.0461 0.0510 11%

6.3 KEHABRIZ L 2R OMER
6.3.1 KIERBR &M

Table6.3.1 Particular of Tsu model ship basin.

Length [m] 240
Breadth [m] 18
Depth [m] 8

Table6.3.2 Particular of model propeller.

Propeller name Case0 Casel
Blade section MAU Optimized
Num. of blade 5 5

Propeller diameter 0.2400 (m) 0.2400 (m)
Pitch ratio 0.6689(Const.) Variable

Table6.3.3 Tank test results of Casel and Case0 at =0.300

Csase0 Casel difference (%)
Kr 0.2061 0.2120 +2.9%
10K, 0.2304 0.2320 +0.7%
no 0.4272 0.4363 +2.1%
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6.4 TR T A —F OEFELE

Table6.4.1 Comparison of optimize effect between optimized parameter combinations.

Pitch Camber Cord length
o o o Opt. effect
distribution. distribution distribution
Casel o o o +2.0%
Casel-1 o o X +1.7%
Casel-2 o X o +1.3%
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7. PER R
7.1 HEEARE

Table7.1.1 Particular of Ship A

Ship Name Ship A
Kind of Ship VLCC
Scale Actual Ship Model Ship

Lep [m] 320.00 7.8367
Breadth [m] 60.000 1.4694
Draft [m] 20.000 0.4898
Propeller Diameter [m] 9.800 0.2400
Cs 0.8201 0.8201
Cum 0.9983 0.9983

Table7.1.2 Experimental Condition of wake measurement at 1st time.

Lwr [m] 7.9874
Water Temperature [C] 17.2
Vu  [m/sec] 1.380
Rom 1.024 X107

7.2 BRI RS

Table7.2.1 BHP of ship A.

BHP [ps]
MCO 0.1767ps
CSO 0.1413ps

Table7.2.2 Propeller particulars.

Number of blade 5
Ae 0.5350
Boss ratio 0.1939
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Table7.2.3 BHP of ship A.

BHP [ps]
Best Design Point 0.1785ps
Case0 0.1792ps

diff. (%) +0.4%

7.3 HEH 7 a T HRERE

Table 7.3.1 Estimation result of propeller performance of case0 in wake field

Vi [m/sec] J Krp 10K g s Kro 10K o0 No UL

2.000 0.2200 0.2361 0.2528 0.3270 0.2350 0.2528 0.3256 1.004

2.250 0.2448 0.2272 0.2450 0.3614 0.2265 0.2450 0.3601 1.003

2.500 0.2694 0.2184 0.2371 0.3951 0.2176 0.2370 0.3937 1.004

2.750 0.2930 0.2098 0.2291 0.4270 0.2089 0.2291 0.4252 1.004

> Y
7.5 BMILA AR
7.5.2 7T HEE LB
Table7.5.1 Comparison of propeller performance between Case0, case2 and Case3.
Case0 Case2 Case3

Est. Est. diff.[%] Est. diff.[%]
Kr 0.2246 0.2283 1.6% 0.2276 +1.3%
10K, 0.2434 0.2424 -0.4% 0.2411 -0.9%
No 0.3672 0.3748 2.0% 0.3756 +2.3%
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Table 7.5.2 Estimation results of propeller performance in wake.

Case0 Case2 Case3
Est. Est. diff. [%] Est. diff. [%]
Kr 0.2254 0.2297 1.9% 0.2294 1.8%
10K, 0.2434 0.2433 0.0% 0.2424 -0.4%
Mo 0.3683 0.3706 0.6% 0.3686 0.1%
1R 1.003 1.001 -0.2% 1.000 -0.3%
1-Wy 0.5002 0.4940 -1.2% 0.4902 -2.0%
™ 1.999 2.024 1.3% 2.040 2.1%
n 0.7362 0.7503 1.9% 0.7520 2.1%
7.6 AAERBIER

7.6.1 PESREHEIR R

Table7.6.1 Experimental Condition of wake measurement at 254 time.

Lw.  [m] 7.9874
Water Temperature [C] 12.6
VM  [m/sec] 1.558
Rom 1.024 X107

7.6.2 T EMRERE R

Table7.6.2 Comparison of propeller performance at J=0.250. (Tank test)

Case0 Case3 Case3/Case0
Kr 0.2250 0.2301 +2.3%
10K, 0.2470 0.2495 +1.0%
o 0.3624 0.3670 +1.3%
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7.6.3 BB R

Table7.6.3 Experimental condition of self-propulsion test.

Lww [m] 7.9874
Propeller Diameter [m] 0.2400
Design Fn 0.1456
] 2.504
Design Speed [kt] ,
(Actual Ship:16kts)
Self-propulsion point Model point
Measured points Fr=0.130~0.170

Table 7.6.4 Self-propulsion test result at £#,=0.1456.

Case0 Case3 Case3/Case0

Mo 0.366 0.361 -1.4%

R 0.987 0.981 -0.6%
1-Wy 0.464 0.444 -4.4%
1-t 0.818 0.819 +0.1%
N 1.763 1.845 +4.7%

n 0.638 0.654 +2.6%
BHP[PS] 0.1646 0.1605 -2.5%
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8. F¥ VT —Ta VIEREEER LI-HiEk

8.1 Case2 DX ¥ ¥ 5 —3 a MR

Table8.1.1 Minimum pressure at each reference point.

0.900R 0.800R 0.700R
Case0 -1.717 Base -1.474 Base -1.433 Base
Case2 -1.969 -14.7% -2.117 -43.6% -1.850 -29.1%

8.2 & 15/ IME D #illH S48

Table8.2.1 Dimension of Ship A

Model Ship Actual Ship
Lep [m] 7.8367 320.00
draft [m] 0.4898 20.00
Wetted Surface Area [m2] 16.5621 27615.4
Propeller Diameter [m] 0.2400 9.800
Shaft Center Height [m] 0.1224 5.000
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Table8.2.2 Cavitation number.

Cru 4.324

1-1, 0.818

ps [kg/m3] 1025

P, [hPa] 1013

P, [Pa] 1670

g [m/sec?] 9.81

ng [r.p.s] 1.54

o, atr/R=0.900 1.7657
o, atr/R=0.800 1.8079
o, atr/R=0.900 1.8501

Table8.2.3 Minimum pressure at each reference point and cavitation number.

0.900R 0.800R 0.700R
min.Cp diff. min.Cp diff. min.Cp diff.
c -1.766 Base -1.808 Base -1.850 Base
Case0 -1.717 -2.76% -1.474 -18.48% -1.433 -22.55%
Case2 -1.969 11.51% -2.117 17.11% -1.850 -0.02%
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8.3 JEAHIKI & AN L= Bl b3 BkE R

8.3.1 ERHEE
Table8.3.1 Minimum pressure at each reference point and cavitation number.
0.900R 0.800R 0.700R
min.Cp diff. min.Cp diff. min.Cp diff.
c -1.766 Base -1.808 Base -1.850 Base
Case0 -1.717 -2.76% -1.474 -18.48% -1.433 -22.55%
Case2 -1.969 11.51% -2.117 17.11% -1.850 -0.02%
Case4 -1.844 4.45% -1.908 5.56% -1.774 -“4.11%
8.3.3 7’ R 7 HERE LS
Table8.3.2 Propeller performance at VM=0.2045m/sec
Case0 Case3 Case4 Case5
X 0.2211 0.2233 0.2224 0.2241
(Base) (+1.0%) (+0.6%) (+1.4%)
10K, 0.2405 0.2383 0.2374 0.2403
(Base) (-0.9%) (-1.3%) (-0.1%)
0.3659 0.3697 0.3713 0.3694
o (Base) (+1.0%) (+1.5%) (+1.0%)
1.003 1.000 1.001 1.001
Tk (Base) (-0.3%) (0.2%) (0.2%)
1, 0.5646 0.5584 0.5614 0.5610
(Base) (-1.0%) (-0.5%) (-0.2%)
1.7711 1.7908 1.7812 1.7824
" (Base) (+1.1%) (+0.6%) (+0.6%)
0.6499 0.6623 0.6620 0.6592
7 (Base) (+1.9%) (+1.9%) (+1.4%)
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8.4 KIEHBHER
8.4.1 FEVE AR

Table8.4.1 Experimental Condition of wake measurement at 34 time.

Lwy [m] 7.9874
Water Temperature [C] 19.1
Vu  [m/sec] 1.315
R 1.024 X107

8.4.2 Fu T EMABRER

Table8.4.2 Comparison of propeller performance at J=0.250. (Tank test)

KT KQ No
Case0 0.2260 Base 0.2471 Base 0.3639 Base
Case3 0.2302 1.9% 0.2491 0.8% 0.3677 1.1%
Case4 0.2323 2.8% 0.2506 1.4% 0.3688 1.4%
8.4.3 HFIFBNR
Table 8.4.3 Self-propulsion test result at #,=0.1456.
Case0 Case3 Case4
EXP. EXP. diff. [%] EXP. diff. [%]
Mo 0.377 0.359 -4.8% 0.371 -1.6%
Mk 0.994 0.975 -1.9% 0.980 -1.4%
1-Wy 0.474 0.432 -8.8% 0.450 -5.0%
1-t 0.818 0.818 0.0% 0.816 -0.2%
Ny 1.726 1.894 +9.7% 1.813 +5.0%
n 0.646 0.662 +2.5% 0.658 1.9%
BHP[PS] 0.1586 0.1548 -2.4% 0.1557 -1.8%
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8.4.4 X ¥ 5T —3 g VRABRER

Table 8.4.4 Dimension of test section.

Length 2600 mm
Section 600 X 600mm
Contraction ratio 1:3

Table 8.4.5 Test conditions of cavitation test.

Case0 Case3 Case4
Kr 0.2211 0.2273 0.2268
Cavitation Number o n 1.8079 1.8079 1.8079
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Appendix B VAT DARRED IHRAT

2 2 TR mal bR RIS WS OB D HEE RS RIT G 2 D 58 AN SRHTIZ X D
MR LIZRERICOWTART, ZAuT, R 28T 2729010, REEIZHW T
N—EANZHN DN DT L AR TR FEEAZ/NSEREL TNWD D, £ DOREL R
L7zt D Th D, it iAW TV AR ESL Grid-1 & LT, Grid-1 £ Y W
¥+% Grid-0, Grid-1 XV #72K+% Grid-2~Grid-4 & 7 5 FHEOK -2 /ER L. ik
DS FRAT 2 i L7e, FHEICHWEE FI3IEE - CTh 0 | SR TO%LAED X 7
AT T A v 7B L ZBEA TE R0, Eea b 212X Dik/h 2 FIEICE SR
e SN 2R Lic, 723, BT O A X1EX (A1) ICTERT DT A
RN SN TPIE LT,

1-i
ho=hyx22 (A1)

I,
hi : Grid-1 #& 191 X
hi : Grid-i #7H% 1 X (i=0, 2, 3, 4)

1-i

Thb, 22 BT A X (Grid Size Ratio) #3 L. Grid-1 D7+ Xthid 1 & 72

%, W7 o X7 IO R L7 Case0 @7 1T 2 Wiz, FkTZ2 W THE
E L= A EHEEE % Table A-1~Table A-3 (27", 7288, KHEEMEIX J~0.250 THEE L 7=

i EHEHV TV S,
TableA-1 Estimation result of thrust coefficient.
Grid Size Ratio | Kr Diff(%)
Girid-0 | 1.414 0, 2266 | 0.9%
Girid-1 | 1.000 0, 2247 | 0.0%
Girid-2 | 0.707 0, 2221 | -1.2%
Girid-3 | 0.500 0, 2216 | -1.4%
Girid-4 | 0.354 0, 2219 | -1.2%

TableA-2 Estimation result of torque coefficient.

Grid Size Ratio 10Kq Diff(%)
Girid-0 | 1.414 0.2454 | 0.8%
Girid-1 | 1.000 0.2433 | 0.0%
Girid-2 | 0.707 0.2401 -1.3%
Girid-3 | 0.500 0.2396 | -1.5%
Girid-4 | 0.354 0.2405 | -1.2%
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TableA-3 Estimation result of propeller open efficiency.

Grid Size Ratio | 10 Diff(%)
Girid-0 | 1.414 0.3675 | 0.0%
Girid-1 | 1.000 0.3674 | 0.0%
Girid-2 | 0.707 0.3680 | 0.2%
Girid-3 | 0.500 0.3681 | 0.2%
Girid-4 | 0.354 0.3672 | -0.1%

TableA1~TableA3 D& B % FW TARMEN ST 21T > T,
JEIXLL FIioR3 EB80 THD,

RIS HED ST DZEATF

(i) AT A MBI ML T DORFEN SIEITIZOWT
AN AN SR O R ET 5 AT A MEOHEEE Z A&V A X125 T Thi (1=0,1,,,4)
ELTK (A-2) TR T S’/ 2D ¢p an pEED D,

st Syl

T 2T nglIREE SEATICHW IR 4 A XOBA R L, AT T 0= L 72D, &
oo wildhs YA X Cle A g R L, Az LT ClEt (A-8) T, HAb 0 gkt ©
IR (A4) ITTROHID,

X (A-2)

i = A (A-3)

: X (A-4)

BARLKOEALD D TITo 2T OV T, B S p Bos<p<2 &,
AT 5221 (A5 LuRwbhb,

gy =ahl

X (A-5)

Fio, phps2tleoBAIER (A6) X (A7) IRT, TRIERB IO 2 KIEZE AV
T HIHEBH RN & 72 D gods L Qe B LRENT & B/ 0 FRFTIC L &4 R, 15
BN AR E VTR (A-8) B L O (A-9) 1R TR =2 BT 5, 7ok, X (A-8)
MIREOHIERER, X (A-9) P2RHEOHEEMICIHGT 5, 2 2 THRONIEER A
D H/NIVRED gl L Ve N THEERZEZ RO D Z L LD | ¢l LV ad 1R D H
R BREDHA IR (A-10) ZH, 2REDHIEREB SR E 255130 (A-11)
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ERWTHEER G EZRD D,

Sl(%aa):\/zgwi(¢i_(¢o+ahi))2 = (A-6)

-1

s2<¢o,a):\/n2gwi(@—(¢o+ahf))2 % (A
im1

g

ani(¢i ~ (o + ahi))z

_ i=1 . -

01— (ng—z) it (A 8)
an.(¢,. —(¢0 +ahl~2))z

_ 1=l . -
0y = (ng—Z) . (A-9)
£y = ah; X (A-10)
£y = ahl-z A (A-11)

wIZK (A-12) ZHWTAYERD S,
g - P~ A (A12)
Ng -1

ZDFE, 05<p<21 0D o<Ap ZililoHIXL2IFE Fs=1.25 L L, o<Ap &= L
05< p<21 %72 S7RWVEATT Fo=3 & LT (A-13) L0 &V 1 RITxh L TR &
EROD, £z, EEREHFEOWTR LT S0 EAIE (A-14) TRIENSEZRD D,

Uy(¢) = Fsey(dy)+ o +|d — b X (A-13)
U¢( ;)= 3A£¢(g¢(¢i)+o-+‘¢i _¢ﬁt‘) X (A-14)

RO ITIECIESNTELNTZAT A MBI M HEEEDO RN X % TableA-4
5 L O TableA-5 12777,
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TableA-4 Uncertainty analysis result of thrust.
Grid Kr U(Kr)/ K7
Girid-0 0.2266 0.9%
Girid-1 0.2247 0.0%
Girid-2 0.2221 -1.2%
Girid-3 0.2216 -1.4%
Girid-4 0.2219 -1.2%

TableA-5 Uncertainty analysis result of torque.
Grid 10Kq U(KQ )/ Ko
Girid-0 0.2454 0.8%
Girid-1 0.2433 0.0%
Girid-2 0.2401 -1.3%
Girid-3 0.2396 -1.5%
Girid-4 0.2405 -1.2%

(i) 7" 7T MO RHED SFHTIZONT
TaNTHEMBRITIAT A FBL O ML OHEEEICE SO TEB SN 5%, mHEEHD
FFORMEN S AR L CTHAMBIRO RN S 2 BINT 20 E R H 5, K (A-15) TERIN
D X072 BEOWHLE x,(i=12,,,, ) IZHESO TR S 2 WELE y O R S u, 13X (A-16)
WIZEESW TSRO HILD 13,

y:f(x]’x25,,sxi) :Et (A15)
N N-1 N
UE(J’)=ZC}2U1'2(X1')+2 ZCiCjU(xi)U(xj)r(xi’xj) X (A-16)
i=1 i=1 j=i+l
ZZ T,
of
c. = — N _
"oy X (A-17)
_9 \
%-_aﬁ A (A-18)
ThHbd, WE, ylI7aRXTHEMGEp THY . noldk (A-19) IZTEZRSND,
J Ky 1 i1
=——=—JK7K, \ -
o Kk, 220 P A (A19)

ZD9 L, CFD IZRWT, 7uaXTHitER JIX 7 a7 miRECORTEEE & W o TR E
EICHESWTEE D%, RHENSITENLEDOL LTEZDE, no DAENSHEHAZ, K
(A-16) = (A-17) ~X (A-19) ZHWTEZTFTLRX (A-200 255,
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AR AR AR LA AR
nB. ke K)iZ AT 2 b+ MV HEEBORBERTHY . X (A21) TRHOEN,
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Z&ﬁjak@JZ)
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i=1 i=1
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S,
i=1

Ky = a=l
g
l’lg
K, = =l
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Th b,

VWE, TableA-1 3L TableA-2 (Z/RFT AT A K « L7 OHEEMEZ W TIZIESNT
rkr ko) 2k s & MK Kp)=0996 2185, Zh kv, & (A-20) #X£0X TableA-4,
TableA-5 |Z/R AT A b« bVT HEEMEDO RN S 2 N TT v~ 7 B RO A HE) S
ZREHT S Z LN TE, TableA-6 IORTHIRZ1G5,

TableA-6 Uncertainty analysis result of propeller open efficiency.
Grid o Ul15)/115 (o5
Girid-0 0.3675 0.3%
Girid-1 0.3674 0.2%
Girid-2 0.3680 0.2%
Girid-3 0.3681 0.1%
Girid-4 0.3672 0.1%

VL LY AHEEMITGT 5 Ak S 73R E D 455K % Grid Size Ratio IZ)& U T Fig Al
(R,
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Fig. A-1 Results of uncertainty of each gird size ratio.

FigA-1 10, AFEOKBEIICHN TN D Grid-1 (1A X=1.0) TE7 a7 H

MENROHEEML 0.3%FRED RN S ZH L, AT AN, M7 OHEEEIL 2%FRE DR
NI EETDHIENMRTED, N CCTHE LKLy A7 A TIE, BHRUBEE L L
TWD 7 AT BN O A FEDS 2%FEE & WO FER Lo TR Y | HEEERF O fED
S EOHRE/TNDLZ 0D, KL THRONLM EEOHERFEITIAERLDOT
bbHEBEZLND, —HT, ALY AT ATIE ML BRAID SV 7 5 0.5%8L =2
fEL7Z2 X D HfISEE 2N 2 TV D23, A a0 RHED SRR FITH S L L TEL
TWD M7 BALOFPAR, ¥ T OFFOARHED S OFPHNICA->TWH Z L EZEKRLTE
D, BE(LICHNTWD Grid-1 1%, fi#E{bs AT A0 kL7 PEREFEIIC AV B I I E AR5 Y
ThHHAREMEEZREB LTS, Z 2T, Grid-1 BEXO Grid-3 O FHE % T Casel
L Casel L Case0 & Cased3 D7’ T DVEREZEAHEE LK TEED L7 P2l
DOHEERE FN B LG LTz, #55HE% TableA-4, TableA-5 (27”7,

TableA-4 Difference of performance between Case0 and Casel at ~0.300.

Kr Kq o
Grid-1 | 1.4% -0.6% 2.0%
Grid-3 | 0.8% -1.1% 1.9%

TableA-5 Difference of performance between Case0 and Case3 at /=0.250.

Kr KQ 1o
Grid-1 1.3% -0.9% 2.3%
Grid-3 | 1.7% -0.6% 2.4%
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Table A-4 33 . (N Table A-5 "HLL RO Z L3R TX 5,

D EELo BB L LTWa F 2T EmshRom F ko ZICEDb b, 13T
[FSFICHEE STV D,
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2 HKISRIEDFARIZ OV T, FEEMICA DR > TOWRWATRERED B 5720, A% IRET
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17 L Casel & L<IX Case3 77D b7 MEREXEIT 1%EEICIMZ N TS Z &
o HIREEEZRLIEAROHITH S, KER MV ka2 I3 2 R0 T oz
RIFFONATNDHEDEEZ B, IO L 0 YEREFHIIZ 22 2 FHARFE 23 K
THIEEEZEZDE, BRRATIEEN LOREZRMEITENEEX B,
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