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In the present study, the model—scale Propeller Open Water (POW) tests for the propeller of 176K bulk carrier and 8600TEU
container ship were conducted through Computational Fluid Dynamics (CFD) simulation, In order to solve the incompressible
viscous flow field, the Reynolds—averaged Navier—Stokes (RaNS) equations were employed as the governing equations, The
v—Reg(gamma—Re—theta) transition model combined with the SST k—wturbulence model was introduced to describe t
laminar—turbulence transition considering the low Reynolds number of model—scale, Firstly, the flow simulation developing over
a flat plate was performed to verify the transition modeling, in which the wall shear stresses were compared with experiments
and other numerical results, Then, to investigate the effect of the model, the CFD simulation for the POW test was performed
and the simulated propeller performance was validated through comparison with the experiment conducted at Korea Research
Institute of Ships & Ocean Engineering (KRISO).

Keywords : Laminar—turbulent transition(5&F—t5 T0J), Gamma—Re—theta transition model(Z0—20|A|EF 0| 22), Propeller
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1. A—I = SO A Mol MEE £ US MER EAET U (Yang
et al., 2010).

Mol dsets Zalet (iR 3t FofoilA CFDL| X|uY
A2 Alefs ol tot XSl ATt AR SIS wmaie Mgxioln Asepl ZIE T W 4 Qs At
of dsel SAe Lo Eelof MekRa|=HComputational 2 "o ensemble average)=  RaNS(Reynolds—averaged
Fluid Dynamics, CFD)2 A2t 22N ZSHoA w=A 2 Navier-Stokes) BFHAIO| =2 ALZEIC} E3F RaNS EHAlQ|
st flot. S3l, =M 2oilM= dolt s xS =2 PH=2=  SST(Shear  Stress  Transport)  k—wOlLf
o MA T ZEAY Solof| L& E AIZKS Het Realizable k—¢ S2| x=&l0| &|2e| TS0 ZL7| ARRE
5P| 25, CFDE &850 FEEe=2 ZEHAES A5 = =Moo} (Seok & Park, 2020). 3HX|2t 0[2{3t L2 DRSS
= 20| o|ofX|2 Ut (Seo & Park, 2017; Yongxing & 2 My S=Rk2 oM diet L2z J1ME| 2o =59} Lt
Kim, 2020). =5t M| FHo| HHFM & 7= M Sof| & el MO|E EEehke ZMSole Mok Al =lct

Sk7|ZE AT $l2 M CFD7}F AR T RleH O MEt (Juhaveikko, 2001).
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oMeE SR 7501 Mg J7tsMo| ofe =ct
Kuiper (1981)= Z&S o|8st Z2He 5 AIH(POW

test, Propeller Open Water test) Al 74 ™of| HIES T
slof Z2HP| EHe| RES USsIQIct O Znt Z2HY
Ho| fM2 SR HRel ME ClE dEsS LIEHH 0 At
olofl= ZAMo| ZHE ==, Fig. 12 20| &F dedo| ==z
el ZHO| 26% olat BEsks Ae & 5= UQUCE ol2h AL
St 42, ITTC(International Towing Tank Committee)2| H11
of mz2t 10° ojAke] =2 2ols= oM $UE 2E T2H
Ho| = AlFME Z2HEY FHe| FRF 70| AE=S
onq (Sasajima, 1975; Tsuda et al., 1978), model-scale =
28| M| 36~65%2 EF 7=0| EMcke B0 st
ZMict (ITTC, 1993). olz{st M3l A7 E2 28 Z=Hy
EHo| 7 70| Yt=eA| EXsichs Z431t 1 H[E0] 30% Wi
Q2 FAIR &= gichs B2 AlARH 10 Uct

2 27|Ye| ZZ2HE2{of &St FSEES CFDE e
g 42, BE 70| HRE TSk utAel iR 2HEO|
ARE2 AX sAT CIE ZolE fust

e SRl dls i 2 olEEE JXE=R
(Abu—Ghannam & Shaw, 1980), AlM| 2
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Fig. 1 Boundary layer regimes on suction side of propeller
(Kuiper, 1981)
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Castelli et al. (2012)2 NACA thHol| CHet sk FXof|
ZEZS A5 o0 ofat Ao st HElE E510
FoRHQACt Wang & Walter (2012)= Xo| =2HZ
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AR Ttssh Fist Mol ZHo(of ME oM ARSE Ht
RAC} (Castelli et al., 2012; Janssen, 2015; Bhattacharyya et
al., 2016; Baltazar et al., 2018). &+ yv—Rey transition 22
0| SST k-0 ZHnfe| AMTt 518=7| IHE0| ke 52| CIE
i el S = ko Nyl o

et Mo|ZHo|A] y(intermittency) = 2= d7<H§101|/\‘| 0~1
Atolel grez Fol=of U= XY Higeo|ct Tiek It 0
?4x W fE2 7 7S, vHL 89 %R‘j LR REl=2
2FE = Ach ye R 2 olluX]el MM 2 ok MAMs|
ol XA =lck waiM y7+ 02l RollMe i olHX|7F EXSER|
oot BF F=2=Z E0|=0f y7+ 121 RolMs el R =
Hnf Z2 gAlo=z AlFa|olMol AFECE 7t 0~12! FHo| &
AollM= y7+ =S Al|| ol MutEICE It BT | ARt
= 9%, & Ho| AR QRl= AAH S 25 FH 7= o]
== ot UHR ZEole| ARIAIE Sl Z-=n] o] Ak
AEg Sl dEdez FE £ Ut FIECE yRey
transition model@| ECt ApMieh =41 & FMo| $HAS Hofsk=
MAstof s Langtry & Menter (2009)2 &H=3517| HiI2tct,

oy = ””3101I st CFD A|Ballo|Mof| 28t x| 2
2351%20{ 0|2 Table 10 225101 LIE[ACY,

|'|

rr fLI

Table 1 Numerical modeling

Governing RaNS & continuity equations
equations (incompressible & viscous)
Turbulent model SST k—o model
Turbulent | Wall treatment | Low y+ wall treatment
modeling
Transition model | y—Reb transition model

3. Mo| 2Y AS : G ofE Al

3.1 AlE3old =

M, xo| ZHof st A5 S flslo] HWEo| ojzlof st
CFD AlE2olME 85, A8 (Abu-Ghannam & Shaw,
1980; Coupland, 1990) 2 Ef Z=x| Z3} (Wang & Perot,
2002)2} H|w3ICt Wang & Perot (2002)2 #Hols= 22
HME ®o| = 8 2X9| turbulent potential model 2 X|
ekslo] ZHE Z0[5Ct. ol R 2 Aloll ZFY&Ql PEk
2 7k & =29 & 22| |3 M0 Metee T
4= QUch SiX|gh Ao SEof Yt 7o het =Tt FHof
Lok 7R R52 2.5m/sE eI, iR HA AHgd|
(TVR, Turbulence Viscosity Ratio)2} =Hf ZH=(TI, Turbulence
Intensity) = A&olM SME ZfS HId5l0] HAE =HE H
o3I CHTable 2). B Aol £ k= 4] (3)e = 2
OlzZ 7ol e IF OlE A4 4)2F Fa A4 52 |
2|t

pUyx
Re,, - (€)
1
-
y - (4
050U,
6*
H=— 5
0 (5)
o7|IM 1= 75 ek Mok 83, Uys free—stream 75, 6=
dAE 258 A, u= BM A=, 6= ZAS sliA 0|
ch
HE2 o] HHs 25| HEE = JESF trailing edge

oM ReZt 1.36x10°%| =|=5 RHY=QICE Fig. 20 HES
Zolol= AlLtEY gl AAEAS LIERACE Velocity inetE &
3l AV FRl=0 HE Mol slip wall2 six|sto] AlE2]0]
Mol x| oFHMs EHSIUCE No-slip wallo] AlRlEl= X|

—_—o +

- l

HEE| ZHS0| Websin Hodo| Achul TR0 pressure
outlet2 st Fig. 3=

A A
ol = —_rLHH P MR TS MY
x| x| BY ctHoAM e AKX} A|ARIS LIERHCE 7—4.7(F71|:
ZAZES MM XNZ(viscous sub—layer)ollM 7 =2 Al

£ JIXI0f wall y* = 0.2~0.3, 2|1 & ZRI= 2,767,248
7Ho|et.

(/J

Table 2 Simulation case of flat plate simulation

Cases TVR TI(%)
1 250 1.25
2 200 3.0
3 200 6.0

Pressure
outlet

_ o
Velocity
inlet
v;x

Fig. 2 Numerical tank and boundary conditions (plate simulation)

Fig. 3 Grid system in center—plane for flat—plate

3.2 AlEzlold Azt

Fig. 4= cases 1~32| glo|z= 0| WE =5 OfEt A+
0iF Qch cf Aol 71 HMe 5F/ AAEC oH“oH(Blasws

solution), 32| ZI MM Prandtl 7Fd, Von-Karman 2=2¢

JSNAK; Vol, 58, No, 1, February 2021



ol
:‘ru
r
u
ra
A=
H
ML
fjo
il
0fo
rot
|H$J|
e
ird
M
It
0x
or
ol

fAfofl kst CFD AlZajold
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8 ——Prandtl approximation ---Wang and Perot (2002)
- - Present(SST k-w model) —Present(Transition model)

1(.)0 x10* 10 10% 1.0 10°
Rey
(a) case 1
10
——Blasius linc O EXP
—=Prandtl approximation ---Wang and Perot (2002)

- - Present(SST k-w model)

—Present(Transition model)
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1.0x10% 1.0 x 10° 1.0x 108
Rey
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——Blasius line O EXP

——Prandtl approximation
— - Present(SST k-w model)

---Wang and Perot (2002)

—Present(Transition model)
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10x10% 10x10% 1.0 x 10%
Re,

(c) case 3
Fig. 4 Local skin friction coefficients

HMEA 2 1/7 power laws sl 7§ L BHE FHAQ
C: Z3 (White, 2003)E Z#2} LiERHCE EE5E &2 FM2
Wang and Perot (2002)2| CFD sA Zn}, XA Fo|

DES ARESIK| 22 = CFD 21}, AM2 Mo| ZEE Al
3H 2 CFD s Zxl, J2|u ZAl2 Asigte 212t Liekict

2E case ZToM ZSSE M2, Ho| ZHS ARSSHK| 2%
2 42 R A3 st CRig dIEE 5 Qe HeE
LIEKGCE B, Mol BRI ARESHER A 2lols= = &Y
oA 0|24 79| Cof RAlSIN glols= £} T2k 10° o
Ao| Aool|M ™A} LHRER Mo|== ENg 2 = Uk &, A
of X ¥ Gof Hohx 72 & 79| A Zapt MEn 7
Abst AEks LIER|T ATt EESFWang & Perot (2002)01A] &

= #Mo| x| o]%2| over shoot siAf0| 2 5‘—.:9—| 3l Aof| A
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- —=Wang and Perot (2002)
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Fig. 5 Shape factor for case 2
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4.2 AMEold =

SMCHA Z82 MaldollA 2= e 176K HIM(0]
5t 176K)t 8600TEU Z4H|O[L444(0|5t 8600TEU)OI| ZHatE=
ZZ2EP{0|H, Fig. 60ll= T2 SAS LIEL]LT Table 30|
= Meg 2zt LEkHC

Algeolde 28 A LoA =20, Table 40f Lt
EfH Zd3}b 20| KRISO2Q| ofel=oilA SRMoz 3zl 2
& Al Ssh AlY Z2s MASIGICE M MBoIM M=
St Hiel Zo| 28 AFH ol POW AlE2 Mo| o} o« =
Het 2ols= oM pRiEE & 5 UCh

tatel x| == 2 HA =HES Fig. 70l HERARICE =X
TxEE T2E{7} £S5 SN YA (rotating region) 2t 2 F 2+
ol HMX|Y¥(stationary region)& Z=Ch T ¥AH Alolofl=
interface7} MM =220 sliding mesh 7S Salf —zEe{o|
SIMBIICE A =2 oM HE AIET FARBHA velocity
inlet@} pressure outlet2 Sal F&T 2= FHIE MBI 20
2= & =ZH(symmetry condition)2 £045194Ct,

AR AL e F T2 oo Alziglo] S5t
2E2| ZHoAM Hi2l2 AXPe]l BRE52 Fig. 80 LIERHCE
Ho| 2HE ALBSH HR y'E 10[5t2 MASl0{of Biohs 7
Z1} (Menter et al., 2006)0ll 2} wall y'= HZIH|(advance
ratio) 0.4 7|=0M 0.1~0.35 Alolof| BX35IEE HEH HX|IE
TMEICt £ Mo| ZHE Ho| fIXIE Z™Sh=E 2ol
AS MRel 2f R A0|e] FEUL SR Aes st
(Menter et al., 2006). 2 ZHZ Z2} free—stream Af0[2]
=2 B A iMsP| fish Star-COM+2| prism layer2t &
2le ZAS FH AR ofX|2HEM) 37(9f) AXiet oF A
Ate| 37| H|ES 0.58] O[22 HISHIRACY.

=
=

[H

Table 3 Main dimensions of propellers

Val
Configuration | Symbol (unit) ave
176K 8600TEU
Scale ratio A 32.6 36
Diameter Dm(m) 0.25 0.25
Num. of blades Z 4 6
Table 4 Simulation conditions
Val
Configuration Sympol aue
(unit) 176K 8600TEU
RPS n (/s) 17 12.5
Velocit VAM 0.425 ~ 0.313 ~
Y (m/s) 3.188 3.281
Adcance ratio 0.1 ~0.7510.1 ~ 1.05
Reynolds number 6.79 ~ 6.37 ~
at 0.7r/R Re0.7R 7.21 X 105|7.14 X 105

Fig. 6 Geometry of propeller (left: 176K, right: 8600TEU)

Sliding mesh

: } 3\ Pressure
Rotat on Y
otating regi ™\ Cutlet

With interface 44D~

Rotating region

~ Static region

Fig. 7 Numerical tank and boundary conditions (POW test)

Fig. 8 Grid system for POW test

0.1760 0.2100
G
3 5
g 0.1745 | 1 02080 5
E g
2 s}
=} 33
201730 | 1 02060 o
g g
= ~-Kr 4 10Ko I}
& 0.1715 s . 02040 &
0 5 10 15 20

Grid number (million)

Fig. 9 Grid convergence test (POW test)

Fig. 9= 3|1™ doo| AKXt +H T ZnE LiEkfod, 2t X}
Aol index ZAXF 7= GO: 720,895, G1: 1,422,222, G2
4,063,483, G3: 7,164,420, G4: 17,724,69770o|cl. E3 A
0| A GO-G10lM 2 HES 20|, G2FE v|uH 2
Bistslo] =2 M| Lol s Hoz Holcl gi Fa A
= G2-G39| =2 siAToAM FEME Holct ol Z2HE
E(tip) F2of shAKT Hsjol| w2 =£M0l Hst 240(0, o=
Fig. 99| Z=ZHz| dkyd¥ "W HMET(tangential velocity)

St 4= lct 2 o= Bl EQEIA(p vortex) 2

5
5|
ettt s SHoR SHA| 97| Wzl siAfel E84S
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Fig. 10 Radial distribution of circumferential mean tangential
velocity

Slol HEMOZ G2 HAHE AIBSIC wRM HE 2K}
= HX| GAol|lM 2F 6002, 3™ FHof| <F 400202 &

—_

00080l =Fo=2 MY=|UCE

4.3 AE2llold Azt

0

Fig. 112 Ciekeh 2ale| Z2iolA Fo| 2He| Mg Ko
wEe TeHef Eoiol ¥ 0f SYS, Fig. 125 TEH

oo| FM BEE WOIEC) Fig. 110jM FHo| 2 AISE
72 JK| oo AT 2ot MANoR Heo| of S0l 4

A HEFEE, ol Mol 222 Alget 2ol Z2E Y

=]

of SHFEct ofE=ol Y2 SRV ZEEe 2ot w2t

=
Dlof F0| RS ARBSHA| RECiH 22

AA
r/RO| 0ol 77k Fe| AAH S ol y7t 10l8te] 7 730l
ZEXst, r/Ro| 10l ZI7HRIX|H yIE 121 LR 7S dHE Tt
AHoz &tolst 4= Qlct EEsh Kuiper (1981)2] AlEollA L
ch el Zo| ojEo| =2 Hy ¥9nl ojEo| 22 SF 99
0| EAls| TR== A BFd(critical radius)0| LIEIES
RACE AHHEAE o|Ake| HHF P2 S22 HMAH|of|A 7
MEH|7} A2 ME E0ECt ol YAHERE0| Z2Hz{9|
g HEIAS} odpo| 7| Rl Hez Hol=H|, M7}
LE4E Z2HE9| 5HE0| AHX|0| H HREIATL Zalks|
=op| M2o|ch § Ee8AE R3o 2 R ZEE Vi
= QOB Z Fig. 4(c)2t &o| =
B cHR2 wesh = ot Fig. 142 Z2E2
(vorticity) & 7HAI=ts10{ LIERYD X7| B EE A0 MY A
odo| UAHEIAD} FARSICHE AfAlO] O SEHElsH Qlct.
, Fig. 120f|lA= ®0| BEE AISSIX| b2 49 ==
FH Mol el SAlgl distor Bxsis 2453 2 Aok

0

gh

J=0.1 | J=0.4
|

Wall Shear Stress: Magnitude (Pa)
320.00 '480.00 640.00 800.00

(a) 176K bulker
Fig. 11 Wall shear stress on suction side
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i 1
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(a) 176K bulker
Fig. 12 Constrained streamlines on suction side
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Intermittency
000 0.6

0.00000 0.20000 0.401 0000 0.80000 1,0000

Fig. 13 Intermittency near propeller blade (176K, J=0.2)

Fig. 14 Iso—sur-face of vorticity (176K, J=0.2)

Ol Z2H2 #¥H 70| 7= 20| XufXel HF 7

3007 w2ofl HMHES o[AU FS0| YESP| wW=olct

HiH Mol REIS ALSEH 27 diiXez 20| H2 57
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Fig. 15 Result of paint test for POW test(Kuiper, 1981)

¢ KrEXp - Krw/o tran ~ ——Kt w/ tran
¢ 10K EXP  ——- 10K¢ w/o tran —— [0Kg w/ tran
© moEXP - T0 W/0 tran —mno W/ tran
0.8
0.7 No

Fig. 16 Estimation and test results of propeller open water
performance (up: 176K, down: 8600TEU)
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Table 5 Relative errors of results with experiment (176K)

| KT (%) 10KQ (%) n0 (%)
w/o tran| w/ tran |w/o tran| w/ tran |w/o tran| w/ tran
0.1 | -0.72 | -0.52 | 3.80 1.66 | —4.46 | -2.25
0.2 | -0.26 | 0.10 4.1 1.63 | —4.22 | -1.54
0.3 0.08 0.83 4.50 1.60 | —4.15 | -0.67
0.4 0.00 1.83 5.29 2.06 | -5.02 | -0.22
0.5 | -1.27 | 2.77 6.24 232 | —-7.07 | 0.45
0.6 | -5.63 | 0.07 7.01 0.51 -11.9 | -0.51
0.7 | —20.1 | 9.27 | 6.32 | -5.82 | 248 | -3.65

Table 6 Relative errors of results with experiment (8600TEU)

| KT (%) 10KQ (%) n0 (%)
w/o tran| w/ tran |w/o tran| w/ tran |w/o tran| w/ tran
0.1 1.63 186 | 438 | 271 | =290 | -1.10
0.3 | 267 | 414 | 521 398 | 244 | 0.13
0.5 1.70 | 506 | 382 | 294 | 205 | 205
0.7 | -2.66 | 3.31 113 | 0.16 | =3.76 | 3.12
0.8 | 6.77 | 0.74 | -0.44 | -1.87 | -6.40 | 2.62
0.9 | -120 | -2.32 | -0.84 | =350 | -11.3 | 1.15
1.0 | =21.7 | =511 | 0.14 | -3.80 | —21.8 | —1.40
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