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Numerical simulations of ship resistance have been performed to compare spatial characteristics of Courant number when using
structured and unstructured meshes, When Euler scheme was used for time integration, the structured mesh provided a more

efficient calculation because the calculation time interval was larger than that of unstructured mesh, The automatic generation of

very small meshes in the unstructured mesh was mainly responsible for the limitation of calculation time interval, When local time

stepping Euler scheme was applied, however, the ship resistance of unstructured mesh showed a rapid convergence while a

slow convergence of ship resistance in structured mesh was caused by the small time interval in bulbous bow.
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TAZIE 2Ag MESINe, HH A} 2142 dYsh| 7
sp7| 2ol MA EHoM= il Z2|E F2 Mot M4

HHOl= 34,675702 ZHAPE BEE0] o], M HRes
872,164710|ct. HAME H|EE AKX = J1E 22 AXje| ol
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et al. (2009), Choi, et al. (2010), Park, et al. (2013)2] 7|&
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HolM HHAMoR y+=30 MEE FAlGIES Z2IE 52 74
siion], Mx| Make| EM U AHX S HA| Lee and
Lee (2014)0llM BM=AC

Table 1 Principal particulars

Full scale Model scale
Lpp (m) 230 7.2786
Draught (m) 10.8 0.3418
Displacement (m®) 52,030 1.6489
Speed 24 knots 2.196 m/s
Froude number 0.26 0.26

(a) structured mesh

(b) unstructured mesh

structured and

domains of
unstructured meshes

Fig. 1 Numerical
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(n)% O™ At SHAOMS| SIS LIERHDY, (n+1)2 XY
Hbt cAollMe| S2|ZRS S8t Euler 7(8H9] A AHlLE AlZE
ZHA(An)O| & AKXl CHall St 40| MBE|0d, local time
stepping Euler 7|2ol[AM= of2h A (2)ol| 2fslf 2+ XA 2
2 At(local)7t AM™EICE (Lee & Lee, 2014; Kim, 2016;
OpenFOAM wiki-Co, 2012).

(2)
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Table 2 Numerical schemes

entry scheme
ddtSchemes Euler, LTS Euler
gradSchemes Gauss linear
divSchemes Gauss vanLeer

laplacianSchemes Gauss linear corrected

interpolationSchemes linear

structured
- unstructured

0 10 20 T30
t(s)

Fig. 2 Time history of total resistance coefficient
3. 41t & E9

3.1 Courant 9| 2x EM

e 7K} U UMY HXIZ 0|23 M3k SIAIAM A HAFY
olof| Zx{ gHEt=|= Courant Zof CHEt SIAEIE Fig. 301l
LIERAICE giEof siYete y 2 20 ME=2 HERIISS
Zorst mf M3 ZXe| A =2 Courant T8 2= AP} A
Oxdez ph2 oid, |13l Xl 49 tEEel ZXo|M
Courant 57} o &2 A"EHO|EF THEoZ MM HE A
Ate| A9 Courant 7t 0.1 Olstel A7t M Xt £=9f
36%, 0.2 0[5} 60%, 0.3 O|3P 75%, 0.4 0o|s} 85%, 0.5 ol5t
RN%E HoiF= v, 1Y ZKe| 22 Courant 7+0.1 0|
5t 90%, 0.2 olstel ATt M ARl £=2| 9%E 7<P(|°|'EF
=2 Courant 0l CHsiM = HE ZXfe| Z< 1.00| e AXt
£+ 853702l HIH HIFE ZAKfe| Z< TiX| 237H2| ZAXjof|A

1.00] = Courant $=7+ EHEICE Ol HIFE ZAXjol|lAM 2374
o AXIZ sl M| Al AlZE ZH40| MShe BFSoEZM LI
x| AXe| x| E8Ms AT JUSE 2o(Eict

Courant 37} Eél— Mg St XiMls| &P | 2l 2
2|xlofl ek ZE ARIe| Courant =5 Fig. 40| ‘—FEH—HO*':F
HE AR 39 =2 Courant 27} FP(forward perpendicular,
x=—3.639 m)2} AP(after perpendicular, x=+3.639 m)Zx{ol| &=
=0 A=l ol MEO| ZE WP Mt FPRF AP 2ol

JSNAK; Vol. 54, No. 2, April 2017

85



8 & HIEE AXE ol&st ME Ket AltollA Courant 52|

S0 2% 3 LTS 7ol a8l ket o

N

-
-

r

AR 2H4E2 2| [X(5I1%97| HZolct Ss5| AP R2Ect
E20f|M Courant 7+ = LiER-H= 2 ZAHS0| 523
ShelX| 2 MeRo| HH ZXoIM =2 S0 25|
o|nf, Mo|2 Z==E ZA 0| eetsio] Mal HH ZXlM 7
S 5571 Qolx|7| w2olct g H|EE AHXfe| Z=oll= A
A et 22| H 7He| ZX oM HER-R= Courant =7+ M|
ALk gdodof A2 ZHAE FMisksla QL= ol2{st HEe =2

Mot dolFof| MEHez 2t Ut

ot
z

Ao n

10°
10° structured mesh
z 10*
=
%‘" 10°
D 10°
AR Th
0
107y 03 1 13 3
10°
10° (b) unstructured mesh
iy
5
3
o
£
10°
0 03 1 13 p)
Courant number
Fig. 3 Histograms of Courant number when using
structured and unstructured meshes
25
5 (a) structured
£
é 15F
=
E
8 05
S A 2 0 2 4 6
25
o (b) unstructured
2 2t STTN PN
E / .\1, .f"r : \|.
B 15f S |
. L) )
= 1F \ Ly Vi)
‘é S ."E_ '\i. Y
05k ﬁ i
o
L ) 0 3 - 0

2
X (m)

Fig. 4 Streamwise distribution of Courant number

Courant =7t =7 LIEk-H= Xt SE| & RE EA2 EAst
7| 2lsh M ZXjollM Courant 7} 1=CH 2 XIEol| Cish 24X}
2| 2 f5 &5 SEMS Fig. 50l LIERKICE ZH JZoiA (a)
= Courant =2t ZAt Sm|ete] Azt ZAHE LIERD], (b)= x &
FRs &5 (o) y 2 78 & 1212 (de z &k 7=
FCt Il 20| AR fuf7t =}
It 245 =2 Couant $7}

f_» 00
n
_\-'g
o
o 7
]

"J

=
i
Fis
=

{

fujo
>
d
5]
<
0x
0%
bk
N
0
0%
1

LIElES & 4= ot e MR £50t 2

5(b)ollA B2l MZI Kot RAGH & S5 2= ZXEo| B
0| LIEf-k= 0] Courant 2 SE6 At 2HE Zh=Ctn &
7| ofEHch £3] 3 m/sE Z=5he x =

HollM Courant =7} 1 ZKol| 2ESIEZ x gF
2 Courant =& Z&sk= X[ui&Ql 22l0l2f 27| ot

= (a) cell volume = (b) x velocity
E 2} 2f
g 18f
; 16F
E 14F o
= o
8 12F
1y gl :
U (mis)
22 - 23 -
(c) y velocity (d) z velocity

Courant number
o

-0.5 0 0.5
V (m/s)
Correlation of Courant number with mesh
volume and flow velocities in structured

mesh

11
Q
ol

Courant nmber

Fig. 6 Spatial distribution of Courant number in
structured mesh

M ZRllM LIEIH= Courant 2| 37t 22 3 M Z
A= Fig. 60 LIERHACE TZlollM mEH M2 Courant =7}
0.10[51Ql ¥edo|n{ =A12 1.0, WZMEZ2 1.9 OfAll S
EfHct =2F HollM Courant =7} 1.00] o|alel AL
iso—contour HENZ FAISICE T2loM B0 tHE RS =2
Courant == T4 M=ee| 30 20| XIstz AXllAM F2
LIERCE A Mol Vst SE2 el ZARE! Jo

e = THiE T = ZAKHOF St22 74k Mo 5H

CetEMelsi=R2% M54 ® X2 & 20173 42



Ol&ts -

=
HA

5
2

yEe

S2olM AXte] 37|18 7|97| ofgclke Me okt o o
x| MTPME Sall AlLE Azt ZHAS tE JMsks He &
x| g2 dolch

ot H|ME ZAXle| < 0520t 2 Courant 5 246t
Fig. 7oA 20| f& &&of Cigh ¥&k2 3X| gon] F=2
2|7} 22 AXjo|M &2 Courant =7} sk 2 4= Uch
=2 Courant 7t LIER-H= ZXe| Rul= HE ZHXof| d|sH

1108 =0l Sntsich.

5 ZJD(Da) g:e]l volume N ggj)xvelocﬁy
et R R
E I ]
:) ‘157
= Ja: o o
E P®
B Lo, oo
g gt
o
03 7 E-07
volume (m’)
o o ©@yyelocty
z o
o
g o o e
2 15} B, a ) .
E Bo g
g "o o @
- F =}
g ! LK S
< 0 0O
o
05! _ _ 05! i T 3
V (m/s) W (m/s)
Fig. 7 Correlation of Courant number with mesh

volume and flow velocities in unstructured

mesh

distribution of Courant number in

Fig. 8 Spatial
unstructured mesh

Courant =7} =H| LIE-F= CiER{0l HIHZE AXIE LKA

Fig. 80llA 20| F2 M2 1HZ FZ0lLt

2§ ol =

= F20M 377 22 v|3E HXPF MM=ETHA Courant

I IAMoz Bkl ME A

Afe| o=

LlE

(stretching ratio)oll 2lslf LAt HIE2 AXIe| 377} Hs|
f-20f Courant =2 BEL HEMOZ LIEK|= HHH K52
2 MM=l= HIEE AdXolM IAMo 2 ol A2 AP 4

I A9 FAXOR ff =2 Courant 7} LIEIE = Uk

O] FAHOE WM 02 £
Ak Azt Zi20] HiBke W Elo@M
Bheict

SEICh HE AXfet vlEE Kol LTS

Xetol AlZh HatE Fig. 9ol LIERKHRACE TIZolM MM HE
ARl &gk Alsrolnd, HM2 8|FE ARIe| Met Alsolct O

[

Courant 01| 2|3l Zx|

R|Hel Blg 840l =

0>

Zol o
olefst T SEO| X|LA| B2 Alzio] AR5 2
skt wiM ofefEh SRIE BIE BN AP Il
|2 M2 CIE A AIZE 2242 ARBSHE LTS 7[io] of

X

=]
7|HE HEs1e v

=1

—

2oilM EZ0| HE AXIe| 29 10,0008H2] EHg A& 0|20

T MA XMeo| 2Ms| =X ok Hind

LS— —L,

B 2RpollAfs

3,00082| Bk ALk 0% MA| XMEo| s =ACE
10
8
-—
=
Ty
L6
f structured
(ST unstructured
ak
|

0 2000
iteration

4000 6000

8000 10000

Fig. 9 Time history of total resistance coefficient

when using LTS scheme

LTS 7|HE MEsI¥s mf B A
2 2M51| Qs 22+ 10,000842} 4
ZAS W AL AlZE 2Ho] S2h R
212t LIERRICE 2+ JZlofAM HolMe
Eolgen, Mefet Mojlge| 225

=
[0
HU
£
4
rn

(b)oll LERfASt. F2

J

Xt HIEE ARl £

,0008H2] B AlMo| 2i=

£ Fig. 102} Fig. 110f]
2ol At CHAL 1/AtS Al
235104 Fig. 10(a)2t

Hee A AlZt 72|

JSNAK; Vol. 54, No. 2, April 2017

87



Y 3 H|IFE AXIE ofst MuF MEH AL Courant 2| 37+ 22 H LTS 7[Ho| F8Mol| 2st

ofe Ktge mEaiod, it Ao FAIE ZRPIAME 2 A A
24 20240] AlgEIRtE S olnlsic Fig. 1004 250| HY 2

>
©
o
™ o o1

A
=2 Courant 7} LIEKGHH A M= BE0lM 2F2
?_7

HLE AlZE ZEA40] ARZ=(ACE. Tt M=o T dojoll ZH itk
Hoz 22 Atk AlZE 2440 ARBELL 2Bz 0] FHoi|A]
7S oldo| dtfHez L2 fEsi ot T A 8y
2 tixe] x ek 2 Xl 2 dek2 nlx|22 Fig. 90AM 4
H AMeo| =2l eFsks 28 #flo] Eck

13 2.5 : . 55

Fig. 10 Spatial distribution of calculation time interval
(At) when using structured mesh

z (m)

0.5

z (m)

2 . 3.5 4 . 5.5
x (m)

Fig. 11 Spatial distribution of calculation time interval
(At) when using unstructured mesh

o] H|IMH ARfe| F9 Flg 110l E=0| HAF A|ZF 71
o 71 A2 Podg X7 =M ZXolch = X7 £ 2o
M EF2 AIZE 2HH0] A= Tr%°l 3 £t =elRgh o
H AXoiMe} 22| M KMeolls 2 FEkg n|x|x| 235Ich
w2 LTS 7|HE AIBE 2 M HXIECH HIHE HAXoIM
M XMglo| of | $HE 4= ACh M 2K} 2 H|FE A
RlollA Lebol Euler 7| H85104 Fig. 20iA2F 20| 30=
I Mgt oM g aiE o AQE AIZEFLTS Euler 7[#He

I
[LI|0

>
0

i

lo] Z< 10,0008, H|&Z Z4Xle| 22 3,000
Ho| HiE HARS palish ol AQ= AIZFS Table 301 H| W3

c}. FollM E50| M Zixje] A o .44, HIEE ZiXle| A
o 27 ol Ak ARlol EHSEiglch & eioly 2o
ol

e EE ALS SIS wie| Z1o|ct

Table 3 Numerical efficiency of LTS Euler when using
structured and unstructured meshes

structured unstructured
Euler 130,007 s 145,742 s
LTS Euler 20,239 s 5,225 s
4.2 &

Efel M| Mgt siAls 3listo] HR} S
3 22 EME #AMsQict T2l
ofl thal LTS 72 2
EME EMEe

A A 7|7} ALKz e
5192 mf Courant 2| 232 AA|
HIME ZXle| 42 K502 MME 2
sh= F2, Z2|§ 30| = 7
o| AXP} MM=T o|Z ol FARS
7+ erYsIgIct o

= 3% ¥E HXEch ey

Ag

HER|H] =[ACE

E ARplMs 4 M
HIEE ZAolMe AR

£ dT0lM = HE ARt HIHE AXIE 0|85t M A
2 Mof| b2 Courant 2|
T MY AR} H|XZ AX}

MBS BT A AR RS T2

2M XX 28AMS v|wsigch Y ZHRe|
5P| 2o Euler 7|2 Mg

demoZ LIER|= Blof

Ax 5 AR (20| LM

2 S)ollM o =2 37|
< =2 Courant =
XM oFHM S 2lsll ZIch Courant =5 H|Etst
H ZXjollM Hop 22 Al AlZEZE
AbEsfio} 51, OIE Qleh H|IMH AXle| x| 2240| Lt

0|E sliiZsP| 2l ZAXioict ZAMo=z M2
CI2 HAF A]ZF 7142 A|—‘E—o|— LTS Euler 7|2 M8 &F

0|2 olsf| M2 ZHAXPIAM S FAF Al
AlZ17| flal 22 B AHklo] Zst J”4 HIEE AXoM=

A H ZHOIAM 22 AV ARREHEE

Ao E2 AT} ARRE[eH,
:LJHOHH Z2 ATF AREEACE
Zo| ol xEke 4

B=

22 Xl ol

ol IX| 7| mzof MH xEol HHFE| TESICE

= AFOIME AR HE D

LTS 7|tHo|
= HIEY ARt

BMo| FE=
X-I_Q_gl.n:i |:||

Sloli= BrsoR SURH ARZH 7K
Hgec Yeig Aed) 8 4 Ak ol8

Xeh o Aoll Chal

Mg BAsioL], meHe sixg mafso} 5t
siiAde] Aol LTS 7|4z} HEX AlZk A

#ol Euler 7|H2 %%af UYHES HEqllof etk = X
EI

A &

=
I M5 S=0f= LTS Euler 7|

g QEHOHH =0 BES Pl Z2HY F

ok
d
&
N
=
&

_|

@
O
Q
—
o
o
Q
3
o
>
«Q
.
C
=)
(@]
=
o
=5
mjo
nx
)
ok
2
%
=}
n
I




olate uzy

e

HA

o] =22 2016 FF(0lhE=relT)ol MULZ o=
THEt| XS ot AlE 7| =AY (No. NRF-2016R
1C1B1010002)

References

Asen, P., 2014. Analysis of the flow around a cruise
ferry hull by the means of computational fluid
aynamics. Master’s thesis, Aalto University.

Choi, J.E. Kim, J.H. Lee, S.B. & Lee, H.G., 2009.
Computational prediction of speed performance for
a ship with vortex generators. Journal of the Society
of Naval Architects of Korea, 46(2), pp.136-147.

Choi, J.E. Min, K.S. Kim, J.H. Lee, S.B. & Seo, H.
W., 2010. Resistance and propulsion characteristics
of various commercial ships based on CFD results.
Ocean Engineering, 37, pp.549-566.

Kim, G.H., 2016. Joint development project on
seakeeping  simulations using OpenFOAM -
industrial perspective. 77th OpenFOAM Workshop,
Guimaraes, Portugal, 26-30 June 2016.

Lee, S.B. & Lee, Y.M., 2014. Statistical reliablity
analysis of numerical simulation for prediction of
model—-ship resistance. Journal of the Society of
Naval Architects of Korea, 51(4), pp.321-327.

OpenFOAM wiki-Co, 2012. Background of courant

number [Online] (Update 25 October 2012), Avaliable
at:  https://openfoamwiki.net/index.php/Co#Backgro
und [Accessed 10 April 2017]

Park, S. Park, S.W. Rhee, S.H. Lee, S.B. Choi, J. E.
& Kang, S.H., 2013. Investigation on the wall
function implementation for the prediction of ship
resistance. Journal  of  Naval
Architecture and Ocean Engineering, 5, pp.33-46.

Park, S.H. Lee, S.B. & Lee, Y.M., 2014. Study on the
estimation of the optimum trims in container carriers
by using CFD analysis of ship resistances. Journal
of the Society of Naval Architects of Korea, 51(5),
pp.429-434,

Perez G,C.A. Tan,
Validation and

International

M. & Wilson, P.A.,
verification of hull

2008.
resistance

components using a commercial CFD code. 77th
Numerical Towing Tank Symposium, Brest, France,
7-9 September 2008.

JSNAK; Vol. 54, No. 2, April 2017

89





