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Numerical analysis of three-dimensional sloshing flow using least-square and
level-set method
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Abstract

In the present study, a three-dimensicanl least square/level set based two-phase flow code was developed for the
simulation of three-dimensional sloshing problems using finite element discretization. The present method can be
utilized for the analysis of a free surface flow problem in a complex geometry due to the feature of FEM. Since the
finite element method is employed for the spatial discretization of governing equations, an unstructured mesh can be
naturally adopted for the level set simulation of a free surface flow without an additional load for the code development
except that solution methods of the hyperbolic type redistancing and advection equations of the level set function should
be devised in order to give a bounded solution on the unstructured mesh. From the numerical experiments of the
present study, it is shown that the proposed method is both robust and accurate for the simulation of three-dimensional

sloshing problems.
L. Al &

224 =M= AREHE Zots timA
=M =2 £24 A dEe S Hae &
vji‘ll—l APHHI o2 E‘&P% iﬁl ol &5t oF

st 4

ﬁ =0 o5t
04 CE‘?EJO‘I QL‘:Jr S el HOo 2= volume
of fluid (VOF)(I)L«P front-tracking ®H'H @g) body
fitted method 2 ©=0] 9Tt Level-set W2
1990 4 of o zﬂOPH @ o)s 2~ we oqazs
of ofsiM AgEHS x4 s JIHe=
ol-2x1 Ut

Level-set 81 = vOF 81} hx ig Aol =
£ 7 H 7 ZH(interface capturing) SHH

T 2e, A2adosta 21425
E-mail : hgchoi@snut.ac.kr
TEL : (02)970-6312 FAX : (02)949-1458

AN FGolH level-set T2 EZZEH ARE
Ho| 2=, dolo] AP Level-set =
o] gt2 AZAHPAL] A2 FolxH, of
Alzhnict AAUE = 4FAHE 22s] HelM =
level-set =2 o] LW AE sfds{or ot E
ot, level-set TFro] o] HAZ F To| ArEH
Ho| Z8o] EHH dolo]l AHoAM level-set T
o] gr2 dutzloz AFAHMA Y F A et
= S HujetA =Hoh. meEkd | level-set

a2 Adolel AR oML
level-set =2 ZHS AFAHIIA 9] 2 DA et

IHl s aadl oty o &

|_

4o Y
= =y

F & 40| redistance 27 Al 0]C}.
go] mEH chideEe s
DFE5E)] YA = Redistance WA
siHol e = Q5o
A= Hzto] osiA AotE® 2] 47t

oo or?orir
Mo 12 ot o mo
rg
rg ol b 1

b g
=2 mlo

2401



Z JIETURYHE 0] 25t Level-set HHO 42
A9 nj2YF4 (0]LYF4, Redistance 7
A)g sHMety Jl&9 ==xlsiy Hael 452
HZsh =0, AArEHS ETot= H|UEd 7S
o] Mo -2, H|YEH RS2 4 T
295t +9 2 ojestd A =S Y
5tod, 3 AH &=24 EASY sfdo] HEstnA
Sho}.

2 ==Y 2 oAM= 43S JIEARHES
0] 235t level-set HHE x|5]4 L BRedistance
g ale]l FAzAo oot 7HERs] A EC 3
o= AEH zA4zE JIEURHY 452
Aot BEdAE sds HE 7|29 =x|8)
A ZLet Wl wste =ofFtth. oiAR[Ye =, 3 A
¢ ZsHA HI3We 24 EAE T X
ZUE AATL. 40 = 2E2EE H=To).

2.1 Level-set 733 Aoi40 Auf 2ra Al
211 HehEd F573e] Au) Hg 4

ArrHS = HYFHYE 73T sid
=z

ATt level-set A4 2 Th=1 Zo] ®mAELCH

p(?)% = Vp+V-(2u(8)D) - ox(@)S(F)Ve + pld)g D
V-u=0

A )2 49A B2 FEe4LHE o]E5td o]
3t "ok A )e sete4 243 sk AR
Adg2 FDEF [6]e2 stk 4 (DE 20
M ARREHE 7= e84y xS 2 o
20l= o2 ol 4B level-set =0l tHTH
0|4 YHAES ZofM 4FAHES AU}

2.1.2 Level-set TH=p2] 0|4l A

211 2ol AANE HUgEY REEE
ge4L¥E 0|EtH & FoMH T E
ot HEH0
Bl 4dAHE U5ty Helids tsy o9
g4& E0jof ot

$ +(u-V)g=0 2)

g5to] Zzholdat Eot zHEdMoR el 2
o] dojzich

M n+l
[ lu vyl vpyan-

QA 2 At 2

N, 1 n+l ?n 1 n n

o W™ VN - —a" V" )0 3
Jo Gt oG =5 V) (3)

A @9 Fxol e ST dE2 duEd
= Fosteh Ao A @ylH S22 (1)
HE Ab2ECE mhebd, AsEgAd2 dEHE
oz FHA2E [EgL oiE = U FH
MHEZ A ZSH} Level-set YHE 0] E3 A7
Hadof opA|gt HAldAM= oS doA 49
+= redistance 742 Z0{of FHCf

—
e |
[

1>
OL%,. 10

ol g
HH

213 FH4 ZALHZS 0] 235 Redistance =74 9]

)

1o b 4o JH

o M op Ho
o 3 o 1o
2 %

=T ok

og oa &

el 2= E 026l A RHS-A 8
C}2} Z2 Redistance 2H8 A0 ofgh & 42

an :
I(NI-NJ- +NAC, —+aC, %Nj
&y &y
cate, o %w’*“m: (5)
K £
ax,c ax‘g

I(z\:;- +AC VN, (T + A S, AR

A5 gxol tiE AN dEe FTEH [7]
g Zosith old /ites Z43E o]E2% A
WAZE [8,9]¢ vlWstHd 4 (5o M £58F
Exe 234 o]tz tiste FHA 2 ol
LERUA] ob= Holoh olo] digh AAMEH Ugs
T B [91 ok

2402



2.2 Redistance 257 A 2| Dirichlet 4 A 2= O™, 2 opoFst A oist 4F /AL =2HA

[ROURPOU STV URPVEII 100100 (C.G) 200200 (C.GY) @ (3™ order ENC){1]
it
& B & A
wWater J ]
/
4 e
f {
{ \h« i g, g ol
\a\ £ i 4 b
M, i = Franrt
s g i | OY. 3 9% 99 =Y 2AdN nE 2o
Ao Sdalamel gok

0.1 A AAH0 A9 Dirichlet 7 A =7

S \ Dl Zm
213 o4 REE A G HIAE FHY b )
ggAoz 4 e 2xsade Y Az
7o) xHo] ootk 2 ARy = 1. 1
AHe 20| 4 EAH 2o HBHES levelset ¥ H=06m
st2ol Zre DHAFE Wyoz AAzAS A N \
2] 5191 THID), ’ Py
3. Xlola At

Aore 2217140 A5 Ystel BA I o
=] Ezoqlzﬂol k= %5\1]94 7 Z A (Stretching of A AT 2Us Mol mhErY sHTF = s
4519 - - "

AIS s 4ot <otk 0¥, 3 2 9Y A9 ¥ 2
2RolAe A7
- I Dot HlpEch B oo
o HsH BENCE A E 4 YBE B b AW gAY BY 2AY sjdol tfstel=
oletdtt. O™, 2 = ZAAAIE 50x50, 100x100, o2 FAugct o AV HE =2 O £

e foo ooy
&L o2 mo

HotEl £Z71HE 72 oHE 7|29 £z 7Y
o]

o

= = 3
E=R N N=2 =1 o] EXRFE] 23 _ = _
2@0(?:200, 3/?0;300 E;_ l’o A= IIH—AI = o b |_‘] [=] El’ ﬁ%ml}”—ﬂl OH Derl_l_l_o.” ]:Hs‘_ EE}. R].,{-”s‘_]- ]_,H
#AlS 25S RoiE. 22 21 B8 92 L
& af 31 3AHH "3 We £z4 =A
i
o F p =2 dolds 2 979 = A 3 A 52
a ; A sjd Zas AT 3. 4 of FoF 3 2
T ) o =3 e 224 2HE AT 20% 7} B
= AT 3. 4 o FoId Y2E OB} 22
= ” #7| 2= (sway motion) Fot

2403



rr
ok
~
]
s
m
e
g

= SepollAle

r
JH
Mo

0.06 m

a%.5 47 Axe 2UE AxAIAY AR E
WUy 2w

3000 ~

2500

bk
=]
=]
=
1

Pressure (Pa)
4]
=
g. T

1000 =

so0 |-

o
X 5
1]
|
=
=
I

e ——— 80x40x12
20 £ — 40x20x6
3000 |
100 '
1600
S a0
1200 |-
1000

800

600

O™, 7 40 AApeh 2ETH AAAAM Y Al
oHE PiolM e 4 Hzl

o)1 FII= 1945 2 FojAls F2ol o 23
A2 st J1E2Y £AHHW 8 4goomn
8B 2. 5= 47 AR @E0x206)2 £

=
eF AAA @040x12)0 A RS St F

B AZol M AREY L 4 2
Yoloh. E9 FDt FYHom T YA
e

ool Azt THE Yo WEE LERUT
23| 9 AHF D ok Zo] £ A 2
Hol Ueds Hosiginh o gtes 1Y.7 2
47 Axe 2UE AXAS A2WS WY AT
_]l‘_

r0l

o THE B iAol YALDE Lekdc
B ARAE AZTET o) YYY oS HE

2 dF0AMs BEelRa A level-set g2
l% te 38 £24

set HHOA LEILLE H24HF Ul‘:"ﬂo*]o*’i!ﬂ 3
/5‘% A= zH4AASHE o] 25U &[5
A Z O3 EES YL

—,—- (o]

i

(1) Level-set HH|A LiEtbE ol HF 4=
Crank-Nicolson HH 2 =2 tho] kst sF = o ] AA¢
2H2 25l ] Redistance B 42] FH20= 3
A2EHE FEotd HE 2T 2 7|29
of AEotA L 2ok o ebg Aol FET SE
&= FHolslSiLh

(2) Metd «4nElE&E 3 A £=24 =Ad &
23 21t 7o dF U £x[si4e] Fakel ]
oot IEE st siE 43tk E9l, iR 47l
HAAANME Fddcr 493 dX|ot= HE
AE =+ 3o, v|nd dF HEE 2 S
= Eolotgth

(3) 2 A7olA AoE Wy
0|25 23T Y2
279 sjdolE vtz ey

(1) Hirt, C. W. and Nichols, B. D., 1981, “Volume of
Fluid (VOF) Method for the Dynamics of Free
Boundaries,” J. Comput. Phys., 39, pp. 201- 225,

(2) Unverdi, 8. O. and Tryggavason, G, 1992, “A
Front Tracking Method for Viscous, Incompressible,
Multi-fluid Flows,” J. Comput. Phys., 100, pp. 25-
37.

(3) Ryskin, G and Leal, L. G, 1984, “Numerical
gsolution of free-boundary problems in fluid
mechanics. Part 1. The finite-difference technique,”
J. Fluid Mech., Vol. 148, pp. 1~17.

2404



(4) Sussman, M., Smereka, P. and Osher, S., 1994,
“A Level Set Approach for Computing Solutions to
Incompressible Two-Phase Flow,” J Comput.
Phys., Vol. 114, pp. 146-159.

(5) Choi, H. G, 2008, “Finite element analysis of
free surface flows using least square/level-set
formulation,” Proc. Sth Internationdl conference on
computational fluid dynamics, Seoul, Korea, July
2008.

(6) Choi, H. G, Choi, H. and Yoo, J. Y,, 1997, “A
fractional 4 step finite element formulation of the
unsteady incompressible Navier-Stokes equations
using SUPG and linear equal-orderelement
methods,” Comput. Methods. Appl. Engrg., Vol.
143, pp. 333-348.

(7) Choi, H. G, 2008, "Numerical analysis of free
surface flows using least square/level-set method, ”
in preparation.

(8) Choi, H. G, Kang, S. W. and Yoo, J. Y., 2006,
“Level set based finite element method of bubble-
in-liquid simulation,” Proc. 4th International
conference on computational fluid dynamics, Ghent,
Belgium, July 2006.

(9) Lin, C., Lee, H., Lee, T. and Weber, L. J.,, 2005,
“A level set characteristic Galerkin finite element
method for free surface flows,” fnt J Numer. Meth.
Fluids, Vol. 49. pp. 521~547.

(10)Choi, H. G, 2008, "Numerical analysis of free
surface flows using least square/level-set method,”
Proc. 5th Nationdal Congress of Fluids Engineering,
Jeju, Korea.

(11) Lee, 8. H., 2004, “A validation study for tank
sloshing using a Navier-Stokes solver,” Proc. 23rd
International confererice on offshore mechanics
and arctic  engineering, Vancouver, British
Columbia, Canada, June 2004,

(12)Tanaka, Y., Ando, T., and Miyamoto, T., 2000,
“Experimental Study on Sloshing Load Measured
by Panel-Type PressureGauge,” Proc. 74th General
Meeting of Ship Research Institute, Ship Research
Institute, Tokyo, Japan, June 2000, pp.137-142.

2405



	Text1: 대한기계학회 2008년도 추계학술대회 논문집


