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Abstract

Recently in the design of super tankers or LNG carriers which transport a
large amount of liquid in the cargo holds, the structural damage due to liquid
sloshing becomes an important problem. The impact pressure from sloshing is
most violent when the liquid motion of a partially filled tank is in resonance with
the motion of a ship. In this paper the sloshing natural periods in liquid cargo
tanks are estimated for partially filled tanks with various geometries. Especially
the sloshing periods of baffled tanks which are often installed to reduce liquid
motion and sloshing forces are calculated. A variational method is adopted to
analyze the baffled tank of arbitrary filling depth of liquid. In this approach the
liquid domain is divided into several subdomains in which the analytic solutions
are presented. In consideration of abrupt shape change due to baffles, the kinetic
and potential energy are calculated from the velocity potentials in each
subdomain. By minimizing the Hamilton’s functional, the sloshing natural periods
are estimated and the results are compared with experimental and numerical
results.
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Fig. 2 Coordinate system for a baffled
rectangular tank.

4] .

[ HTRY
2 2 Swhi
T 1
~
\
oy
S
&~ .
10.0 ~
e
2
S
5 ]
a. .
T se
z ] :
o
% 1 —
a 28484
“E’ [§]
kst
c 4
©
I ~
0.0 T T T T T T T T T T T T T I T T P 1T T Y O
00 0.2 4 0.6 on I

Nondimensional depth

/L

Fig. 3 Natural period vs. filling depth for a
rectangular tank.(solid line - analy-
tical solution. &- SwRI, [J - DnV)

9

tanh ( &%) (6)

(7

45 P29 24 2RF7
AHgEte 7 g olen, #E

FolEE sha W7

A x7

—_

= A coshk(y+m ], (k7

Ca

oArlA k=
ol ](x)

n
O?} ] A%

1, 2, 3,
Bessel &

’;U

e

el =
10.173,
uphsa ]
1313& 6y (D)
L iAlel) wb R
23 &7]¢] i

(6). (DA} 72

o 1>

i
|

U

R

7

ofk

R

Hupgrlo g 215bsl g x| A
712 AAbE=d 7] 4 A}%th Green
|-l source-sink %8 &Yooz
THAEE o) gte] Felzl S 13

9o 2 mapping 3] It o] A3
NASA o4 ag AgAa*er 4 dxT
C & maks A3 BV olAlE NASA 2 A3
AskE spHemA lRAEs  sebdes)

=
=
A
al
_]

A

Ry



A #HEAHe SLOSHING ZF4F7) Ao #8 47 975

15.0 J

T(g/R) '/f

10.0 -

5.0 -

Nondimensional period

00 vy T T T T T T
0.0 0.2 04 06 04 1.0

Nondimensional depth h/D

Fig. 4 Natural period vs. filling depth for a
cylindrical tank with vertical motion.
(solid line - analytical solution)

(A4)/(1 — »/D) 2 FeiE 7paickn 7Y
o B AFdME 7B debbeEz
(A)/VA — B/D) & A™sts 2] £
2 ¥ 9% "0 izt Budiansky 2] ¢ &
A3 2 NASA 9 43AF o Hggslcke A
< o & sl wgelA o] As £E2EA IHF
71

g ke
T\/ ? = 27y (1 D) (9
o7 ga@ste= o] Hgsld} (Figh #x).

ir

]

9oz g UEY W= FELY FY o
204 2 pARoZ 33U fF0] W4
97 Wel QUAE e Aol tus) oy

6o

1 i

] Dashed line ~ BV
N - o — NASA
Py
9
N - a.
N 60 ~— A

-
= KA\
Q.
\\K
\Q
) o "~
] 4 ~
= 4 ~
v
a \
_N. 4
o N
2 :
w 20+
I
Li
Bl ;
o 1
o
Z
0.0 AP T T T T TR T T T P T 1T
0.0 0.2 04 0.6 0.8 Lo
Nondimensional depth h/D

Fig. 5 Natural period vs. filling depth for a
circular canal with transverse mo-
tion. (A= NASA , —— BV)

o}, 73 @A fmnbeke) AFEAL ZHA|f
(angular index) & BAlst=dH, AAA &3] 7]
BEAEHTE wslnz Ax+E 0 oE 3
th o] AR ¥ "IN e o] HchHofA]
AL o U A5Y dzmdAY AF
7 2b7) wjfol FHEI AT SRFr]E (9)

7 22 e A § Qoh B ATl
NASA ¢} SwRI o 2% Agaa**9% 143}
o curve fitting & 3 Y= 2 A= Table
1 ol +&5e sle} (Fig.6 #F3E).

YR Fol AEY Y3 (F3)

ALY §7oA Aoz £Y dE §
719 FANERL Aol PAFAL Aol

o] A% THFIE AAAY FAANA 2k
(MDA QTR £7)6148) 2577 (94
AR5 B¢ + Ak Fig.D.



276 A g HAAN - FAG-F AT

8.0
Dashed line By
N ] o - NASA
Py
< -
il 60 o2
= =
&~ \Q\\\\
.
N
N
%\
A
© -
o 40 \Q
® AN
[=9 DRAY
— N
< \
o
Ao 4 \
w 2.0 -
=1 4
v
E
o
[~
o
z
L R R e o R ARl E e T m——

0.0 0.2 0.4 0.6 oa 10

Nondimensional depth h/n

Fig. 6 Natural period vs. filling depth for a
spherical tank.(A-NASA & -— BV)

80 ¢ :
T Dashed hne - BV |

A — NASA
6.0 :
3
B - A&
b 4.0 - ‘\‘\\75—\&
o - T
® : A
£y Ay
© a
b >
S B
in 2.0
o 4
L
£
S
]
°
Z
0.0 Hrrrrrrrer YT T T T
oo 0.2 0.4 06 o8 1.0
Nondimensional depth /D

Fig. 7 Natural period vs. filling depth for a
circular canal with longitudinal mo-
tion.(A-NASA , ——- BV)

T\/ﬂ—twf—h@ — y(/D) (10)

714 y & ERE RAEo} slog pHog
¥ 433 Bz Hglel A (9 AF

Wy = afa - 4" + 5 ap

s A= AYARRE FE AAYE 5 gl o
21k FHo] 7153 ol f e A £2A ner)
4719] 7latstA Ak AAfZlolo) oEsla A
vjud Al AA o] AFe]r] wFel 7]l
HAboll o 2fF719 24 =8 O@ ol
T rleAate] 2o P e 7 R
F72 7|8 Y 1 FFr)e 2goer o
< & givka ZEAS] ittt (10)AelA
L =R, c¢= o % Agstd (1004 (94
o] Hx (INAA a =0, b=1232 o
(IDAE (DAe] srz 10042 M dFg
Hafe] 93k dukroz Algdd £ el Hl
AFsHA =Xol (10)AlA Azl 1 & K&
TAL 2 s wpge] wlEe] gle HadMx

T it

(104& A48 + ol =3 Ygaus) 24
Ayerde) 2902 Y4HE 49 H2H o
Aol HANE )AL THFNE 2HE W §

s AT 5 dowlet B

Table 1 Coefficients used in the empirical
sloshing period formula.

a b c H]

0 [ 2Vrx | =

ke

>

>
x
A
)
ot

AR5 ¥z | 0 | 321 |7.664] L=R
ded B= =
;j%ﬁ 2r 0 o |L=R
AFY B2

%_%ﬂ 3.00| 1.485 | =«

78 9= 7.89| -1.60 | » | L=R




A4 #EAde]l SLOSHING /57 Ao #g A7 o077

3. BAFFLE o] dx|& ZE|Alzty B39
SLOSHING 1757| A4t

Hade] f5& dalsr] ¢ wEL dA3
7 B7ke) BHo2 corner 28 HAAA 3
W odHEstR Qlste] Bay dAe FEEA]
kA "ok gr1e FApHstz ald npgolal
°~‘1ﬂ|°] TEUA 2 AR E FaA 2w

€ T wEd £z 34FE AT >
‘31‘4 Aol ayAe] Waz Q7 ¢

VA ste zejste] AAlzte @ze) wiekel )
Fo] Sl Ao £2A THF/IE olEHoE
A4bstsdet.

Bz wpgtel] WiES AAT A QA f%
SAL wiEe] gl dgste ofF 9B & Y
Ehdict, olejq wiste FEEAL wEF s}
Wi E Zo] ol dHelA F2 vjehdr}. Fig2

ol A]e} o] whEo] MXE A% dd S < 3l
+ A= s (wave number) £ = /L 2
AEsta Ao S; o dE AAle= s ko=
o/l (L = b — b)) 2 AFsAE S
7} 3L 9\1‘4 o] Aol i L E el A
< 3] ojedE FAe| g 4A Zﬂ/‘lEJ B3}
AE B v S WeE =98
o] FAlelE FEirh ol & §)8)e] F1g2 9] 49
+ n+l HE sty Zhzte) spgad oA A
Wb A 3 A A 2L vHEee 2EAde Al
3 olEg ARGl sl 1 {F7]E

% 4 9leh,

io
b

Fig.2 ﬂiﬁ AAdA L nt+1he] 2
Tasted 7t dodoiMe SEIAEE 0, 2 A9
Gl 1—;—% 7 idedelixie] At Al et A
Az & wrEaol & W oh2} 7 e A
dlAe 14 ddF SRRl AR 9

145 5] o]
o} ghr}
%, 939 Sy oA
vip, = 0 (12)

7y = 0 x=0and x = L (13)
a0
55 = A% y=0 (14)

vip, = 0 (15)
090,
9 x = 0 X = bivl and x = bl' (16)
0D, . _
5y = 0 y = —h amn
A AB & weid SEFELS dEolojo} 3}
BE y = —h+a oA 9§ BAS Fge}
Lia=
Qy=0;, i =1, 2, , n+1 (18)

q714 b, = AF YA WA v EAR 9
AR [ = b — by ¥
g A et Hejab by = 0,

Aejgich Al AAEA zeln A
ABdA d4271e AR BFHete SEXYAY
Ae AL ErbeskAe 7zt J

At HAZAE tEste

Zro] AL £ g}
@ o= —Acosh k(h + y)cos{kx) (19)
@ ;= —B;cosh k;(h + y)cos k;(x~b;_1y (20)

qIshd chgwt R,

Acosh(ka) cos(kx) =

Bjcosh(k;a) cosk{x — b;_y) (21)



278

o Ae) Aaizgel 7} MEL] A7) a Brp A
2 ASs zZzre) g9 S o e fAe HEF
Bo|mz 7+ 9o §; olAE G = tanh(kh)
olz mHF7)E (DA 2k A7t wWiE
o) @y\Hch & ASoE PR k¥ ko)
22 BE x o d&i] QDAL HEsA 2
o} 2ev Foixl £l thd A%z
tjste] Al 2vlelA 74 2 2AE e
AASE ZFe 5 ik F @2DAe] el
cos k{x — b)) & Fstd by oMM b 7HA
x o dsal AELggcl

5,
fbA A cosh(ka) cos(kx) cosk(x — b;_)dx
5,
=j;“B,~cosh(k,-a) cos’k{x — b;_)) dx
(22)
w2} A
B cosh (ka)
A T cosh(k;a) /i (23)
_ 2 WD
fi = . — (D" {sin(kd;)
+ sm(kb,_l)} (24)

7b Rk o] Assl (194, Q0422 FojAle
FHAL o)fste) Bl AAe] $1A oA 9}
SEANAS Adshd e Bk 2R oA

i

_ A 2 _ A 2
P.E.—ZfFaJdF o), odax
2
= 2 A4L cosh ®(k i) (25)

SEARE 72 dHellA 9] FFALA S e

Al

AR

AN QA
ntl
KE = E(KE)
= 18 [(voas, (26)
aeha
K.E. = A;’d‘ {smh(zkh) - Bsinh(zka)}
(27
il tanh(k,»a)
B - ]. —i=1 fi tanh(ka) (28)

(HAez e HEr=

n o= A;"’L {sinh(Zkh) - ﬂsinh(Zka)}
-2 AjL cosh 2(k %) (29)
o} Za A o sl WEg Habd
A= kG (30)
o] 7] A
G = tanh (kh) —-5- —f"—%:% k> aGD
2 ¥R 28n 2iFve (DAHSR Fo

Ak @)L YE MES F0] 4AY o
A B A Zm AR BeldS% Frhuk,
3 ASRA TH3 G ES AN

o] AL =] Fol7t WiE _,] Zol|utZ 743 A
€ oui3lEE B+ 1 B FIch °47]A1 B
B ntetel] wiEo] glgo® <lste] whx Hzjz
ol7} Zt4®l A FU3 AFE Fe AEE U
epd o}

#A312 Lloyd AgelMe @antete wlEo]
n W AAE Ao gl dahe] ke



A& FEA3HS SLOSHING 2#F7] Al

& A¥4E et Aok

Vvar L

T, = 72
n

sl (e -l |

EECICEEEN
N £24 TRFNE

2 o
ot

o] v|mAdFel| AMRElT Qe AT YL )
EZo] x|l A%} corner o AAMHE zZH= ®
Ao A x| e] 7153 EE SOLA-VOF
G2 Eg $ARAY Aot P B Fxmza
Yol AMEE 7P HFA R e 5 3
AR o BHEE ojAolr}

Fig.3 oA Fig.7 < AAE AL opAl 714 7]
23 g3 gt £24 2757 Ak EA
ol % 7R AYAAe] wlasldrt. Fig3 &
2ty B=mo A F-apklgEl palel ok F-3
4 zHF19 W3 E AdeE roFm glen
SwRI 9 DnV 9] A¥AlE: &4 #7|shdd.
4 % olstel HAZe] (filling level) olA+= o] &
ot AggARe zolr} gl ol WA dA
o] £2A AL Auwjslr] "oz wedxich
Figd4 - Fig.7 & 247 #3228 ¥ d45s o
A, 502 ¥ 4EY 929 A58, 7Y 9
A a8z P22 F4 45y 9429 FF58
g3 FAY 2{4F7|9) AAdnE BFa gl
o} Aoz vehd 7o) & dFellx AAd A
Ao 9l3 mHFF7IHo) HAL BV oA AL
28l Aol A¥E NASA 9o Ayxas
vepgiw gl

254 9a9 78 9244 A4sE BV 9
AP AYARS FolE RAFET oo

T A+ 279

rJ

afo] wl-Fell SWRI o4& BV 34 HAE =
AALE WA A7 E gk & ATl
=3 ddalel (10412 (1)A e w8 AabAd s
£ o] Aol A AdAe} vl A dA
33 glch.

ohg-o 2 slaunletel wiEo] AXHE AF f
F719) W3E Abrr) $)ste] Fe| 48 m E°l
7} 28 m & A4 ez wiete] #7]7F T m
ol wiE-S wiFotel g /) A7 ALE oF
o] wgtrt 3del AAR Ao we} afF
715 A EA €9 g2 WY s ZRYy
£ o]&3le] 7|AAES 0.0] rad & 3L 24

& do) 2HF7E VIEE B8FV)E
b wWAshEs PR Wil Fig.8
ol 7 m wiEe] AxE @A) fE o] & A

24.0°
P
P

T (sec)

Period
’.‘

o

beptn h (m)

Fig. 8 Natural period vs. filling depth for a

rectangular tank (48 m X 28 m)
with a baffle (7 m) in the middle of
bottom.

(O - Lloyd, 2A- numerical result,
dashed line - unbaffled tank)

—101—



ol

)\‘l 3 ‘g‘ ) ﬂ 7‘6’
T gdes melFm gk AL wEo|
o] Axpolw O Ei= Lloyd AdelA At
AgAQ (3049 A, AEE £AAY

el gl

2

Mo o i
B

i oop £2
wo e

<

ko

Ig

T 1.7 71

)
b

30.0 T T T T T
PRE

15.0

T 1 1T T 1T TNTTT

0.0 1 1 %) g |

o
b

30. 0 T L T T T T T T 1

15.0

1T 17 1T 7 IS5 7

00

o
b

JAF4 ; 04874(rad/sec) : —14%6

Al .

Aleg-Ad s
30.0 T L T T T T T Al
P |
ML
150 + ¥
00 i ! ! ! 1 | 1 1 1 1 }
0D 100.0 TIME 2001
JES 1 05215(rad/sec) ; -8%
20.0
PRE
15.0
00
30.0 T T T T 1 T T T T
PRE [ 1
15.0 }+
0.0 [ 1 1 1 1 | 1 1 1 1 ]
00 100.0 2001
JF4S 5 04761(rad/sec) ; ~16%
Fig. 9 Pressure variation at free surface

—102—

position for a rectangular tank(48 m
x 28 m) with a baffle (7 m). ( 30%
filling depth)



AA #Zlle] SLOSHING 2A{F7] Ao #g AT 281

3 Fig9 o= 7 m wiEe] 45 =) 30
% 742 HAE HAYE W] FaIel 2] A
e BT ok wWiEe] g e A
WellAl sb st A e] golzt FA43 £%
= e wEe] 9l W ARFFIIE AxEA
(F 12 % A=) hH3t AfFEHe] Fol7h via
A shabebAl FEFch ol wiEe A7 &2
Aol A A AFHE F83] HAFE Aolel &

itk 7 m Wl EE AAPE de Z/F717
12 % F7Fstde &8 10 m &S A9
E FARRE Azl A 1857101 oF 16 %
e & 5 ATk Aoz 2 m @]
HEE 2 m AR F53] AXE Ao

FE Fig.10 o #Fsdch o] A¢ #4334

= B = 0.553 of sf3gich

EML;%N]O.@-I)
FF

28 -

[

T (sec)

Period

6.0 -

0.0 Jrirrrr rrrw-nnnw n T T Y T T T T T T T T T T T T T T T YT
0.0 10 12.0 16.0 20.0 24.0 20.0

Depth h (m)

Fig.10 Natural period vs. filling depth in a
rectangular tank (48 m X 28 m) with
baffles (2 m) at intervals of 2 m.
(&~ numerical result, dashed line -
unbaffled tank)

#2Ao] v LNGA
o Azel gleix B FAle Ao
Bz EAEAC Fos dFHz gled &

Aol 2%t FAEE Aave] £824 14
F717F AA Y FaFre dxE o AsA 24
gt B A7 TR £2A2 QA HEF
9] Fx2E4 A i) A3 BHAA Ba
"H"ﬂ Qﬂiﬂi}%c’] FEAeE AAD Al
24 I{HTE A o8 Ax) =g
o ‘Hf& £2A af-Fr1e HsE Zabsisdch
A& "-1?‘]3}7] A& WA zupctel] wl o)
d IRF7IE AAEIE I o)

7
WED AU % FANH Ao} et

stEdad QA £2A a§Frlel xnty

FRF7) Aol FA19 SRl slHRl Wze)
HAhs WA AY B39 3018 F238)= vb
e 2 4+ Ak o s2Ae) o Adde]
23R e F2 429 2018 A
A stezd £24 2AE B WD )

qdedent A WYstz Qsted Bz ziv)v)
Aol wet ¢RAoR A% 2R PR
4 PeAE U EolAA Hsich gebl 9=
o) A el da QA njFE WA
AAN AL AahAd, 2L WY 5 Qe
S AAH YA e A =
AAFE o] fEG YA 5 Aok WEe
A SEANGFE ALl FaAAAE @y
24 TKF7) W} A FAUE AT o
A % sl Aol ek, WA7AA w2 z7)s)
A2 A7 TRFI] s vl e G HY
Hog )eg o) EAeld ddxas} W St
tAe %W £ A7 sk A4 HEgas
HASH AN NS 43 Aol 2ot

[ei

é
]n

l uy o ale oﬁ’.

—103—



282

AAL-334 -39 -3

ik,

g

Mo
rak

LA E, dAAE, FAE, 1991 “LNGA ] 7

ZF Alaz, &4 ol #F 7)1F7 dl$247)
<. 29%, pp.75-89.

. Faltinsen, O.M., 1974. “A Nonlinear
Theory of Sloshing in Rectangular
Tanks”, Journal of Ship Research, Vol.

18. pp.224-241

Cox, P.A., Bowles, E.B. and Bass, R.L.,
1979. FEvaluation of Liquid Dynamic
Loads in Slack LNG Cargo Tanks.
Sourthwest Research Institute Report
No. SR-1251.

Su. T.C. S.Y., 1986.
"Analysis and Testing of the Large
Amplitude Liquid Sloshing in Rectan-
gular Containers”, ASME PVP Confer-
ence, Vol.108, pp.145~154.

and Kang,

. Su, T.C., Lou, Y.K., Flipse, J.E. and

Bridge. T., 1982. A Numerical Analysis
of Large Amplitude Liquid Sloshing in
Baffled Containers, Maritime Administ-

10.

1.

12.

. Arai, M.,

. A8, 1990.

ration Report No. MA-RD-940-82046,
U.S. DOT.

1984.
Numerical Studies of Sloshing Pressure
in Liquid Cargo Tanks”, {&341%3)=¢
A A155%., pp.114-121,

‘A& o] 4% Tank
We] Sloshing 14" dl$-x47|&. 25%,
pp.60-74.

"Experimental and

. olAF, o17I&, 1987, “FAHEH e &3} 2

A =z fAlGEA
2], #2434 3%, pp.9-19.
Bureau Veritas, 1976. Study of Partial
Fillings in Ship Holds.

olgHE A, FAY, 1990. “F-EE9 =
AE 23 23 Had REEAT, digx
A4, A27H 3%, pp.107-116.
Budiansky, B., 1960. "Sloshing of Liqui-
ds in Circular Canals and Spherical
Tanks.” Journal of the
Sciences, Vol.27, pp.161-173.
744193, 1994, H=ad 324 SLOSHINGe]|
o3 A, AFT] AFHA,

Al et

Aero/Space



