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Abstract — In modern naval ships, the design of submarines has continually evolved to improve survivability
and it is also important to design ship against shock response. Exiting underwater ship design has been
peformed due to results of static analysis considering shock acceleration by simple method. However, it can not
be anticipated good assesment. The present study applied the Arbitrary Lagrangian-Eulerian (ALE) technique,
a fluid - structure interaction approach, to simulate an underwater explosion and investigate the survival capa-
bility of a damaged submarine liquefied oxygen tank. The Lagrangian-Eulerian coupling algorithm and the
equations of state for explosives and seawater were also reviewed. It is shown that underwater explosion anal-
ysis using the ALE technique can accurately evaluate structural damage after attack. This procedure could be
applied quantitatively to real structural design.
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Fig. 1. US Navy ship casualties since 1950.

AR T, T2 A BEllES 9fsl] ALE(Arbitrary Lagrangian
and Eulerian) 71¥& #8391t}

2 £FEL SASE M0l ALEYIH MBY AE

2.1 =7 HM7H2| EE

AR Fadbol gt sl A $AAF AAN T F3s)
A0 7 g = lth(Scavuzzo and Pusey[2000]). 3AF A
HE FAge} kA Ao g fAlE g o|EHoR g3ty
T2 AL He Eo) 28N T2AY ASE F
Mo X3t AHHE L FAl Folx ) ZuHALS Lok
A0l S5 el ojgt o U o T BRI, o2 s
Aske £7uke] At AP E thas] Q4R Bake f449)
U HsEN BANE & Qlrk 3, fA9ke] AE] A3 72
2ol 71iAE S5 AP 4 FRE] 8l viAF 2 Atk
= FAe) Hsle glelo] 7bEsitt

olefgt FR-{A AF7THE AFA okl air-bag A,
Efolo] et g4, 8F57] fofollA = bird-striking A 0] 5738
=3 glom Auk FolellM= AFdellr] 283 &2 (sloshing) 3
A (Kim 5[1994]°] 438 € vpr} dck Fuell = o0d Fubs
B 349 5 T FASH MY At AFEY] AlAsid
MRE] Auk Rolof] BAZ Q) x4 AA BEA7F FL47] Al
25t} (Lee $12000]), Lee E[2001]).

2.2 =38 A0l HEoks TE-FA Ad7IY Mt

A 4 WS4 AAE sk AR Azt A 2gst
= 39 FinlEe) A bulk cavitation) AL 18] 5 QlE LS-
DYNA/USA codeZ @] AH83t3 Qlth(Lee S[2000], Lee &
[2001]). ] AL o]u] H] BT TolM AN FH Y &
ato] Jgdol A4 vt k.

TEeRE ) g 2EE alel YA sk 3y
FRulElold A e fAlS A gY FAZE 2B A ko

Z 27] B8 Dk 333 Bl (oubble)el] 2EsH #13
(whipping) FA 5°] 3= F 3oH, E3] A9 Aol HF
BT WA AL FE7] el FFRokE SF] gt
FA7E 8 #olgt & 4 THHDW[2003)).

22.1 LS-DYNA/USA code$} ALEZ|¥9] v]3t

&7 LS-DYNASY CFA(Computer Fluid Analysis) 2 o]
A} 71 (DAA;Doubly Asymptotic Approximation)(Geer [1971])
USA(Underwater Shock Analysis) code® ¥AI3H LS-DYNA/USA
o e B TEEUAS gyl AREERL loH olE 7F
g2l A FollA BF Z8E 4 qlvk =5 o] 7S fAlE
Acoustic 2A4F AMHESl] GRS ALR o S9AY 4R
# ALE 84230} AL A33] 95A171E 2ol ok o
Hu} 01213t 97 code= LS-DYNAS} USA code$}e] Aol wh
£ QUEjH|o] X(interface)E AHE-BIoF 3h= Hz ARER} QoA
9] code Pl = 58] of#E Aleko] ETHe AR 5{2000]).

FETEEY FFEL 4 A9 A9 3l n)sle
T8} FA7Y TR E A3 vldEdo] &Aoo g o] £F
27 gtaiaol tisled LS-DYNA/USA thile]l LS-DYNA code
Y= DYTRAN code)Rhs: 7| T 34 e] o] 4= Q)= ALE7]
Ho] ATHAZFTE T [1998]). Thet ALEY] 2l
9] @4 710l wi-¢ RIgshy ulebx] AdstA 2awdg s
of 3} AJ7te] ©ol A Q¥ Wao] ok webd ALEZ Y 9
A iAol 283717t AR P ZAR Zgd
Ak . go] 7psE Flo|tt.

2 AtoMe @Al TN da] AREE= LS-DYNA/USA
code THAlSl] AREA} Q1M K} FTo] §o]3t LS-DYNA code
ghe olgskE ALEZIW A4l dise] AEsg e, e 348

He T3] dslo] 249 WAE HS S

< ZoF 9 fAlek

2.3 ALE7[Ho| &

2 dollM 88k ALE F{HE g ohet 2
T}(Sajdak[2004], Weber[2005]).

23.1 ALEZ[Hell 285 Foke] Adefd2]

EoKexplosive)?] A-%oll= Eq. (DT 22 X5 S el
Johnson-Wilkinson and Lee A8l ¥4 21(EOS JWLYS ARL31SIcH
(Carleone[1993]).

O\ R’V o\ &, OF
= . + - Y=
P A(l | )e B(l - )e (0

714 4, B, R, RH 0T 43T, Ee DHAEG ui?
Ag=], 22|31 Ve A (relative volume)© Z. Eq. (2)2+ 2t}

y=o=0_Y )

of7[A nE iU S (relative volume), po voe 27] d% 2
AAE ehdict, & AtollA 289t TNT F2k2] F F%2 100 kef
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2 3513, T3 (Carleone[ 1993 S EHE] dol7l Anjo Z
oFe] 27|4UE py=1630 kg/m’, IWL e 2] o] A8
A=3.712X10"Pa, ® =0.3, B=3231X10°Pa, R,=4.15, R,=0.95,
E=7.0X10Tm’ 18] E9 £5 J=6930 m/secE ARL3IGITH
232 ALEZ[He] 45 a4 ey
8 4 (seawater) ] A--oll= AFo| 2)g HE v} 4] (linear

polynomial equation) A} 3l W42 0 2 F& 3 (Sajdak{2004]).

p=Cot Cip+Cou2+ Cop’ +(Cy+ Csp+ Cop*)E 3)

. @

B ATl AR a B 27] WE po=1025 kg/n’,
Co=0.0Pa, C;=2.036X10°Pa, C,=8.432X 10°Pa, C;=0.14X 10°Pa,
Cy=04934, Cs= 13937, Cs=0, E=3.84416X 107/m*E A}&3}5c}.

Zok ul gjp] e Aol A8k At F BAAD
AU A ZHEYS sl Zole] mE Fho|w, 173 (Carleone
[1993], Sajdak[2004])0A] 3st FLHHL #l4 178.6 m 4
stollA] Fkgh Agdoly, B e Alshs F AlUE| o= ¢
9)9] s ZololA Fthsl= 202 T wiEel FuEd
o QI AFESS 1l AE3igith

3. FE-BH O4714S 018 +52Y
%ﬁgl:l- 6HA-|
1od |

3.1 55U 51E A

Zok Fo| FofA g w= 312, 31%ke] 7pA FA7} A
AE 1 FA% iR WEg T3 F9 AE 23R o]
& 9ol 2 e o] Fu wspt Ay 4E f-50l
A EEdke) ofs) A7) Wk 7 ak(spherical wave)]
Fei2 Aotsl 7h=d] ©1F $23H(shock wave)e} sk, +FZE
of &3t FA3kEe] A& HsiME Fig. 29} o] Fok §7g2)
AR A D F9 A vk A, A A 2 E
of 3l=d], o]2] gt 7]8le+2] x| BAE “attack geometry’2}iL 3}
o 3158 (Lee S2000], Lee S[2001])2] 714 &S Hxsio
Zo)3igl}, kel o 2 5E Az| vk "ozl 91]9] gt Hejx 9

Hull 4 R

Cavitation Gas Bubble
Shock Wave Bottom
Reflection
~ Wave
A-L‘(

Sea Bottom

Fig. 2. Underwater explosion phenomena and attack geometry.

A d

AT 4 AI7E olE2 olfig} Zo] THE 4 itk(Scavuzzo
and Pusey[2000]).

=11

PO=Poge 121 ®)

HYE P D AT 0 TLE 2 wis] W FLA

2] R[S FFEN T o] ol

173\ A1
P =K (=) s ®
_ A W
0 =KW ( R) [msec.] 7)

3, FAve] @HAY 984 K v o] dd

173\ 4

I= f p(tdt =1<3W"3(WT [psi-sec.] 8)

TNT Zopo]] thgh AP k& K=22505, K>=0.058, K;=1.798,
A1=1.18, 4,=-0.185, 4;=0.980|C}(Said[1995]).

T E0o) ot 5 F7 $EL attack geometryol] W 4
AlF(Shock Factor, S.F), B8 $-=%F 345 (Keel Shock Factor,

KSF)EA 37k % 9lek.

®

(10)

o714, RS FekollM Ak hully/HA19] A AZ RE: ekl &
= (keely/HA] 8] A AT oL},

FrEe FEA Ao 348 LS o ghol &) 3 AAe
AEIE HFE o dntdo R AFdAAs AFAS
2] ZANA EAIE 3P o= 5T 1,022 X3 &= Qlrt
ZA B ATNE 24 AF SE= 1.0W=100kgf, R=10m,
a=0%2 34 7o Hgsisivt

32 TRI0JE AECIE S8t siM a9 2E
2 Aol Hgskm gk ALEZIN 7by 2w Zop

h =
ke Zloltt. webA] & ok oleld a4 UdS
Sk sfjXel AEdS Srelr] sl AF S TSI

321 FoF 94 3719 R At

Fore 2] WIS dohir] flsjo] Foke] 84 AVIE 25 mm
2ol Zl| 2le) o Ao 19 ek Zoke) o A5
o] B7} FQ 2 400 mmE RHAYEE )7 B2 THESIC

322 85 94 A719) WA 24t

sl BE¥ Al 24 F719] MigAle Potry] fj3lo] 249
71 25~1000 mm(EE 1), 400 mm(E 2 1) Z8l3 2457



Table 1. Characteristics of analysis models

Mesh region Modell  Modelll  Model IIL
number 77,000 57,000 510,000
Seawatermesh o rm] 251000 400 25-200
Explosive mesh number 4096 1 4096
size[mm] 25 400 25

7Fg AA 25~200mm= ZEY(ED 10D ¢ 92 TR
I3 FERE SRY Aol R Feehe] dsiada &
g 2d n g e 3R 7 2ol 23] e F2E
o0 A7) XY F Wldde] FREY 3 BIPL oY
22 B o 5Ye wdg ok w72} fH 04
= 71 A4 general coupling contactE AFFEHOEH HHE
S AT GRA7A] okt B [ Feko] Fuk A] Tt
2 ANES 0P F BARE ) EE a5 ReYe Pl ¥
B ZolE 229 s9ia, e 1 nRe AWl Aajzge) 1
Foz gHlgslol F71x] Jejo] B 2&S v|wskua} it

ZokE 91ej9) Zlojofl Tlsh= AoR PR O TR {4
o] RE 7Pk = 0ikAL Z3 AW (non-reflecting boundary surface)
o= Agelen TR Fete] AE 10 m, BE Fd
A FHeR2 100 ko] AREHSITE 3714 el dist 57 vk
Table 134 23, 7} EXe] 942 Fig. 3~59 20

323 B 24 A7) WE vl
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& AA ZES Ads 28e 2 19 0IE o &3 1
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Fig. 3. Modeling scheme of model | and pressure shape of shock
wave.
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Fig. 5. Modeling scheme of model III.
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Fig. 6. Peak pressure vs. distance from explosive.
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Pressure (MPa)

Time (msec.)

Fig. 7. Pressure vs. time (model III; 10 m location from explosive).
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Ho} Fk 2 ok 9 msec, ©] Foll= A Flo] ot E g
Holx 9lt}. % £ 12,0 msec. ©]FolE d4X]2] dEHE0l
233 AR gloL} ol dHFES] AAT Jle] oA
Ashs 2 912 Bol o] A7l o]n| dFHupy} 128
& AUR] AP ER F2Eo= FEE vXA] & Holtk 1
eiut old dig Hsld AAES E o 244 sjofof &
RO Z AtgHth.
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Fig. 8. Propagation of shock wave [MPa].
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Fig. 9. Configuration of submarine.

OXygen, LOX)¥=ZLE QR F ST} Fig. 9olA{ 9 o] thdghe] o
kAR A U] X Eo] glo, 5] oldt
SAsEo] 288 A ek ggdAEe; Yot
WA g FEF QA"

NsPtAhR Iy FeE o= BE F M Fa% A
Fol el & ATE o] AFULRAE T YE o
Aot dAzktawge] QAL AU EAY AHH AT
(stainless steel) 1.39640]0] F4gh h A 24 HYS0
W HY 10078 ARk QIth(Table 2 9 33%). A A%
1.39641= 3¢k 21 & (breaking elongation)o] 35% ¢|do]i1, ¥
Aol Fabm A oMx L2 AX (ductilityyS YERl= 71A41%
BAE 23 it

Table 2. Material property of Ostenite stainless steel (1.3964)

Young’s Modulus (GPa) 195

Poisson’s ratio v=03

Yeild stress (MPa) Co2 =430

Ultimate stress (MPa) c.=700
Application part LOX tank body & ring frame

Table 3. Material property of HY80 and HY 100

HY80 HY100
Young’s Modulus (GPa) 206 206
Poisson’s ratio v=103 v=0.3
Yeiid stress (MPa) Go2 =550 Go2 = 690
Ultimate stress (MPa) .= 730 0. =760
Application part Hull body Hull body

1 Vacuum- and
powder insulated
Intermediate space

2 spray pipe

3 Tightening belts
4 inner shell

5 Outer shell

6 Mountings

7 LOX

8 GOX

Fig. 10. Configuration of LOX tank.
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Fig. 11. Compress test of insulation material.
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Fig. 12. Graph of volume-pressure from compress test result of 3 M

material.
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iAol o BE 4wt EEjokst], mEb FAl: 2.2
L2 (Euler elementyE AHg3ate] RAHSIT AA| 2 AR
9] BE FASS & 4 (plate element) ARSI A3 2R
sReH, 53] fAe4E 32804 HES Alg) ulet fAle
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7 293 sigich,

S Table 2 % 3914 Bl A5 2HAE o83k s
A2 A8e8igla, £ Rl § 20 5= 3 8471 478
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Fig. 13. Configuration of analysis model.
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Fig. 14. Effective stress contour at LOX tank outter shell (t=12.0
msec. unit: GPa).
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Fig. 15. Effective stress contour at LOX tank inner shell (¢=12.0
msec. unit: GPa).
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Fig. 16. Boundary condition for static analysis.

Fig. 17. Equivalent stress contour for static analysis.
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