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2-D numerical simulation of underwater explosion near
free surface of shallow water
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Abstract- The aim of this paper is to develop a numerical procedure for simulating underwater explosion phenomena
with a simplified mathematical and two fluid model. The two fluid Kapila five equation model is selected as the
governing equations and the ideal gas and Stiffened gas equations of state (SG-EOS) are used to obtain pressure in the
gas bubble and the surrounding water zone, respectively. The modified Schmidt EOS is used to simulate the cavitation
regions with low pressure. A Godunov numerical method and HLLC Reiman solver is extended for Kapila two fluid
model. The numerical results of the present method and comparing them with available experimental results, verify that
the proposed method has good capability of predicting complex physics involved in a spherical underwater explosion
and its interaction with free surface. The method also shows a very good performance with no spurious oscillation in
cavitation zone simulation in two-dimensional problems.
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2. Arbitrary Lagrangian Eulerian

3. Front tracking

4. Ghost fluid method

5. Smoothed particle hydrodynamics
6. diffuse interface method
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1. Sharp interface methods
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1. Schmidt modified cavitation model
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1. Stiffened gas equation of state

Y


www.SID.ir

S0 g 00l 50,10 mdlone

e 3T s SG335 O p1j Hlxiil (garigs (g3ae (g jLwanis

o35 WL ez g, 5l cani b gy00 5 5,00, slogse
:os.;::so 03}
Sg=max@, +c, U, +cg)

S, =min(u, —c, Uy —cg) o)

109 g0 03]

%

S =
(ou’ +P), —(pu’ +P), =S, (o), +S, (o) 0%
(o), =(Pu)g =S, P, +SpPr
ouis oolazwl Lud ui;;"LJ s ol o aSul s azgi b
e oo ol S iie Juad (35 Job (0 cez puS el

£ £

QG =g > Qg =g av)

B sl doles oo Cooms 45 oajalls gLl o

=$ib 2y Sygen Jlwlbl e lal '*"M"”aaax
ST
a-Va=divie-u)—a-divu) OA)

Bi -V 55 () Wslee o p ol 6K L
Gy adl o ez S il akaly g o 0gd 0
S R

FAW) _ ()2 0

Gl BsisnsS bay 5l ooliul b alolas oyl o (g v

ilise oy Ojgoty plral> slap s

o =a —%[(ua\f; ~wa)

\j \j al
Y Y

_a\j .(I/t* \_u* \)] )

j =
Y Y
S aibeiain ol a> b glwdiaid ogm
o7 S Al E83 g wleiee el | o>
diye ) el iledae 2B bl sl L8]l
arwg lp b oslizul [Vl MUSCL S5 51 oY
L oooles aSd 5 ogame x> (g, 5l (gomgs 4 (gilwand
9 6)La.s‘ .la.wj.' U’“"j) U"‘ g_)l.u;)? O eolawl el ULQ)LA.AJ

ol 00l 00l C)’“ [\ . ]oo‘jsa)‘b

Y

a\p\ a\p\u
a\' Y a\’p\'u
u=| P = ; W)
pu pu +P
pPE u(pE +P)
u of M
ot ox
ot ox

2 o GiledianS BgigdsS (s39e gy (el

395 o0 plox]
n+ __n At *on n *on n \
)™ = U )~ @@ O

Ll o g lul eogame lils BgignsS goue g,
g g0 00 4 3 dal 5 () 9 (A) OYolee piwnws Sl
Ax 0

cfl ¢« n
N max

At =C

57 oy o 10 50 i Smax oS alols Ax o5
slaobxl 5l S0 el Cye (4] a8 ilysS cops Cen
L o)l eitin & Sl goe (i oobuln (rebao

Wl oo g o dal,) cpl il alily i lawgs

Gk [V8]5,5 b HLLC ooy, Sl Jsheo (35,0 5L
el 00 31, () alas,

:max{‘ui"
i

f ) 0<S,
pic f(L:Z)Ff(MLHSL(u%—uL) SiSOSS* o)
" (up)=f (ug)+Sg g —ttg) S <O<S,

f (ug) 0>,

Slzye o a4l o m Gle 4l o Ll oy

D9 g0 Alby b3 7 b gy 9 9 Sl

S, —u
o Sk —Sk*
k

Sy —uy
S, -S°

U, = p ST g %)
S, =S

E, +(S —u,)x
Sy —uy

PW |:S*+ P, }

a.p,

Py (S —uy)

B 6olass VY 595 AYAY 313 p0 (59 g0 SIS (usiihn


www.SID.ir

e 3T s SG335 O p1j Hlxiil (garigs (g3ae (g jLwanis

YOIBIM (550 o] 5 45 ab (il Jon yie il ) LS L
Sgd o o5
1000

800

600F

p (kg/m®)

400F

200F

02 04 06 08 1

x (m)

p (Pa)

500

4001

300

v (m/s)

200

100}

0 0T 04 05 o5

x (m)
mls b (@lad) soue mls anlio (ule )8 a,s ald ¥ S
WYL Ve aSd olas g (e b [A] 588 >
(S 9,128 155090 bglie JBo 20l

B 5olads V¥ 5,55 AYAY 3ls o (9 yon SSKn (wiiaen

s s g G Jiluno —F
Joad Jols a5 wojlaibinl s Jlaw Coond ol 4o
Sy il o alls b8 a,s aly) Jold wiel 5 i

JLid s slen jailiw O il 5 ol3] mlaw ) (5Ll ool
b el g glwad ol a3

Sl-gp 4y 55 algl-\-f
L ol oo Cooms a5 0il oo ayo ) G Jolts alies oy
alis oyl el 00l Tem b )] sl oo § YUl mole
dolre bawg Jlw o ol [l 588 > Gl Lioles]
e ol ady) Ll s g o aseie SE-aiacul cll>
Jae goae Jo ¥V USS po el Gle BB Y Jaue b
2si o aglie [ Ll @¥olas | i > b (sladsles O
A ookl Ve e eSS aSlll slaws Y S (o

Olej o S8 95 52 50 (> > 5 soue gl awlis
oo ¥ IS 0 a5 jebiles Lol ool plesl YEeus
il oo Sl (558 (oST5 slagge bt (ul )d wsd g0
o Sl Gl g 0og Jlul MelS sdel Cansay slacly>
Ul Sle a5 ol vgpde ol @8 (o 5 gous mls
Sl Joe YL

s Al alis sl Lyl Y Jor

X>- v Y<X< /Y
Yoos \ Voo \ (kg/m3)
u(m/s)
vl y! vt )0 P(Pa)
y-7 v 7 a

"AEN; o yxiio oolo ylxisl-Y-¥
[V-lo Koo g oS Lawgs Siba ouay ol ol a8
3 oty M elulp g ad adlas (o2 &g
el 0wl Olasas om0 gls dg0me g (o Fouas
$9yS At S Dyg0d AEN3 6,5 Lo Ve sl alins

1. Exact
2. Silver Azide

Al


www.SID.ir

S0 g 00l 50,10 mdlone

e 3T s SG335 O p1j Hlxiil (garigs (g3ae (g jLwanis

3T b b T 513 190 jLid py jidas Lol ¥ F
ol e 1 gous g5loted gl wand ol o
Gl ol gl b OF 5 50 Jladn o1 lsa jaidw S
oo silwacd 55 NVF] ao o by ales () 095 0
Oigadad 3 g pe nl 5o 0l a3 S (goae ) o
5 >S1 el & ez o] Sl i Gl el GBSV
050° 650 5 9] el 55 S e Jad 90 5 (558 bl
Slole lawe Wl o Clusay e Jlas 32 w)ls O
Bos 5 035 o OxB olal 4y flates S ol alis ()
Gos o e +IY gles b jlady jailos g ool e VO O
adl Lulos (Y US) o)l 13 ol ol mhas 5 e+ /Y
S50 i lulpd Wl Vo Jgse 2 4 ais (ol
bosr lalyd Oigoa bl ady o 5 0l 0 O)gon
sl yo ks 8l Sho O sods bt .l ouls bl
oo o3ls Lis A UKo s ali Lo VY g +/AD o/ oY
Jad ol lopls ©jgon 98 Sluye g o lan) ol
WS oo blailar g5 I Ol 09 oo bz il S i
28 psbplen S oo Sy Vb Gy | F ol s
T3 5l e w0gdse 00y ailis ) Se VIV 5 ¢ IAD slagle;
By g ee Jiie I 4y g 00,5 jone O Lol glayyo
oS WS )93 p el o)lps 4 sluys gee S

g os dlml sl pd Tae Cuty jlidy 4l S 5 09h 0

x 108 L

L6 F

p (Pa)
T

t (s)

S Casdae o Jlad Oln Sl azse)l Y USS
alizes aSll dlass glilay (¢ YOmM, /- AVOmM)

0

Jobeo [Ye] oy s olaly bl 5l Jol> Lad
b e Ohee o ol Slewlxe azels .zl V¢ 'Pa
O 8l oyl o t=28 lej o el < /YO x+ /YO M slu
Bos 0 oo odle Loyl I3 Y= /YO M Coxdge (o
Jolis S (g5 p0 by syl 1B ST maw p) e +/VYO
Oygods Sl 5 e (@2 e bt g sl ol
Pl aadllas lo ¥ S jo 0l a8 F o owlSal e
I ol jo el oad ool lid oSl slaws l eoles
py ahd G e @l slagley jo jlad gloy ol
odls &L (¢AYOmM , +/-AYOM) Claise L il oo
).H.M...' 4\1“..: Slows LS‘)‘A" “59-“"‘54 casliv 45 )#UL& |
W g oais jalb Cls> o (gl g Dl sy Feextee ol
00y s aliie ol g Slasle jo 4l dlaws o
Olwg aigSzd Wad oo 00y a5 jebilen (uimen 0l
alaulgdy yol (pl a5 090 cod 00y Dlg> 4o (gaae alulesl
@ode by pdgemlie 5 (Jlwss Jae 039S g
@l slagley jo oo mll amlie ¥ S o el
[¥ e @l b (I8 0Lol®) ks pga &0y
St @S G 295 AS @ cwl et L)l
2 LS g HylS gb e ovalie (025 @l g goue
o ools iuled O UKy aslie e FY 9 VF slale;
s oyl gls 4l S g oo 00ss a5 j5bylen el
O 4zl ol o lad aS eal ol maw py 0 g
rl dsdee piite Ol gy8 (slad Dyponr 558 slauys
bl o g WS o Colal o] mha 4 (595 Sl o zge
Ol 5 ihie 5 95500 ple Jilyy (oulSiail blucsl gl
Sl o zoe davlgay cabolnl (iid wS o jees 190 4 35
gy i SO o s Sley asu B P S (o (0 JSS)
odds osls lis Y=+/+FYO M o Adly 5 (o lxal s
Jol Sy 098 o0 odmline £ IS 0 (g lid Sy g0l
oaus bl ¢yl 5 g0 alads 5l Lol gla o e [0S alaulga
odbpSate Jherd iy goe jgue gt oo S
Lol odel 93g4r dal> o S |

B 6olass VY 595 AYAY 313 p0 (59 g0 SIS (usiihn


www.SID.ir

Archiveof SID

Jo 9 0015(50,10 (rmllone O3 e S35 ST 15 yloxkil (anigd (soue (63l

oISl bl g

DAL gy cy2 gl oy o ol IS o00e bl cor Caoms ikt ypgbas & ppoty 8> LolS Ol 5 il B Sl
%QB B)Séﬁ fY 9 YA 9 \f Lﬁig Agyb j‘%ﬁ;;sﬁ

aslig, e FY 9V F slaylo; jo Pa sy lid a565 (goae s Ol 5 lxiil O S

B 8olas 1Y 853 AYAY 3ls po (9 g0 S0 (wdian

p
90000000

75000000
60000000
45000000
30000000
15000000
100243
9484

o]

5
WWW.SID.ir


www.SID.ir

Archiveof SID

SS0n g 0005 50418 Cpmmadlonse e ST s SG33 OT p1j Hlmiil (garsgs (g3ae (g 5lwannis
q
15 F
q
g T
=

100 150
t(s)

6
x 10

S Camdge o jlid Sl Gl azsu b PSSl
YO, < [-AYD)

om

om

il s Jo loe bl g adsl Lyl ys 51 (Slojle b ¥ SR
-SRI W

i il alie gl adgl bulyls g wle 5 55 sla 559 ¥ Jgua

olﬂ C.la.w L g.fl
Po(Pa)  P(Pa)  p(kg/m3) 7 Jbe
VoYY VYYD Ve ol el YL
v VYO« ve o e bl
VA ey Yooo £/f ol

L g aidl oo go0e jlugs 28 ool Cawddy (g3de s
I3 sk jloxil ) Ll pglal ©jpot g30e @l A JSb g, 45 el S5 LLs o ls il DVF] a e so0e gl
WV 5 2IAD o /F Y slagle; jo ol ghaw 5 50 5 J> sy asboplais! oy bl 5 alie opl goue

Bakan loe $HISY lahs) 5l SaneeS (owgiaS

fv B 6 ladt ¥ 5,55 AYAY 313 10 (59 g0 SIS0 (st _
WWW.SID.Ir


www.SID.ir

S0 g 00l 50,10 mdlone

e 3T s SG335 O p1j Hlxiil (garigs (g3ae (g jLwanis

[8] Menikoff K. R., Bdzil J., Son S., Stewart D., “Two-
Phase Modeling of DDT in Granular Materials:
Reduced Equations. *“ Physics of Fluids, Vol. 13,
2001, pp. 3002-3024.

[9] Saurel R., Petitpas F., Berry R. A., “Simple and
Efficient Relaxation Methods for Interfaces
Separating Compressible Fluids, Cavitating Flows
and Shocks in Multiphase Mixtures”, journal of
Computational Physics, Vol. 228, No. 5, 2009,
pp-1678-1712.

@03 gilwand” (pnadlone solj oyl (Lo 0ee bty -]

(kigo sl e zoe aolal Jlys oyl ul WDl
FA-FY oe AV ) o)les VY 0,00 ¢ ycto Sl

[11]Murrone A., Guillard H., “A Five-Equation
Reduced Model for Compressible Two-Phase Flow
Problems”, Journal of Computational Physics, Vol.
202, No. 2, 2005, pp. 664-698.

[12] Kreeft J. J., Koren B., “A New Formulation of
Kapila’s Five-Equation Model for Compressible
Two-Fluid Flow, and its Numerical Treatment”,
Journal of Computational Physics, Vol. 229, 2003,
pp- 6220-6242.

[13] Qamar S., Ahmed M., “A High Order Kinetic Flux-
Vector Splitting Method for the Reduced Five-
Equation Model of Compressible Two-Fluid
Flows”, Journal Of Computational Physics, Vol.
228, 2009, pp. 9059-9078.

[14]Kokh S., Lagoutiere F., “An Anti-Diffusive
Numerical Scheme for the Simulation of Interfaces
between Compressible Fluids by Means of a Five-
Equation Model”, Journal of Computational
Physics, Vol. 229, 2010, pp. 2773-28009.

[15] Deledicque V., Papalexandris M. V., “An Exact
Riemann Solver for compressible Two-Phase Flow
Models Containing Non-Conservative Products”,
Journal of Computational Physics, Vol. 222, 2007,
pp- 217-245.

[16] Toro E. F., Solvers and Numerical Methods for
Fluid Dynamics, Springer, Berlin, 1999.

[17] Tokareva S. A., Toro E. F., “HLLC-Type Riemann
Solver for the Baer-Nunziato Equations of
Compressible Two-Phase Flow”, Journal of
Computational Physics,V01.229,2010,pp.3573-604.

[18]Costanzo F. A., “Underwater Explosion
Phenomena and Shock Physics”, Proceedings of
the IMAC-XXVIII, Florida USA, February 2010.

[19] Xie W. F., Liu T. G., Khoo B. C., “Application of a
One-Fluid Model for Large Scale Homogeneous
Unsteady Cavitation: The Modified Schmidt
Model”, Computers & Fluids, Vol. 35, 2006, pp.
1177-1192.

[20] Kleine H., Tepper S., Takehara K., Etoh T. G.,
Hiraki K., “Cavitation Induced by Low-Speed
Underwater Impact”, Shock Waves, Vol. 19, 2009,
pp- 895-900.

B 5olads V¥ 5,55 AYAY sls e (99 g S (owiitn

S5 A g (G Ee —D

S e 055 S5 b rb ol (e ) 5
o9y 9 MmlS ldobeozy Jlawgs Jow 31 eolainl L O
b orba )y slndil oday 5o 0l (g BeigesS soue
Sy gye 3,55 F1 50 il e b (15 0l 9,5 Ll
al T 51 ety bl glgal olSail 5 ol el &
Saday Jlad Geealngls 4l )0 05800 bl (gamliagls
h o5 Jsame clls E¥slie 45 (ot cbge ualS

Dygods olad e 5wt (e cnl po LS iy
ety il Sl L5 s site b ogd e e ol

St nl &b Gl osd oo g)lB Jo 5l 08 5 a8 el g0
ondpdol ewlisls Joo Loyl sl Gieen cnl o
Wi oo 03 4 JLwSS o Jus sl M a5 el
S piie Jpad ol oolainl glaolrogsy (Jlwss Joo sl p
5 0ol yePed lugi e g wex S L Sllse 5 O
S0 4 S0 5l (6,lid wual st bonzmy )Lad (lae
SlyFen sooe @l ad aculxe 9> Cds L Pals

Sl (1558 soue )5 5 s92 50 oy G L s>

o ald

[1] Kedrinskii V. K., Hydrodynamics of Explosion:
Experiments and Models, Springer, Berlin, 2004.

[2] Xie W.F. et al, “The Simulation of Cavitating
Flows Induced by Underwater Shock and Free
Surface Interaction”, Applied ~ Numerical
Mathematics, Vol. 57, 2007, pp. 734-745.

[3] McCoy R. W., Sun C. T., “Fluid-Structure
Interaction Analysis of a Thick-Section Composite
Cylinder Subjected to Underwater Blast Loading”,
Composite Structures,Vol.37,No.1,1997, pp.45-55.

[4] Pishevar A. R., Amirifar R., “An Adaptive ALE
Method for Underwater Explosion Simulations
Including Cavitation”, Shock Waves, Vol. 20, 2010,
pp- 425-439.

[5] Terashima H., Tryggvason G., “A Front-
Tracking/Ghost-Fluid Method for Fluid Interfaces
in Compressible Flows”, Journal of Computational
Physics, Vol. 228, 2009, pp. 4012-4037.

[6] Terashima H., Tryggvason G., “A Front-Tracking
Method with Projected Interface Conditions for
Compressible Multi-Fluid Flows”, Computers &
Fluids, Vol. 39, 2010, pp. 1804-1814.

[7] Liu M. B.,, Liu G. R, Lam K. Y., Zong Z.,
“Smoothed Particle Hydrodynamics for Numerical
Simulation of Underwater Explosion”,
Computational Mechanics,V0l1.30,2003,pp.106-18.

A


www.SID.ir

