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ABSTRACT: In this research, an enhanced computational coupling method is proposed for the
transient problems of incompressible fluid-elastic structure interaction based on the smoothed particle
hydrodynamics method. The coupling process is conducted between an incompressible smoothed particle
hydrodynamics fluid model and a totally Lagrangian smoothed particle hydrodynamics structural model.
In the incompressible smoothed particle hydrodynamics method, due to the importance of smoothing
particle distribution for accurate and stable simulations with noise-free pressure field, a new scheme for

particle shifting has been proposed to regulate particle distribution. In contrast to numerical errors at  Keywords:
the free surface in traditional particle shifting algorithm, this proposed algorithm as a suitable treatment  Incompressible smoothed particle
for discontinuous boundaries such as the free surface presents an optimized particle shifting scheme  hydrodynamics

without need to adjust the new parameters. The proposed numerical coupling method was examined  Fluid-structure interaction

by simulating several benchmarks in fluid-structure interaction and the results were compared with ~ Totally Lagrangian SPH

experimental and numerical results. The considered problems of fluid-structure interaction in this paper ~Optimized particle shifting scheme
include the dam-breaking with an elastic gate and the deflection of an elastic obstacle due to fluid

sloshing. The agreement between the presented results with the literature data shows the ability of the

proposed model to simulate the phenomenon of fluid-structure interaction.

1- Introduction

In this study, a fully Lagrangian coupled particle method
based on the Smoothed Particle Hydrodynamics (SPH)
method is developed for simulation of Fluid Structure
Interaction (FSI) problems that include transient dynamic
loads with finite elastic structural displacements. The fluid
and structure models are founded on the incompressible fluid
and elastic structure. The various refined methods to decrease
non-physical pressure oscillations have been proposed. For
improvement of stability and accuracy of the SPH method
for fluid model, a divergence free source term of Poisson
Pressure Equation (PPE) and the proposed optimized particle
regularization scheme is used.

The consistency of the fluid-structure coupling scheme in
providing a rigorous imposition of the interface boundary
conditions (continuity conditions) is a matter of significant
importance that has to be carefully treated. Antoci et al.
[1] proposed an FSI solver based on an approximate SPH
evaluation of a surface integral of fluid pressure. Hence, the
solver could become quite sensitive to fluctuations in the
pressure field. In the context of projection-based methods,
Rafiee etal. [2] developed a coupled SPH-based FSI solver for
simulation of incompressible fluid-elastic structure. In their
model, the poisson pressure equation was solved explicitly
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by a simple scheme and through an assumption of negligible
pressure time variations in between two computational time
steps which are not rigorously valid. Khayyer et al. [3]
proposed an enhanced Incompressible Smoothed Particle
Hydrodynamics (ISPH)-SPH coupled method which the
stability of calculations is guaranteed through incorporation
of numerical stabilizer that often requires tuning and brings
computational challenges due to calculation of parallel and
normal vectors of predicted relative distances. The present
study provides a generalized treatment for coupling fluid and
structure media with proposed particle shifting algorithm to
stabilize the results.

2- Methodology

2- 1- ISPH methodology

In the SPH method, Navier-Stokes equations are solved in
the form of a two-step method using the Poisson equation
of pressure [4]. A stabilized method for the incompressible
fluid has been used to obtain a free-divergence velocity field,
which is expressed as follows [5]:
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Where ¥ denotes kinematic viscosity, 7 and U are particle
position and velocity vectors, respectively. The PPE is
obtained based on the concept of the projection method and
expressed as:
1 n+l 1 —*
V.(—VP =—Vu, 3)
o) LY
Where P and p are particle’s pressure and density. The

velocity at the time n +1 "' will result from the projection
of &, . Therefore

—n+ —* At n+
u'"'=u, ——VP, !
P 4)
Finally, the particle positions are advanced in time,
—n —n+l
~ - +
P =+ At [—u” zu” ] (5)

The particle approximation of the above relations based on
SPH method is presented as [5]:

VP, ~ ;Vb (P,+P,)V IV, (6)
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Where V, W, is the normalized kernel gradient [6]. Finally,
to stabilize the simulation, the particles are then shifted
slightly and the hydrodynamic variables are corrected [7].
The direction and amount of shifting are determined from
the arrangement of neighboring particles; the proposed A7,
is defined as shifting particle vector which is calculated by:

A’:; = 52Vhah Wah'(12><2 _ﬁa ®ﬁu) (9)
b

Where 7, denotes normal vector to the free surface and ¢
can vary between 0.0 and 0.2. Ultimately, it is necessary to
modify the flow field variables in the new position as follows:

VI =V, 4AV, , AV, =57,.(VV) (10)
Pl =p.+2p, . Mp,=57,.(Vp), (11)

2- 2- TLSPH methodology

In this study, the Totally Lagrangian Smoothed Particle
Hydrodynamics (TLSPH) method is used to simulate the
elastic dynamic problem [8]. The momentum equation in
reference configuration may be rewritten in its discredited
form as:

i, & (P +P; - o
;; =2Vb (a—b_Png J'VoWoab +gFos (12)
b=1

a

—~F S . . .
where @’ corresponds to the interaction force acting on
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the fluid F by structure S , P* is the nominal stress tensor
which is related to the Cauchy stress tensor by P* = |F | oF™
and Py, =|F|I1,, F™' is the artificial viscosity written in
the initial configuration. It should be noted that F is the
deformation gradient tensor.

2- 3- Fluid-structure coupling scheme

The structure particles are considered as a moving wall
boundary for the fluid, providing velocity and position
boundary conditions in the calculation of fluid’s pressure field
through solving a PPE by consideration of momentum and
continuity equations. The interacting forces normal to the fluid-
structure interface would be equal in magnitude and opposite
in direction, in view of the fact that:

VP s e =P s (13)
It should be noted that the interaction term @” is obtained
based on the calculated pressure gradient at a typical structure
particle S as follows:
Vp, 1
A s =_—=__vak.v ; Q=0 VQ (14)
p\' ps keQ

Where k represents neighboring particles of fluid and
structure particles.

2- 4- Time stepping condition
Generally, in SPH the time step sizes are determined through
the Courant—Friedrichs—Lewy (CFL) condition:

h
At =CI".U (15)

Where the Courant number, Cr < 1.0 . In this study, for all the
conducted FSI simulations, the maximum allowable time step
size of the structure Az;  isset 0.01A¢ ro

3- Results & Discussion

The FSI solver is applied for simulation of dam break with
an elastic gate. The elastic gate is of 0.005m thickness
with Young’s modulus and Poisson’s ratio of 12Mpa and
, respectively. The fluid partition consists of water. Fig. 1
presents a set of snapshots corresponding to the simulation of
dam break with elastic gate.
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0.00 005 010 0.5
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Fig. 1: Qualitative comparison between experimental photos[1]
and their corresponding snapshots
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4- Conclusion

In the present study, a novel coupled algorithm is developed
based on the SPH method for simulating the FSI problems
corresponding to incompressible fluid flows and elastic
structures. An optimized particle regularization scheme is
proposed for stable and accurate results. The proposed method
is applied to the simulation of an FSI problem corresponding
to a dam-break with an elastic gate. The simulation results are
compared with experimental data.

5- References

[1] C. Antoci, M. Gallati, S. Sibilla, Numerical simulation of fluid—
structure interaction by SPH, Computers & Structures, 85(11-
14) (2007) 879-890.

[2] A. Rafiee, K.P. Thiagarajan, An SPH projection method for
simulating fluid-hypoelastic structure interaction, Computer
Methods in Applied Mechanics and Engineering, 198(33-36)
(2009) 2785-2795.

[3] A. Khayyer, H. Gotoh, H. Falahaty, Y. Shimizu, An enhanced
ISPH-SPH coupled method for simulation of incompressible

781

fluid-elastic ~ structure interactions, Physics

Communications, (2018).

Computer

[4] S.J. Cummins, M. Rudman, An SPH projection method, Journal
of computational physics, 152(2) (1999) 584-607.

[5]1 S. Lind, R. Xu, P. Stansby, B.D. Rogers, Incompressible
smoothed particle hydrodynamics for free-surface flows:
A generalised diffusion-based algorithm for stability and
validations for impulsive flows and propagating waves, Journal
of Computational Physics, 231(4) (2012) 1499-1523.

[6] G.-R. Liu, M.B. Liu, Smoothed particle hydrodynamics: a
meshfree particle method, World Scientific, 2003.

[71 R. Xu, P. Stansby, D. Laurence, Accuracy and stability in
incompressible SPH (ISPH) based on the projection method
and a new approach, Journal of computational Physics, 228(18)
(2009) 6703-6725.

[8] J. Lin, H. Naceur, D. Coutellier, A. Laksimi, Geometrically
nonlinear analysis of two-dimensional structures using
an improved smoothed particle hydrodynamics method,
Engineering Computations, 32(3) (2015) 779-805.






75 ool SlSo (owkigee g pul

FAV: B Y100 Slio ATAA Jlo ) oyl DY 093 S peal SGlSo puwdines 4 il
DOI: 10.22060/mej.2019.15998.6246

Silbwaands gl Hlgon Olyd Soludgyumd o (S 6 53,5Y MolS J195 Juw drwgs
03lw — Jlow (i il

ﬁsx.a.m L@)GLC ‘ool)’ ‘;dto bw,».a‘

Ol e wh olKuils (SLilSle  pwaige 0aSiils

1Ga9ls Az,
IFAV-IY-YY cal o
VAA- Y= 0 16,5550
IAA- Y10 oy
YWAA-- Y=VA 20T sl

(eols wlls

Slaen Sl Saluog o by,
2hb Sy

o5l — Jlows (2S

G 5L,5Y el o5l Joe

S &g ole phie g5k

sy 4l Set¥losle = Jlow (225,00l (61,35 Plee sl hisS g0 Joe SG 0l adlllas o raodls
2L ST lgen S5 Sualindg aee Jlw Joo S0 G g8 sl 8 Sl o slpiiay Jlgen S5 Seualinsg joee
9 5635 53l et 8l By cnlin 555 ol & 425 Lo ol 38 55 o0 250 LTV SIS 5 e
drgd D0 0595 (gl el Sz I Jlail (gl spaz 00,8 il (g0 )Lad lae G adgi g sl
(s 1,3 W] g, 50 09290 (slallas g ol3T mban (o (LS gy aiels (090 JolSh s g5 b .ol oas ool
iz el eekiis a5 g il s (gzren atsnl slaj e sl cemlio S ol S lpie 4 055
Seoolisd aliiene S (g5 s 5l osbizal b (655,55 SolS ojles oo 3 Shos il oo Sl5 o555 it ool 4y ol
o3l = Jlons (255 55 (60,5 Blass 5l diged aiz (g5l 4l b ool Joo S8 2855 )18 2510 590
anlllas 1 o0 &) gl Bl o anglie sous @l 5 alEiylejl e Llow mls b Jols gl 5 ol sy
o3 oo Lt ol = Jlow 28 il ossy (55l a0 soleiidn Juo 0ol (Ul (liEoee S0 slaoslo Ly y2l>

53 3 oSl SYoleo B 09 oo Jiiie Lazmo 1500 4 Lane S
Jls S 5l Pl 55 V] wigs 1%0n plojen jobay clasee
oI55 (5 Jgo 9 g gams o3l 5 Jlows Lasma 53 55 o3l
ol a5 I 10 g co oty Jlows 4l (sl (6 lisk- s, SY
15 hol USte [¥] sl oad Jaw @318V SlS ot o8 b
st oS Sl pl (G0 e (e SFSY (g b Bl S
s )3 9 SHIY slaplell glrsel 4 e (S5 sladscs
330 GBS et igred S9dios 2151y g wad goue sl
wSlse pogasay wysSIl Sy el ol5T zlas 5 il
Pl il ad Gln G e slatsy (S6 &
WelS gatsJgorp 5l 45 cal a4l ol — Sl LS il
Ol S oo osliiul ojle &S > g Jlw inog sl HISY
3 Oy o3l =l (S )l 500 £ > B aams oo o3l a b
Sl goanie Slalllas 04 uand Slal 4 wazme oL ie 4

51 oolizasl b o3l =l iS5l Plane o cloein 55! dxusgs

doddlo -
sasls o wlay Sopd b (Blae gilodoe o)l
b Sl el s 60l Capen] 5l g il
w290 0ile (§9; Jlow Sl a5 ABb oo (S0 iz oy Soojle
Sy g Lad (59 93 g 4 b ol axgi JB 5D oS
35 wojle —Jlw 25yl 4 bgyye Jiles 505 oo 1 b
s s 3l 8505, 5o dlisn Jr B o 4 s (3,55
2o Jo o N wssice do 5 oo ploger 50 4 03l
GLad b S 5) by iy (610 Jlows S¥0las lail g0 0,80 9,
Olyie 4 00l daloee (5 e gl oo > dalr slaj e 5o
5 B 358 g0 4185 54 0l oS> Volas sl (550 Ly

SleMbl i s3> 0,509, 40 @dly jo 00,5 e o5l JSS

1 Direct approach
2 Partitioned approach
arshafiei@yazd.ac.ir :olslKe lsongs oo

(Creative Commons License) ss,s  Soisy 31 juilud cod allie ol .ol 0ais 00ls 108 ol olSls il jLicil 4 150 358 g B oian g5 4 (uilpe oh>
Auley® oo hittps://www.creativecommons.org/licenses/by-nc/4.0/legalcode ol 5l uilacd cpl Slssa sly ol a8 5 18 ety o i 5o BY NG

Yyoo


https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

FAV: B Y00 Sloio YRR Jlo ) oyl DY 093 S pual SlSo puwdines & il

Slp gwly dolee 5l Jol> jlad 5l eolaiwl b eods o (i
gy 1V o os o o T Gl 20 it e S el
Gl 50 g 330 Wl AL o515 lge SIS Sialusg ae
(Jlw = ojle Sl Plawe Jo sl Bl e liad Sllugs
o515 Jlgen SIS Salisgyonn by, I lSen 5 ' (n)
s plaaSl B p e ojle b Jlew Sl 1) n330
dolee > Gayb 5l aele g Jlow jLid plial Jaw 500,57 S
Sl 00l (i s 2l Gloy Slpss (23 b (gl jLad
=55 ohgy Ko Sk YT pllSen 5V o s ptne o8
Sl et sln 1) Jlgen ©)d Selusgjane p (e a3y
o] alosls ail,l KWl o5l — 53l o515 Jlow cslo,iS il
doss P9 ebulp (s39e euS Il (lgeay (LIS 5955 G
soliial VY] Mg 05 bawg oy dlpiiny S o Sly3 e
dmls Jds g 0)lo all Ko @8s it 4 Lo 45T WS
Sl oald (o Gy (o oot 0 ilee 5 Jloy slajlo
By18 ol e |y gwlus Slowle

sojle Seals Plawe )3 Jlgen Ol Sealisg a3,
el oais a3, S VE] LS 65 lawg SVl
Dolee S et g hend pdgeST5 b, 51 [F] o Sen 5 gl
ol s S oolil S¥ly op Jlaws U 30 05l gl <l
RdeS1E gy 5l eoliial (o2iS (65lbl slacysgae 352y
S e Sgame Szl gl Sealiys Jlae o o |, Gionds
(bl iz Jo 50 (285 slag lbl Sl pals jelaie 4
Iy ol a0l [VF] egran a5 asile sounie slo, Sl
8o 4wl a5 b eoliiul Guax sla sl daSal) ol o
gl ol

O3 3% slaglyy lp a8 Ojee gll el e
Seabizgyien sl 35V NS g, S V0] oSl e
ol slgitiy Sl glaojls Sealiys Sl ly Jlsad )3
w8 S Sl o az e plye 4 adsl gu S (gandsed ol o
@l @i ol o clinie 5 BS g5lelsen @l 5 0n

9  Rafiee

10 Khayyer
11 Tsuruta
12 Gray

13 Belytschko

Jae 2kl I¥] ol 438 050 s g s315Y slaig,
L St jolid (59, Too Sl 295 (ile dmd ;3 (glo)d
O3 F] T35 Loy 'S jorie O3 o das b, ) ool
dod 9y Al Sl Jow S [0] Gl Sem 5 T STsm sl ooy
Js5 P9y Oled 2 (e ol Jae So L] S e )b Jed
3 ool ojl g s Gy GRS 08l o] i 40 0,5
onds st [F] T gl by a5 Jlow jlid xbaw ISl
o ialeT gl o] il s o o551 s Cymend eand
PN RV VIPRE SC o E NS Wl SRR WRCIWA V.Y P I CE
Sl dd 50 izmed g ad AL S0 gl 4k SO L Sl
a5 miliel Ol o b gl adles 3,55 2 & bgy o Jilos
o plgie 4 ®lpen Dlyd Salinagaam by S0 S5 ]
55 B o sl IV o s e i 55
Blows Jelod g (g5l aeds )3 (o9, (nl Cansl 0l 031 dnnsgs pons
Gl 0aus oolazwl ol Jlow 1S 8l Plao ;o (goasin g0 0,8
Sy e lgen S Sealusgaan g, adsl JSo (Al
et sl Sl dslas S, oslizd b a3y o515 Jlm
Sl Sealadgied oy, Olyed a5 Sl ol (gan Jge 8 5L
P S a5l ) (ol el ool (B pme Tehins ndy 65155 s
S Pl Ve Jlao a5 0)ls Dgo ey 4 iy S5 Sl
Sl S I s & ol Gz S Sl
sbml cage (JB> dnloes jo las (puizmen b dalys Slawls
LU & e a5 35800 JLaS ol 5 (S e Slleg
[a] Ogd g0 (539
w515 Wdly Jlw 555 (IS i ) (555l glaie
Py D e Jleee O Seelusgiaes sy sl pab
Cosl (glal po 55 (g, S M AU ST Jlsen S Salusg e

1 Moving Particle Semi-implicit (MPS)

2 Gotoh

3 Hwang

4 Antoci

5 Smoothed Particle Hydrodynamics (SPH)

6  Gingold

7 Weakly Compressible Smoothed Particle Hydrodynamics
(WCSPH)

8  Incompressible Smoothed Particle Hydrodynamics (ISPH)

¥101



FIVe Y100 Slxio TR Jlo ) o)l DY 0,93 « S yual SKilo owigen & i

v =(zA) 2¢, 1 ¢ )

2 &S (SeinySlenl iz (18,8 Ep el £ &S
L oyl a5 daseie alold A g 0uS o i /YO L ¢/) 0dg0me
e oo 48,5 Sl s S &l lyen Jobo

A (’7) e ¢)lgan OIS Soliyag,ai g, (g ]se 8 50
b SO 0 o7 )l Cumdae 0 4B, 13 03 Sl
Dgb 0 ey Dygods () ol Sl

A(7)=[4@)w (7 -7

Q

h)dQ )

5 W (7 =7 [ ) =W, (7)) combsy anels Q a5

dals 5 loy3 B ) yslome 0,3 g3 aAlols [Py [ =|F =] 5 lgen

rab

ol 0 il e 0,8 Lidgr aels Jlgen Job Mg (@ 0)d Lide

oolital Yh udsgy aals T 4550 el (2l @ 5] lis

%—q2+%q3 , 0<q<l1
R ®)
W, (Fy)=a, E(Z—q)‘ , 1<q<2
0 , q=2
w)mwlagan:aib 564:.35$J3L.M)¢ ad:i‘t
h Yrch

o 31 ool b () JLS51 e bod (7)) i sl slo,
Coadge ;o i8S )15 0,5 gy aials (49,0 485 )18 LS ()

D9 0 s T

) *)

IVl asbise b 0,3 ome V) o

Dlged lyd Saoliydg i gy b 5 Jos -V-Y
5 UolT Sla s 1 s Ssih b dslee o ol &
ooliinl b ed, =4 (7)) Kl s Lol 5 ol 5L il 900

D5 0 (eetd pj 8 4 sloyd o

ﬁAﬂ ~ sz (Ab _ALI)VWh (de) (V)

3 Cubic B-spline kernel function

Yyov

GRS ]y G5 et jsbdy S9p 93 9 99 o0l D)3
L Sl dolae 3l oolatl 4 (g5l 5,00l 5l s o0 bLS)
S Salbusg o 315 s Sdge B ol Gl
slaojlo (wiin Jolos slp VP 0 g solering ' lsen
s Jlosl 4y ;o8 a5 a5 0l 48 5 a4 gum g0 Sl
sl abogype (550 DlyS ay (Lt s 5 925) (50 0l
Olwgh ambio Sy (Soalios by 3luoancd bojlo Joo o Shoe
Jo b awolie BB ool cawoa bl ol ool oz Liel] N
Jlgen Sl,3 Salinogjoun oy, alsl jo il o lagyl Lo
Gdyerd p s SVl ol Jae b Jlow sl il o515
Joe s S o 50 w5801 oSy 5l eolizul b (g3, 5Y SLels
Flae sl Seta¥l ojlom Jlos S50l g3loaed sl hsS
Sles s aglie aEislegl mli b 5 omi el alises
a0 bod CeS ol aid S5 50 ojle - Jlew S0l
S Sl s S gy, s cnSs 5 [VY g ] Syl

Aibee VA 9 WV Sl (35 50 Jlow ook

Slgen )b Saobydgyua bg, -¥

9o u.us) NS) M.HB B @55—‘“*"_)-’3[-’ SYoles ¢ U’“a) U"‘ B
g g0 Jo Lid aulsy dlolas 3l oolaiul b slad> o

Vii =0.0 Q)
d—”:—£+(u+u’)vzﬁ+g+ds*f ™
dt P

P sif Qs § Jlow SRz Pty (e i 45

& . . t & . .- . & A
@ bgpe phdz ALy U g (pdods 4l Sy U )lad

s—>f

Gop 5l b ols @7 (Y) alaly o asb e aad] b,
A 598 g 5l oolaiuwl .all oo o5l Byl 5l Jlaws 00 )lg 1Sl
Sl el S50 a5l 0l 25,5 #5545 S1d gl aasl b,
iy o Sante 1) (Swgn Lulpd (DI)5 (60l aijeSns
L:My 03l dj‘)l s(;a.ﬂ.w] J\.Lo » GH...A st‘ M)jim.vj )| )5.122.1.‘0

s oolanwl [VA] ) San g 9395

1 Totally Lagrangian smoothed particle hydrodynamics (TL-
SPH)
2 Lin



FAV: B Y00 Sloio YRR Jlo ) oyl DY 093 S pual SlSo puwdines & il

Ot jglaie 4090 o (30l amles dlolas leolarl b Il
Jo L olS 51 aay o8 o o5l olas ¢ loe e pus g
5020 09105158 il b L8 (6l (gmlsy Aolae s 355 o0
Bedee Jolo Lad LS Gulhyns b Sl Sy Ol
oS5 gl aS 59 e ol (glisSas a5 syl o led s pus
ik B 1) e ndl
s (Sl clas g Jlid gous Sllug oa
e 4..;5; S yge0 uj,uj}) aJolxs LS“)"‘"J}"J‘B 092.3 3O (GO
Ao ey il Sl 4 aiel ISz Jlesl L [YE] 2gls
Top s 3280 (g lul vezg boaS wisls slpriny sei oS
S paiial JE> g a0 s il Gloyes Jloel L (YO
el 85 g (65l D929 b aS wisly anwgi 1) a8 5l v 46X
S rSole slp waz g, S IVF] Vg5 atbice polej b
ols @) game slad 45 Sd wad gazs 3 Lol oyl
b Job yo 1) @lid o Gley o5 5o ksl jo by, crl 5o
faid 0,8 brle sl ge DS CSESy w4 e o Sl
o b slapl,> sl oad slgriny by, 45 ol axgte [YVI
Sy dax g, o [YA] T LSl aib i Jgud BB 5
Sl as o a5 ol5] e @l S 51 Lol cge Slolael rals
5o ol olpiing wes co 7y pdil (ST lgen Ol d Soliyog ue
Ogly dolre o golping alals G 5l eolatul b by, oy
o eolitul 90 aie Slo a3l S 5l oliT uils g0 Sy
PSS s e 48,5 5 5 ool 0lyd 02 5 JISz oS

(Ngd p (s L ol sy | ool b
=T A (\0)

£33 st S > o3l alalee (slice ol (Shoo St pus e

Ded e denlna T Sy JLad oLsl,S

zZ::ﬁ:+At[(v+vT)Vzﬂ”+§] %)

Lind
Skillen

© 0 a N W
o
o

ol eizer dlbe LS sl pbolS VI, (7,) &
25,8 @) Glgse 05 Dygeds Gbol,S sl 5,50

V4, zZVb (4, +4,)VW, (%) )

9] 555 on By 8 o3I (6 il 355 22508

10,5 et py Oyge a4 Ol oo 1y Hlad Lol S

VP, =YV, (P, +P)VIW,(7,) (V)

b

o).S Ja.wg.; ao)é 65))'345@5)?;45&06“ QL....Q..L:‘ r’)-é U"‘
JLQ.C‘CI c):) .E.M:ybc)of»ASW‘ @5),..:[)).:‘); ;)9.“.:(;: é)‘gb
25 Sogets Hlid Y 5 a5y 5l 6 g9 b s

s &L V] e 5 9o Lawgs

. (PO A+P0,) F N W, )
(V.UVM )u z;Vh ,0“ — (";'a§7+772u3 (ua _ub) ( )
(VZP)H zszh fab'vaWah (P“—Ph) (\Y)

T (e +n’)

ol bl e b e Sl xS elx sl sl 1T oS
3 50 ot IS alb cds il jshaea [YY] L Sen o
Sl slei B)S alb obolF oMol sl 1, slakaly wolyl adass
il 25 08 J)S @b pbal S el ole

VWi =L(r)VWw, QD)

W 4 W g
) ;Vb(xh -X,) o ;Vb(xb 7xa)? %

L, (r)

ow

o

- ow
ZVb(yb ) = sz(J’b =)
b Ox b

206 STy jlgen )3 Salinngjaue o oSl -V-T
palS by pdb o1 jlgen Sld Salusgjaee iy,
9 d.r...uy uLD.D.?LA )i.'.‘b Ja.wj.: 9 Sl 00 L;)M [Y\H] F&AO‘) 9

ol g p > (Siwgn dolas g0 12 (5,55 ) j0 0,5 oy )

1 Morris

2 Oger

3 Cummins
4  Rudman

YyoA



FIVe Y100 Slxio TR Jlo ) o)l DY 0,93 « S yual SKilo owigen & i

o =0, +(V(p)" Or,, Y
D9y 5o ddlge ey b Hlid wiile prie S Kb @ aS

Sy 4 ;50050 4 S )3 ComBae lawgie ol> golgiing

=2 VW (Y
b

[OOSR RRUE N EURT RS FC RPN ICH IR {
Bl po 4 Cod SIS Glosg b Sy S8 ez O jganl
or, =AF o« ¥ AAD)

slp Old @bml jlop (regs 0y lub Jelod Slep &5
19b (50 (et 0)5 40
Ar, =er, )
sanlive [YV] aid 098 co Ol /Y b +/) sogamme yo & oS
Wl sl lade ol chw Ol)d ol oS> Sl pas oS
e slas @ oS 39800 by el lgen Job 5l iy )l
o3l 4 0,8 JUl (sl YU s Sy ol cdalool o claie
bople /sl lgen Job pol> asllas jo .o cuyes +/ YA
Shd o ol Aol Ax a5 an as S L o V/YAX
JU gy anels So (330 (LS Sbygyd sslate 4 sl
IR 0Tl gl o b oliT o (55, 457 1,3 sl 5l 050
s cogo pl &5 din j90 4 ol i i adle 5lasgls
Ded s Syt s ,lubl Lils ol b s o
a5 ol slarin oyl A yeloe g o1 mlaw (g9, O3 6l o
308 sxSolr ol s y oges Caz 0 DS plmle
0Py orl eyl b adlies caslie > ol cnl (5,95 L
Olyd (Sopd OS] 4 e« GYeb slagiloans jo
g ol o &1 s (Sosd (Kiwgol Guized 5 ol mlaw jo
b9y O 8kae syl (sl pile Beko 50 wgdie T L jsle
2l Mol s ol gl b Jhow 0l 6l 1,8 Jas!

199 50 039581 (YO) alolas 45 0,3
57, = B &, Nig)

Ju.u‘ )‘o).g ‘.)‘)’—‘ C.E.w g.:‘)é JLo).s )‘bﬁ QdLM.J)J ﬂu aS
Sy o eolyl prbas B3 (sl i o 2ol | 03 2 olonls

¥yed

b gmly dslee jloolinal b 6l Gloj 5 jo P jLud

sl oo Cewoay

v.<iVP"*‘> =iwzj v
p . M

953l Sloy 5 sl S s jlade (D)5 jlid ailone b e
29500 et LS (Lol 5 (Sleo ey

. o At e
;" =i, ~—VPpP"" )

‘ 2.
1D9b 50 39y 4 p) Do 4 SlyS Cabae ol jo

N i, +i, " (\9)
2

=+ At

ol Sllwg JBlas b jlasd lae 380 @)l 4y o8 gy o
ilS jelaieds 5 )ls 3925 SBge slallas ol Jlailsg>g ol
O35 slgen slp elal Ghgy o [YAL LSl cogllaels 31 ol
5 0l31 o (55, )3 aseis Lol slpiiy atwgnl olj] mlaw
ol eolaiwl pxie (Mol oo S o3l o O3 4y jelxe
3k S 3l g 950 i O3] rbas ()5 Axsgi oS
9d s (st 33l 5 o8 4 s (gl Aoles (F) alal,

n+l n+l __
AP, +;aaAahPh =a,B, )

ool 59y g 5 0051 L8 (gl aoles culyo A, o8
dwlre Gl 0,5 0 Do A 0)d il aels o Adly ol)d
Abbse HS dgame slawy SO a4 Lo [ Ken g was slajlid
b Ly 5 pslaie 4 (V) ala; 52 0@, o jalls oy
Dloe Caws as pj abal, 5l as ol slgaig ol

1.0 V2 z(=1.6)
Vri-14 - AR
a,= 0‘5[1_“)8(1.6—1.4 ﬂ 7(=14)< Vi< x(=1.6)
0.0 Vi<y(=14)

0,5 JWsl be, -Y-¥
pae cge Conl (o Jlow Sy 4 a2 g5 b OIS lml

Sleogas sl )3 S8 o  yorie 45 390 S @98 (S8,
Silwad g3loluly jslateds 5ed co dlins (55l0LL 5 (SO 58
5 95 Sloleidan (wlalp (213 (6l SIS @8 S S
0 dloee Sa g lid oo (0,3 bl L YE] ol Ses

K9 oo ol ol (6 yw 485 Sl p



FIVe B Y100 clio TR Jlo )Y o)lad DY 0593 S yual SKlSo suvdigen 4 il

of 31 w030 S gl wlyd JLsl asul,d ) S
Fig. 1. The particle shifting process for a free-surface
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Fig. 4. Schematic sketch of dynamic problem: the free
oscillation of an elastic plate.
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Fig. 7. Qualitative comparison between simulation snapshots and its corresponding photographs for every 0.04 second in
breaking-dam flow through an elastic gate
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Fig. 8. The distribution of stresses o, and o, for the elastic structure at 1 =0.14s

0.06 T T T T T T T T
0.02 T
0.05 s 1
0018} 1 = L e
7/ = e e ——— -
0.016 {1 = o L ~~ .
— c o Sl ~.
E g o004} Fr - N 1
£ 0014 1 s .. =
5 8 / S —
£ o2} 1 = /7’ e,
] 2 003f ) T .
K] a £
a 0.01F 1 - F
g ] Ii
= i/
— 0.008} 1
5 § oo [/ ]
£ 0.006 L S i ®  Experiment (Antoci et al.[6])
kg : A Experiment (Antoci et al[6] T » ~ — Simulation (Antoci et al.[6])
0.004 Hi T:‘S}mulatfoﬂ (Antoci et al-[lf)]) H 0.01f - Simulation (Khayyer et al.[12])| A
; Simulation (Khayyer et al.[12]) 9 —-—-Simulation (Rafiee etal.[11])
0.002F —-—-Simulation (Rafieeetal.[11]) i Present Stud:
7 —— Present Study & 4
o C L 1 r 1 1 1 o 1 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0 0.05 01 0.15 0.2 0.25 0.3 0.35 0.4 0.45
time(s) time(s)
(<) ()

©oas g (A bojl s byl axfline ge s duws o g duw oSl a3 S dzey 3T sl (gog0s g B gl A S
Fig. 9. Vertical and horizontal displacements of the gate’s free end in breaking-dam flow problem and comparison
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