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In this research, we proposed a SPH-FEM coupling scheme based on fictitious domain method to formulate
particle method-based FSI analysis method in framework of IBM or FDM, which have been systematized
in mesh-based FSI analysis research. Furthermore, we defined residuals based on the boundary conditions
imposed on interfaces and the constraint conditions imposed in virtual fluid domain, and proposed the formu-
lation and algorithm of the iterative SPH-FEM coupling by applying the block Gauss-Seidel method with the
Aitken’s acceleration. Through calculations for a plate subjected to hydrostatic pressure, we confirmed that
the proposed iterative coupling is significantly superior in terms of numerical stability to the conventional

serial staggered coupling and the existing methods.
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1. ¥S5

TR E# A (Fluid-Structure Interaction, FSI) f&#T
FERRAR E BEOERFR T | DDOK X IEa 72K
TR —RBIfRE Y ) TRIR S 2 il 2 BB E L, 17
o7 vy 7R R LT 5B RIEREE D
Hahs., @Uky 77 —%FELES 2T, ke
iz 2N DY AAN—Z2EHTE 2 L WS H
T, TBENERRIEEIY 7 =27 EIS 27T 4D
B oFCERHTH 5.

HRREZRTE (Finite Element Method, FEM) A R
FIAFETL (Finite Volume Method, FVM) 72 ¥ % w72
FSIfEfIFES TN ETIRZ CIREShTwD (Bilz
X [1,2] 72¥) . fl77, Smoothed Particle Hydrodynamics
(SPH) =° Moving Particle Simulation (MPS) 12f{F& X
Nz &5, HEARLOaxI T4 T 1 EHEH
Y LRV FIED 1990 FERUEFREZHT TV 5.
FREHTIX, SPH(2)[3] %° LSMPS[4] 72 &, ¥
ERDOBEEPHR I NFERHPREINTED, Xv
¥ aR—ZADFE L [ DOFEE DT HIATHEIC 72
TETW5. FSIICBIT BT ISR TR T &
Ux, BHREZMES FSIMELRE Y SV r—>ay
DIENRE LN B Z 2 iddmz Rz 0.

FSI f#AT 12 35 C B B0l B S % 3~ A 12 R
L7zb, FE_ B2 Ntz 5 L7
D3 2 ERmE, HDIAAERE (Immersed Bound-
ary Method, IBM) [5] S°RAE#EEE (Fictitious Domain
Method, FDM) [6] E LTZIHNETHELTETWS.
Ay ¥ axX—2D FSI R FERETE, BEARRICZ
SoFEmOREATERN LI TWE. —7F, FF

5% W7z FSI AT ORREHI [7,8] 13D 70 & $HFEET
23HDD, IBM X FDM DA THKIHR % ER b
LTWAHNIERDRDFE LRV, iz, R H
TORERERL, THREMOE7 VDY) X0 %
RBRELTWBHIH DL, BHEMIEDIFE E A D70 HE
BREERNTICE E > TV 5.

D2 E 2, AW TR I SPH, RE1EfR
12 FEM 2 L7235 8 00t g H v 7)) v 7 F
FEERRRT 5. HAEEAhoERbicix, FDM % fw
5. ZAUuX, FDM TIXESHEIOIREH 2 FEE R <
BRI 2 2 e BNERI NS0, Lagrange itilboV X v
aBELRVE WS KFETIEZOERIEBEIRIC
-3 37-0TH5. Wiz, iK% Euler it
BT GE, IBM Z2EHAT 2, ThbbREDFIR
T2 M 5 DORBFENTHRIEKRX v > 2 FicHDAT
e DRSS, BFEE W B I5E R DK
DIFIFFF XN 2728, FDM ZHW2 DB BERTH 3.

ARTIE, 52, 3EZNZN T FSI HED A AR
A& 2T 2 FDM OER(LERL7=DH, H4E
T SPH B X Of FEM 2 X % WR¢ZERE /5 10 o BiER b & Sk
T5. BsETCREMRE LTOERMLBLUZD
HET7o—RERL, 6 BEICERTEOZ Y MEMGE
ERERT.

2. XfeARER

B-1 W R S RAREERRICBWT, Qp 2B 2IE
JEAEME Newtonian JifKAD Lagrange ftb X M7= XA 2
AIL D LS icidbans.

du .
pfa =—Vp+/1V2u +pfg+ff n Qf (1)
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Structure domain Q s

Interface F

Fluid domain Q f

-1 Fluid-structure system

Vou=0inQ, )

ZIT, pput o g REREITIKEE, Yok, 0F
M, S, RERE, EANEETH S, 7, 1%
SR LR 20 6 HPRC [0 <C 1 L 3 4R FL 1
HATH. O, 15T 2 HEED BT R IR AT
Ezons.

PG =V o tpgt ]y in0, 3)
ZIZT, pgv, o FENENERERE, #E, ISTH
B, E7e f AT R RE UC Il < HELE R A
<53,
MR iz 519 2 BRAMHE N 0o b &k T
NDEHER B, KD E S I EIND,

fr+fi=0onTl 4

u=v onl ®))

3. Fictitious domain ;%

Diaz-Goano et al. (2003) [9] ICH:D &, WG Q,
DMRAERY 72 JEEFE M Newtonian FRAA Tl 2 AT\ 3
CIRET 2. 20K, fr ORb D ITREETRIRIIER 3
ZARMOMBEER I Z A 35, Fiz, #HEBIIMEE
MiDsFEr o ES v THHR XN S [10]. ZHhuc kb, R
MR % & IR 3 2 EiEUd2EE Q T
oA RERe LTREINS.

pf(;—': =-Vp+uVu+prg—2 inQ (6)
V-u=0 inQ (7)
u=v inQ, ®)
=0 inQ )

R, BAETAOIGE & BEMH B A 2808
BITREYI D s R EEFTENXZE . () D
Az L, p, ZFL Q IKE-THZT L, X

REE5.
du dv

s—dQ = —dQ 10

wa Lﬁm (10)
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K (10) DK Q) ZRAT D, XX%21F5.

d
fps—udQ=f V-o-sdQ+f psng+f £.dQ (11)
o, dt Q, Q, Q,

X (11) DAV 3HITOWT, f 1 3EREHE LTER
LTW57D, MEDINHT YV op & SO HAE
FRRZ b n, O RICHBERZHWTRXAD LS 12
FH3.

ffsdﬂzfaf-ndl":f Voo dQ  (12)
Qg r Qg

728, IEFEMENE Newtonian iAICDOWTIX 0 p 12DWT
RIDFE D LD

o =—-pl+2uDu (13)

1D ZZzhZFhHNT YL, OTFARET Y LT
H5. 1(6,8,12,13) ZX (10) ITRKA L TEHT S &,
RRNEES.

( s—P.f')j_: =V-ot(ps-p)grdinQ (14)

H(14) D 212K (10) DE 1 RERAL, u=v ZHV
TS, R oMBEERHZER L @5
A& UTHREMNTXAZE 2.

dv

prg, =V 05 tpsg=Vp+pVu inQ, (15

Tbb, X (10) BENTE S FEBRICER S
BIENAEIE e MEEEZ SN & LTSNS 2 Uk
v, kB, chsoANEREHTIERLIAKELE
LTEIPNTWS Z B IHEE XN,

4. KR - ZRAAROBERIE
a) RIAEEHOBEIL

SPHQ2) IZfEWF (6, 7) & BRI ANICEERIL S 5. TR
TR FORE% Py, RIEEREKNFOREE P, 2K F
DEEEPETDZY, FifiePIZBALTR(6,7) 137

nENRD &5 IRk Eh 5.
du;
pfd—”t = (V) + (uV2u) +ppg - (16)
(V-u); =0 (17)

272U, Wi ECEHMfix s SPH(2) 125D < ZERiH
DETILE () LRLLTWDE. ZhsDEEFIZON
TIIHR [3] ZEBRE .

R (16, 17) = S H IR A TANCEERUE T 5. 2 2T,
IBM %° FDM T UIX LI W 5415 Direct-Forcing[11]
CHEN B R F—LE@EAL, B L T (6) TR
RN RST 3. X512, SPH 1230 & JEFEMEMERA
DfEMTFiE (Incompressible SPH, ISPH) 12wy, [FIfE
12 Fractional Step {1230 % R MTFIH & E FEKTFIH
ZOET 5. (LREOYME ¢ BRI R L,
nBHORB R T v FICBI 2 YHER ¢" LiiidT 3
Y, BRI ER T i e PICBL TRROMEL REHE
AzHs.

u’ —u’

P = (uV?u") +prg (18)
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n Pr *
(V2pr) = v, (19)
u —u; .
pr=— == (v, (20)
u(t+l —
pf# — _/l;‘l+1 (21)
= X+ At (22)

72721, xut ut, At FERFENNE, B PREEE,
52 PREEE, RREBEDIETH 2. £z, v ORFEMY
WIEATAZER ZHEALTWA.

3K (8,9,21) Kb XX THEZHNB.

+l ok

= pf "" fori e P 23)
' 0 fori e Py

VI ARAR TR T @ TR & A 5 RS I o 3 T
HTHh, BARNZEETERERRAT 5. 121, 23) 2
5, i ut BRI - TEH SN 5.

vl forie P,
utl = { i PEEs 24)

i sk

u; fori € Py

b) IEEEIRDEEL

FEM 3 & U Newton-Raphson {EIZHEWVE (15) DIERR
a3 5. Bz FERE T2
&, RO TER IR0 L5 ickEh 3.

2

K6+Mi—;S—F—Q—Ma (25)

6.a, K. M. F,Q 3TN ZNHIRZN, HiRNEE, 2K
BARIITESTS, RERTH, #imsh, #RNT

»HbB.
KA4Q®E%W@%&?%$ %%Luﬁﬁﬂm_
oshenko 2EZE% W%, #R Timoshenko 2RI 2

Him 12 BEHEOREZETH D, 2TOEMED Z[F—
DFIRBEE (1 R Lagrange fifEEI%0) THIMES 5. 7
ME [12] RS TWS.

7\ (25) 12 Newmark’s beta £ % F\ TR 5 0] D il RY
bEEHT 2L, BB REFEREIRD LS
ITRIN5.
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v IXETRUEEE, k13 Newton-Raphson 71250 < JEHR
EREAZL—2arDhT 2y R2—TH2%. By i
Newmark’s beta {EIZ BT 2 RifEIfE 7D 8T X —XTH D,
Hilber-Huges-Taylor (HHT) {£IC KD ZEZRE T 5.

(1-a)
4

B= (33)

7=%—a (34)
ZZT, ac[-1/3 01 I 3BMEBENFX—-XTHDH,
BN VZETBENRIARKEL 5.

HARD@E D, FEEEE T w7z 3 RAETR IR SPH Tf#
{ 7=, REFRCHERIL X 7= s fEEE b7 i
FHT20ERH 2. M2 1R T L5112, BREADHR
FEFE & b oo Wi eI % R T CHREGRIR T 5. Wim ofr
BIR U FREE S, &5 5. WHEANOEEOKN T
i € S¢ DIBIEZENIZ, £1TBF 2HAH EDERL Asy &
W D [ §5175 AR ZFIWVTRRD kS5 IckdDoh 3.

A6?+1,k+l — Adﬁ/—;],kﬂ + (ARn+1,k+l _ 1) r;1+l,k (35)

72720, r EHALENCN T B R i DX AIE NS b
NTH5. XRITEZT 30, RKERIARFDZEN 6,
HEE v;, THEE a; 13X 35) ZHWTR (27~29) ¥ [Fkk
WRDZZENTE S,
BER 2 MM 2 RAARMKKLT i (ERH 3 2 AN T
frig, X5 ofIE 3, 4 HE RS T2
TRARD XS IfFEoNn 5.

f;n+l — Vn( <Vpn+1> </,1V2 **>) (36)

VIR T i ORFERETH 2. BERe OHIENNF, 1T
RRTEZLND.

Fn+l E( n+1 n+l pantl mn+1)T (37)

e,1 e2 e,1 e2

}’H—l ZN (g)fn+1 (38)

m! = ZN(f)r"x{ —r@e @] (39)

(Kn+1,k + LMn+l,k A6n+l,k+1
BAt (26)  Ne(©),t(&) ZFNZNIIRBEE » B3 O HAHERRR 2
= 1 Qrelk gLk gt Lk FLTH3B. F, 22K T7RyIAT BT, K
el » o (26) IZBIF BHEIRHNIIRT bV FELN5.
5n+ K+ — 6n+ Ky A6n+ K+ (27) - N . L
iz, ISPH ETIIK FATE Vv, IZEEE e LTk
gkl etk o VA gtk (28) DHfd. LhL, MEHEHERE RS RAERARFICon
BAt TiZ, BEIROZETACHE S MR LT v, ZHHIE
QIR gk %A6n+l,k+l (29 TRIREND L. KL TIX, RAITHENRTE T T
BA 3 5.
&0 — g (30) Vil = det ((G)?”)VO (40)
anrl’O:(l y)v +A¢(1__) n 31) ZTC, GREWART Y VTHD, BT ML
B 2B 0) 1 Il‘é?ﬁ’ﬁl YTHZ6NG. Fi2, VO IIOEAN EET
w01 A - HY, 3IXTEMOLEFRTEIZRHNTV =a®* T
= T\ ) G 5zehs.
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-2 Discretization with particles for a beam element

5. DEER{ER SPH-FEM hvy >4

— iz, EER BRI B VT, TRIRGER &
TEREIR O M TR X N 5 H I E R B S o3 v
JITH 55, FDM % i 3355 13 MEMEBRNER, 372
D BTN T EOHE MRS, Lizdio
T, VARIATIIARABTRARLF i e PSR LT, uf ZA
T UCH 2 HEEE u ZIRTBRF L2252t
DTES. WERITEN ! 2 Aje LTy 2R
TR S eI Tx 52, X (B, 36) &b, FRHF D
ANZu, EHZu! THEZHNS. LhioT, R
7 v THETHEL 25%E r 3R TEZ 601 5.

rn+1 — (’Jf+1 rngl r|r]lp+|l) (41)

P = ul - S(F (u))) 42)

A TIE, ZOEAFEROMEEL LT Aitken
MﬁBmmGw%&Md&nséﬁmé Thbb,
BERIEANER DD D A XL —a v [ REAL,
W U728 o TIREETRIKRL F DR E uw; ZEHT 5.

¥/ 6=V

;z+1,l+1 — u:wl,l _ wn+1,l+lr;1+1,l+l (43)

n+li+1 _ on+ll o n+ll+1
i =u; u; (44)

L (,.n+1,1+1 _ ,.n+1,1>

n+1,0+1 n+1,/
O = =" 45
||,.n+1,l+l _ ,.n+1,l||2 ( )

72721, AR OWIEMEX 10 =01 25 5. KM
FEERHORWES, KX @43) 1K 2 EEOEHRIITO
B TH 2R 24) 1IT—HF 5.

DLEX D, AR TIRET % FDM 15D < RIS
A1 SPH-FEM 7 v 7'V ¥ 7 DF1HE 7 v —% Algorithm 1
WRT. B ISITHO e BIHHEEICHW2BETH D,
ARTlEe=103 553,

BIOME B THHER

Algorithm 1 Calculation flow of the proposed iterative
SPH-FEM coupling at the n + 1th time step

1: Initialize 610, y+10 g"+1.0 (eq. (30-32))

: for Coupling iteration loop: [ =0, 1,--- do

2

3 Initialize following variables of fluid particles P
4: xn+l N n+l1,l
5

Ve xlul < ul
Solve fluid domaln and obtaln u’ iy p:.’“’“' for

all particles P (eq. (18-20))

6: Calculate fluid forces f*""*! exerted on fictitious
particles P, and nodal force F"*!"**1 (eq. (36 - 39))

7: Solve structure domain and obtain 1+, pr* Ll
an+1 I+1 (Cq (26 29))

8: Calculate structural velocity v and volume
Vl'”r1 1 of fictitious particles Py (eq (35, 40))

9: Update body force 2'*"**! of all particles P (eq.
(23))

10: Calculate residual vector #"*1**! for fictitious par-
ticles P, (eq. (41, 44))

11: Update velocity u of fluid particles Py (eq.
(24)) and fictitious partlcles Py (eq. (43, 45))

12: Update position x}*""*! of all particles P (eq. (22))

130 f [P /Y| < e then

14: @' — ¢+ (4 is arbitrary variable)

15: Break iteration loop

16: end if

17: end for

n+1 1+1

n+ll+1

6. FEA
RETFEOZY W ERELET 372012, K-31R7,
B2 B AN C SIS E DR E G 3 2 Bk T R % fi#
<. TRIRINT B X ORGSR DN % R-1 1 ORT.
WDOHINZ BT % ER1E T TZENL 6, DEFRMRIEIKAT
5z 505 [14).

_(osH +psh) IgIL*

= 4
: 384D (46)

ER3
D=—F—— 47
12(1 -=v?) @7

"B, I TIEMERITNCREREHVWTWS 0, v
ADHNTHEIME L BAET 2 X5 ROF5HE D b o Wim —
RE—RXY FZ1/A -V ZRELETVD

BRI ZEf#E (Conventional Serial Staggered, CSS) ¥
FUREFETHE INROFIITB T 2 8E 1A
ZN DR R Z 2 UX-4, 51Z”F. CSS &
AT TV RS 20 & SR OIREN DI AL, £ DR
BN ET 2 28 TN TRBFEBM L. 2k, K
DIRENAE > TIEHRFDAFE SN, FHUTX > TX
SICHRENDSIENIE S 5 2 ¥ CRUEM 2 R IREE 2 -
F2ledeEZLNDE. BREEEAWIZEEICEL S
BUEMIARZE I OWTIE, ok (213 [14] 7%
Y) THRERICHERINATVWS. — 5T, BELER
GRRE " 7255 k@XT/7 S YR DINHK
PHELTVWS72D, 20X BALZEHIELTE
53, BRlmsEsnTng. 7=, MFESs X
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L

-3 Initial configuration

-1 Analysis conditions

Fluid analysis
Height H 2.00 m
Density ps 1.00 x 10° kg/m?
Viscosity u 1.00 x 1073 N - s/m?

Particle spacing d
Time increment At

10.00, 6.250, 5.000 x 1073 m
5.000, 3.125, 2.500 x 107* s

Structural analysis

Thickness & 0.05 m
Length L 1.00 m
Density pg 2.70 x 10 kg/m3

Young’s modulus E 6.75 x 10'° N/m?
Poisson’s ratio v 0.34
Number of elements 20
Time increment At 5.000, 3.125, 2.500 x 107* s
Numerical damping « 0.00

QIRFEED 2/ NS T2 HGRR L OEED /N L
BRoTWbZehs, REFEOICRMED RSN,
-6 12 CSS B X UREFEZhZNTHROZHEIC
B 2N T B L MR TOEN S E RS, k
WRDEY, CSS TIFENRDIRENB X SFHMDE T 72
B, ZRUCE > THENBBAEEIIKR>TVWEZ D
M2 HMRTE S, FRUSH LT, BEFETIZZY
REKEDHITEINTOND I e Dh 5.

BRI, -7 ICREFEB K UBHERsEchZznT
B oNMETAMZEMORXIEZ R 3. Fourey et al.
(2017) [14] & SPH-FEM 73 B2 R IFF 2= f#7%, Khayyer
et al. (2018) [15] B & O Morikawa and Asai (2021) [16]
\& SPH-SPH 77 BB RN 2 % -V T W 5. SPH-SPH
TEERRIG AR L IRBFER R T 5 ¢, HiafRr
DFEZEZFRERED, REFIRIC L 25HEMRICIEIR
EINREL TEH T, EERIEEIC X > T TLE

FEI0MEEIZEER
0.0E+00
——CSS (Wd =5)
2.0E-05 - ——CSS (Wd =8)

-=-=-Theoritical solution
-4.0E-05 A

Displacement (m)
E-N
(=1 =]
@ o
(=3 [=1
wn wn

-1.0E-04 A

-1.2E-04 A
0 0.2 0.4 0.6 0.8 1
Time (s)
-4 Displacement at the center for the conventional serial
staggered coupling

0.0E+00
——Proposed method (h/d = 5)
2 0E-05 ——Proposed method (h/d = 8)
— ——Proposed method (h/d = 10)
§ _4.0E-05 -==-Theoritical solution
=
£
S -6.0E-05
Q
=
.%—8.0E—05 1
a
-1.0E-04
-1.2E-04 T T T T
0 0.2 0.4 0.6 0.8 1

Time (s) '

-5 Displacement at the center for the proposed iterative
coupling

Pressure (Pa)
2.0E+04
I: 15E+4
= 1.0E+4
— 5.0E+3
—0.0
— 5.0E+3

-~ 10E+4

l»l SE+4
2.08+04

o .

(a) CSS

(b) Proposed method

[X-6 Pressure distribution on particles with d = 5.00x107> m
and Ar=250x10%*satr=10s

7 @nEonTw5. ¥/, K-712/R L7 Fourey et
al. DFEFIE HHT IEOFUERE (= -0.3) ZEA LKL
LBETHY, a=0.0 DA ERLK-4 R, 7
WREHT B DRI NTNS [14]. K-7 DIRREF
R L ARERIIBEFELZEA L TOWRVWHDTHD,
Fa—Z VT RIRA—RTH D a B ERTLEN LR
MEOHND L WS HTREFIEOEMMELHER I .
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0.0E+00
Fourey et al. [14]

2.0E-05 ——Morikawa and Asai [16] (b/d = 10)
—_ ——Khayyer et al. [15] (h/d = 10)
§, ——Proposed method (h/d = 10)

-4.0E-05 .. .
b= -==-Theoritical solution
5]
£ -6.0E-05
Q
=
2—4 -8.0E-05
@)

-1.0E-04

-1.2E-04 + T T . T

0 0.2 0.4 0.6 0.8 1
Time (s)

[X-7 Displacement at the center for the proposed method
and the existing methods

7. #®8

AZETIE, A v ax—2Z0D FSIRHIZ TIARRIL
ENTE = IBM % FDM DOFEFHA TR 7R~ — R FSI
fetrEER LT3 2 #HME L, SPHIC FDM % j#E
L 72358 OIS ET FIE 2R R Lz, X518,
R E DB F S & ARARTRIRICER X N 2 RS I 3
DWTERZELREFRK L, Aitken fi#MT Block Gauss-Seidel
EEEHT 5 2T, DBExIER SPH-FEM /v 7)) ~
JOEAMLEFTE I —%2R LTz, EOKIEEZIT 5K
MENGIZ LTI E ORER, $#ERFIEI CSS 25
I BEE D FELITEICH L TN ZEM O TEE
WWENTWS Z RSN,
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