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Abstract In this paper a partitioned strong coupling algorithm is proposed for the numerical resolutioffieof i
fluid-structure interaction (FSI) problems within the arbitrary Lagrangian-Eulerian finite element framework. The incom-
pressible viscous Navier-Stokes equations are solved by the semi-implicit characteristic-based split (CBS) scheme. Bot
the generalized rigid-body motion and the geometrically nonlinear solid are taken into account. The resultant equations
governing the structural motions are advanced in time by the composite implicit time integration scheme that allows for
a larger time step size. In particular, the celled-based smoothed finite element method is adopted for the more accura
solution of the nonlinear elastic solid without compromising the numeri&aiency. The moving submesh approach in
conjunction with the ortho-semi-torsional spring analogy method is usefii¢teatly update the dynamic mesh within

the fluid domain. A mass source term (MST) is implanted into the pressure Poisson equation in the second step of the
CBS scheme in order to respect the so-called geometric conservation law. Given the CBS scheme, the MST releases tl
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requiremenbn the differencing scheme of the mesh velocity. The partitioned iterative solution is easily achieved via the
fixed-point method with Aitken's\? accelerator. The proposed methodology is in possession of both the flexibility of
coupling individual fields and the program modularity. The flutter of an H-profile bridge deck and vortex-induced vibra-
tions of a restrictor flap in a uniform channel flow are numerically simulated by means of the developed partitioned strong
coupling algorithm. The numerical results are in good agreement with the available data, and demonstrate the desirabl
computational accuracy and numericéi@ency.

Key words fluid-structure interaction, finite element method, arbitrary Lagrangian-Eulerian, strong coupling

E1=

TRER ST VAR T R RS HUBR TR i
TR S WUR TR A 4 TR A% TR
B R0 LR TR, e RN, maaii .
RN RA R M T K A7 2 20 4 Bl Ak 45 R 1 5 X
VER N B 50 e M R R S L. 2R 45 hy H
AR 2R BRI AP AR A,
RS A RS, X R G 8 WLANEE. 491 Lt
19404F 11 H 7 H & [ AR BN RS 2 M 2 51
P (29 R BETH IR 1) 50%) T &k A= B A 1T
v g, BRI, YRS RSO RS A A PG BRI TR 4544
LA XK.

BT WA A A S A EAE R SR, — 7
A ORIy T R Z M N, AT SR AR I [ R
G e, H AT T AOB B L R RS A
P73 COBCh 257 TRV S Rk h i E R Sk, 5
B 2EH R TR 2 k. — i s, /X595
APV oy SR R L L G A ETF R AT
55 R SR DL T R B 0 s RN, B T B
KR, W T s rca LRI R BdE s 1O 3T
R RO B RS S, 7R 7 X o
R AT SR A

O3 DX SR AE AN )20 A A VAR B4
Wl R E RS, B R P B s E RO
B B, PR %52 75 bk, Jorb, [ e —Fl
]z is Rk & 7. Le Tallec AT Mourd™@ $&H4
T8 AL A AT Ol N B it AR, e B A
e e e, O TFREA Tk E. Kattler F1
Walll*3] i 4t ST A7 B 4 3 Aitken Bl A F24 5t PR -1
T 52 AUEAR, AR R T ZBR N VG Bai
2 14 R H ANSYS-CEX 8 0F sz jiti [ 52 m kAR5
i Y Nyl TN e TG O R S A L ey
&), %7 EHAT TN ). Suns 1S 3Ly
DX SR AR ER AL AL A, 18 T i AR S R 5

R AR S ) . 2B A AEE S i R &
THRE G 25 1, SR ] 2 BB A % A A e 3
P i it (L6-181 A7 SC it [ R S BB v M B fT it o
WA ZH R [19]. T, B — R oo
A B, T AR 1,

ARFEFAT =PSB H - Bk b7 (arbitrary Lagran-
gian-Eulerian, ALEYT FRITT7 1%, RITEFEA R
LI Jo P37 SRR T B, 4t — ok i s R 201X
AL, BB B i R A ), JF 48~ AH
KIMBURSNILG:, A Fi IR & i 07 BT 7T 08
T

1 FRARIER

1.1 =2H17572

TSR BN ARG T, AN T He 4 6 0k D A4 14 o
SRR R EAT ] 50 ALE iR RGN
1k, Navier-Stokes(NSYy 2

V-u=0 Q)
ou F_ ¢F
E+C-Vu+v-o-—f =0 (2)

Kb, VOUBRES T, u M p MU E R Sy, %
PSS ¢ = u—w, wAHRKTER, of HUAARN )15k
B, T NIRRT AR AR TR

oF =—pl + Rie(Vu + (Vu)T) (3)

A L AR, H AL Re= pFUD/us pF i
PR, U A D 2355 g SRR AL T E AR AR A
p TARFEEE, ERR T ROREE. WIMH S RL S 5%
PHEEWT

. p=p° 4)

u=g", oF-n=hF (5)



* 2 M

i W FeT ALE A IROGIE R R &

1.2 kfEdiE

i 2B U 27> 24 (characteristic-basesplit,
CBS) ik O Sk fift NS 7% (1) #1 (2), FEAERBLI]
R

(a) THA A B E 3

1
u—u" = At{— c-Vu+ —Vau+
Re

%[OV(C-VU)]} (6)
(b) SBT3
V2pn+l — iv .Ut (7)

(c) B I

U™l Ut = At [Vp"+l - % (c- Vzp)n] (8)

CBS 5kt E REh (AY?/2, S
5, WKV A . 2Rt CBS kIR
8 MR HGHIN )25 At BRI /N, B CBS Sy st
THLRE IR )R FH AR AR AR, 1B = =
(T3) H TG AT A7 B oo 5 L.

2 EfRiRE

2.1 MfRzn H1 %
NIFARIESIE A d = {di, do, 6}, 1 di (i = 1,2)
H1 0 53 oS M B 73t ﬁul’é"l 1. Bt

ANT7 1) B AR AR, N4 B R ) A AN
SRR N
dy + 4nfria0h + (2rfry)® dy = ch% )
d2 + 47TfR2§2d2 + (27'(fR2) d2 = 2CI'TI:E (10)
é + 47'[ng§9€ + (27'[ng)2 0= 2C—r':/|1[; (11)

A, MR fr = fD/U, HHEME fry =
fneD/U, HRIER fyi = vki/m/(2n), ¥ 5 B R
F fno = Vho/lo/(2m0), FLJEL & = ¢i/(2Vmk), #¢5)
BLJELE & = co/(2VIgke), JFTEEEL mp = my/(o"D?) Al
= 1o/ (D%, my, ¢ Ak 735l k-3 77 1) ) B
BEJERTRIEE, 14, co A1 kg 53 ) A 4% J7 1] FRIBE PR
BEJEFIRIE, Cp, CL Rl Cyu ATRAARL ) R 3L T+ &
BRI R R AL

SR A HUE AR 397
Xy A
P(_\"Ip‘ -"; )
rs N f
: : Im—;
3| [ S, G L
@ : ;
rs «—>
P e PGS D) E Ax)
f L]
¢ % : b i >
\ ¢ /[ dy X1

1 Az )

Fig.1 Schematic view of generalized planar rigid-body motion

— PRS- T 32 B3 B A2 IR 4 1R Y. %4k
{3 T I SR R I S O AR i (]
LR &R (B WK 1).

2.2 B4 EhhE

JUT AR [ R ) e s A Is B T R v B o R

B

'd—iv-as—fszo (12)
K, A% d = (di, d)T, IR m = pS/pF, oS
CauchyM J1, 5 hg5y4k JiI. St. Venant-Kirchhéf
PRI KRR TTE R

S=C:E, E=F'F-1I (13)

i, SHEEE - Piola-Kirchhoff¥ 77, C ik A f 5K
%, E #£IK Green-Lagrangiahi 4z, F A8 ER6RE. o
. Piola-Kirchhoff . Jj £ f JE 3 . W] 7 & Cauchy
N

S=JFto°FT (14)

Horb, 3 = detF). MHRAATFAL I &AW

d=d®, d=d°, oS-n=hS (15)

ASCHE T AR A% Y H A% s FE IR AR - 7
WeAris PPRMFARLANE T RE (12). T34k, MR
(RIARBE T UL T 5.

23 RIBARITE

& AT FROCTR AL R (N S A M EE R R . A
UE, X HURADGHT A BRIy % 2324 5k il 3 (12) ¢
PEAG S G BT R DG A BE A R R AL HJF%E
M, A IRTCHR BRI PR, RS IR A 15
FHEAR G B RUR IR



398 Vi =

B O Is 5, (TR R X BB R AT i
LR N

VX (Xc) = fg VX (X)® (X — Xc) dQ (16)

Arf, x ARRA AR, Qc AL, @ 4 Heaviside
RCHIAZ PR L. R s R e EEmT %, 5K (16) rTHE—
N

VX (X¢) = fr X (X)n(X) D (x — xc) dr—

f X(X)VD (x — xc) dQ a7)
Qc

o, e i Qc 5, n & e ANE ). ARYE AR A7k
H—PEESR, i @ e ok
0, X & Qc

1/Ac,

@ (X —Xc) = [ (18)

X € Q¢
L, Ac G A,

¥ (18) AT (17) I = 2 H Oy
2, WARE X IR EE TS A

VX (x¢) = Aic fr X (X)n(x) dr (19)
F— s s B Ay B A MERF T H 5 _EIRZR RSy
nsd
VX (Xc) = Z %X(xfp) n(xiGP) l; (20)
i=1 !

Jerb, nsd S BESRITT DG KL, xCP i R4
By G NI, D oy 3 S I R B IR S

2.4 BEFR 4
ERE B RS R N — R

Md + Cd + Kd = Fex (21)

P, M, CHEK 3 ) R G5 A6 iR AR R o BH B f
MINIERERE, Fex Ao &, BRI J5 iE - E
A BN A AR 7332 (25727), JLHEA AR - 4 — ) i)
W TP, 43 9iE ] Newmarkg 2 281 1= fli v
SRR ZE Gy B R BRI R

g [t t+ At] = At[n,n+ 1] = At[n,n+a] U At[n +a,
n+1], 1 0<a <1 FEHE DT NRHEIZ)
JIRETF e I 2 B

nN+a

Md

“N+a

+Cd™ + Kd™e = Fe (22)

%f bW Newmark-giZ:, mJ45

i {4 2018 4 i 50 &
dr=d + a-7v) aAtd™™ (23)
d™ = d + aatd” + (1/2 - B) (aAt)? &'+

B(aAt)?d™ (24)
Hrb, B> 1/4, y > 1/2. X (24) W43 0
SN+ 1 1
— dn—a _ dn _ _d _
B (aAt)? ( ) BaAt
1 ~n
(Za _ 1) a (25)

P (23)~ 3 (25) AR (22), T4

Y n+a _ En+a
M+,8(1Atc+ K)d = Fey'+
1 n 1 -n i AR
M[ﬁ(aAt)Zd +,8aAtd +(2[3 1)d]+
Y n Y n Y N
C|l——d ~-1)d — -1 d 26
[ﬁ((mt)2 +(ﬁ ) +(2ﬁ )am ] (20)
A3, LE56 /N0 W g s gl i R 1 L i
Z B HL

( 1
B (aAt)?

s n+1

+ Cd

N+l

Md + Kd™t = FRt (27)
PRI R A (1 B i) 3 0 Qe mTAR A Qn, Qe A et

IG5 29

Qn+1 — C]_Qn + CZQFH—Q + C3Qn+1 (28)
l-a 1 2-«a
;H; 9 = > = D = .
oo alt K (1 - a)aAt Al (1-a)At
X (28) AT 40
d"™ = cad" + cod™? + cad™? (29)
d" = od" + 6d™ + cad™? (30)
F2 (29) 12K (30) FRAZL (27) H, AT
(C3C3M + C3C + K) dmte = FE;“—
M (CaCad + CoCad™* + cyd” + cod"™) +
C(Cldn + CzdrHa) (31)

K, B=1/4,y=1/2FM a = 1/2.n+a N ZI5 S n
Fn+ 1 P ZMEZPERR (IR AT s SRR K™ Bl SCHR
[30] ATt iy vk k. RTH L, AR Uik
(RSN ) P 455 T Newmarkg ¥, {H'E g id v 3
RIFIRIE, MU FEI IR W35 A K B3 — i 5
ey AR TP 7N e 2 N TP P w8 X S R R A e
AR TR B



* 2 M

7 V. FLT ALE A BROGIE U I RS 5 o i & B AL 399

3 MR

X HLUR H o] S m U e S bR B2 4545
A — N g AT B3 TR A AR S Mk, Lk
A JOAEUR T IR RS 15 SE RS (BE B 18 shid (e 3k 13
R AN A TR A AA AR, 4B 2 BT, AH L B gl
TN, ST Bl KIS m P Rk, Rgkid
(EEaY I

() SRICHL. 4P JE A AE s

(b) i 7 AT HR P R 4 PO A 19 2

(C) VAR B AR T AR R AL

(d) H &5 R4z Bl B ST 1T R s

(e) WO P kA 01 R U FH IEAS — P4
PRSI AN, 5 Wk P

() A7 HRAr B AT AL SRAT A0 A% T A

(0) KL 2P J 2 A o £
'/fT“=x‘memcmmmwh
it =5 e
e \  zone Sy
e 4 =R ,/
/."" A = S
<=5 e 1 v
- node /
~— 4
> o
4 P . 3 \\ /-:— -
£ DAl bt ren T4

e
T ""__p_nint-\______ A r :*

T G e

LN fine mesh
K2 FHBHHARER
Fig.2 Diagrammatic sketch of the MSA technique

[, Al 2 J LT Sy e, R — st B4 5
AN TARA T RS (7) W15

1
vZphtt = VU Ster (32)
N q:l
n+1
g (| e w
MST = Spn+ ) . (33)
WS W WE - W

A A N ITTIAR, A IR ERRR 7R JR 1y s
G5, N ARRTSARARAT ). 13X (33) B TR R
FERRL RS IR 2 51N 5T 5 I Al 8 G A i
ST (R A P A% o 198,

4 HXEWREEZE

4.1 REFH
FE I AZ ST 2 AE 20 AL R S AN Jg~F
ik, B

, tF=15 (34)
Horp, AR RIS T)S ok
tt=oF-n%, t5=0%.-n° (35)

U, nS D Sk A ) f, L5 T H 2R s 1 O
PRI BEA, I DR A AL IR LT S

x=d, w=d (36)

PR ST A% A v T A Sl R A v )
Wit U61836-SBI AT 5 IF, 7EMAFRECR
4.2 BIBEEE

] 52 ML A Aitken's A2 A5 (131 B St . H 15
R0 B, O T %% 2R R G ) .
AR T-BR G &, TP BAR T

(a) ToUI S 1t 47 % O

~n+1

= do At(l.sdg - o.5d§‘1) 37)

(b) FFUHRIEAIFA k — k+ 1;
() FEHTIR ARSI P 5 D0 A Tk

art—an

V\fH'l —
k At

(38)

(d) VAL R 5

(€) KA UAR NS T7 FEIFIRAFR AT 5

() KARLE IS B IT T

(9) VHEL B, KA AU, A7 WS
N T, HRIEEATH (h) 22

(h) BT U5 Aitken Pl 7~ 91, Aot i 6775

~n+1 ~Nn+1

dyy = ﬂrldgll + (1 - /12+l> dy -1 (39)

(i) R[22 5 (b) 25
RO X SR ARG A R URE A 3 BT,



400 0 2% &4 i 2018 4 % 50 &
=0
no-slip condition
exirapolate the | 5D
interface i
p=0
obtain the interface update the dynamic|
displacement mesh by the MSA -
— | calculate 5D
| the MST
compute the fluid
problem |
—n+l ™

relax the interface's estimate the fluid
position force

———  correct the
+——| traction
solve the structural

equation

3
s correct the|
+«——— velocity

H

check
convergence

| end |

3 X A

Fig.3 Flowchart of partitioned strong coupling algorithm

assess Aitken
relaxation factor

no

4.3 Aitken fNER$EE A

fEA LU, BRI T AL RIS
e

max (max, "),

3t = (40)

-
a1 €M (erre1 —erry)
k1 erry — erncyl

A, KARRIEAD, err 2 AT IR ZE, Auax = 0.1
1 A9 =0.5.

5 HEH A

5.1 R E Bk

H B AR T AE I AR 28 0 % 1m) °F- ) f
31, Wl 4 s, AHRSHRCE R B Rk
oF =125, FAAFitEy = 0.1, 45K 5 m, = 3000
FELJE R~ ¢ = 100, SN Kk, = 2000, 4% 315 &
lg = 25300 % ANFHJEH - co = 2200 )5 NI L
ke = 40000 A HHJF U = 10, FFE K D = 12 fi
B4 Re= 1500.

FEE 4 B RS R e o A2, RAS &Il o3 R 1 e
Ko 5 pros, A S EE S 6486/ T3 i
33290 . I Ta 2P KL At = 0.02.

4 W3 v A i

Fig.4 Problem description of the oscillating deck

() i
(a) Fluid field

(b) MSA Tk
(b) MSA submesh
5 [l AR 43

Fig.5 Mesh and submesh for the problem

R IG WAE TC DG, 3 M1(6 486> T3 HLoT
1 3329/ 45) AT M2(11 7144 T3 BT 59534
TR AT UL, S5 RS TR 1 kR ek, W
HAERF RN, WARSTTEASZ M . 2757

1 HEAERITEE
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Mesh dwmaxz fo2 dvaxe foo
M1 0.0407 0.214 0.385 0.215
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Fig.9 Mesh and submesh for the problem (continued)
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