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Development of Monolithic Method for Shell-fluid Interaction Based on
Consistent Pressure Poisson Equation
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This paper describes an efficient monolithic method for shell-fluid interaction problems based on
the fluid pressure Poisson equation (PPE). The PPE is derived so as to be consistent with the coupled
equation system for the shell-fluid interaction. In the proposed method, the fluid pressure is derived
implicitly so as to satisfy the incompressibility constraint and all the other unknown variables except
those for the shell are derived explicitly. The coefficient matrix of the PPE is well-conditioned even
if the structure is very stiff or heavy compared to the fluid, and even if the ill-conditioned submatrix
is generated due to the shell elements. These characteristics are successfully utilized to combine the
proposed method with the standard conjugate gradient method. To demonstrate fundamental
perfermances of the proposed method, it is applied to evaluate the vibration characteristics of a thin
elastic cantilever plate in a quiescent fluid.

Key Words: Fluid-Structure Interaction, Monolithic Method, Shell, Incompressible Viscous Fluid,
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(1) Pressure increment of the fluid is derived by Eq. (12)

(2) Interior and interface DOFs of the fluid acceleration
increment are derived by Eqs. (13)

(3) Interior DOFs of the structural acceleration
increment is derived by Eq. (6)
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Iteration is performed N times

Correct acceleration, velocity, displacement and pressure

t=t+ A\t

End

Fig. 1 Flow chart of the analysis procedure of the proposed method.
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Fig. 3 Transition of iteration number of SCG for scale sizes.

fluid mesh shell mesh
Fig. 4 Simple finite element model for the shellfluid interaction system.
Each integer denotes the node number, each integer with round bracket
denotes the element number and each real number denotes the dimension.
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5-3 fHREREE 4ECTHR~-X O, BAES

KTV VHERADIZRO T, o/ UEED L
EEATHIDOWEBHEILEET 527 a7 ) Ak
DHIN, FTHENRKE S ERD LTS 5EE
LFARO—RACEBI T DR DR E IeZMER S
TWBT®, FREITHIMBRHIEREINTWAZ L
BEHFEND. 4 18IZRBWT, =Wl TFID

VHEBBEIZBET 3 a7 a7 Ay MRRENT
HHZ L EEMIHER L. T2 Tik4 - 28 TH
AN UT-HEDOFRIC X A1 & ik o—ikb
HEATHIDRGDZEDIERNC LV, FREATHIN B
DHDIEFEINTNWD Z & BN SR T 5. 1]
FHRE L OVRERSRE QI TSR & 5 - 18D/
RECEA L, RIERIZ & 5 1 IRFERORAZE
THREERE TS, - 2 CRERBIIREI TS
DEHBIAKAF LU TR 5728, OB LELDE
Eris, RiFkRE LT, BERMREI L TTan

HELO CGEE:, BEOMENAREI IR Ut
Ahr—Y 7 ftE BICGSTABIEZ WG, RIERHE

DOUIHHIEITFEZE ) VL0 10° LU T &R R85 LT 5.

FPWIEER) EROYWEES 5 - 28I TRV DL
Uiz, ZORE, BEOBRARE - IREMRE L TR
DN MATERD y HTAEMORZIFR TR —E L7z
HOD, 1[EIBDORHAT v 7BV TE LR EE
i, BEMEOESR, 4RITHOIIRL, EE
DOFSERAREDR S, 190ETH o7z, ZZTID
BEIEE OMERIEII R U CRILERE LD
BiCGSTAB #5218 L2356, RERHDSEKE 2D
WORAEEECIH o1 = LICEET 5. #2 TG LR
EO—BALEBITFIDRRS DI R %

R= p’szthr AstzAxE (18)
p’Ax

WCEDFHMIL, FiREZER, ROEEEBES 10, 10
g, YU RE 10X10°~10% glemsed) L AL S|

T, 1 EBDEHRT v ATV TET S KR,
TR LB OB & THET S, BL,
AxFERORENETHD. ZORR, R2BLV
X 12 157 R2BIOE R2ITREND L5, R
Wb b, TREMRE CIIRE LGRS R LT
BY, 42800 HEGRAURE & —BL TV 5.
—77, 1 OERARETIIR DBERIZHY, I
BEL LTS, FER2IXTTRTI O, BFED
SEERAREIC RO TIY, REERNER L 722 0 R
REEFENDH -T2, MART—V T EBELTY,
R DEERIZHGRMEAS YL L, Loy EREE DA
bt & ROBACDHFHR—FE L TWB Z LT,
2« 3EICRWCREBY L Ui RO T8 3)
WHESEERUIERE BT 5. ARREOSSHE T
HDHHLOD, REMETITEIIREEEZREL THA
TE, FIARHC S = VORIV NEVESZERANT,
HHEOWESIREL D bRV RIEEBCRRZ155 Z
EWTE. $EoTC, 1 ETRARRERIZO D0
T, BEENRT Y HER2) DERBATHIN RS
Thd LHEBTE 5, EREEIC X BRBORRZ
FAERCHEID Z & T 1 i dH 7 © OfFHTRR % KD
D&, REMREITH 005 sec, TERDTRERIEIIH 008
ssc Tdh-oTz. AL, FHEEREEX CPU : Pentumd,
28GHz, =12/ T BoibA 7Y a ELD g &
L, 5+ 28i0FH & ROYEEZ V35S OfER
D ORRATRFR 2ROz, fE->C, ARRADHIFE TIX
R > = VORED NSWVE R ZERANTC, RIEIEIZ
& BREFDOFFE bIRBRED BN TN 5.

6. £

ARFRIZISNTIE, o = VARSI kDR
BERIEE R LIS ORES @) I,
REEINEED DR ) KE VRS, BSnaR HE
DIFREATHINEL D, ) =/VERICERLT, &

TR DREATE P DHEEE 7% D DDA
7B, W) RERERRRT DI, BRESIRT
Vo FBRRICESL Uz VS RE R RS 2 B LTz,
RN LY, T S OYEHEDOEDRE
EZhb bd, BEEHRT Vo HREROREI TS
BN IRERENE LN 2R U A
BOHATIIH A H00, @EBRMBERIZENSY

=/ WIMEATRIDY 27 a7 Ay MITTD Y = /Ul
PEITFNC R, BRBEDOLDOTHD Z & B EMEIThE
RLZ, ORFREBOTUL, BIIKEERERE

L CEATE, ERIy o VORNEIV NSRS

NI | -El ectronic Library Service



The Japan Soci ety of Mechani cal

384

Engi neers

BEEART Y ABRCE T v = VI EREEORR

ZEROT, @EOMERAREL Y bRV REER T

REIRDZENTER. #-T, BRORERG@, O
Wb hd, BEFENRT Vv FEXDEEATIH

BREDOLDOTHS LHWrcE 5. UEZkY, V=
MBS ERR R AT D B R AR X

LB D, SRITREMELRY 23 = VEEER

U]

REECEA L, ARMEEMERT 5L L biZ, TR
AN U TR~ D@ %17 5 TEThA.

T /VRIMCBEL T, ZTBISRTR B RERRE
DE OBMABERIEHOBE R LET.

X M
Zang,Q and Hisada, T, Investigtions of the Coupling Methods for FSI Analysis
by FEM, Transactions of the.Japan Society of Mecharical Engineers, Series A, Vol
67,No. 6622001, pp. 1555-1562.
Zang Q.and Hisada, T, Aralysis of Fhuickstructure Irteraction Problems with
Stnuctural Buckdingand I arge Domain Changes by ALE Firie Elernert Method,
Cormput Methods Appl Mech, Eng, Vol. 190, 2001),pp. 63416357,
Rugonyi,S. and Bathe, K.J, On Finite Flemert Analysis of Fluid Flows Fully
Coupled with Structural Inferactions, Conput Modeling Eng. Sci., Vol 2,001} pp.

Heil, M., An Efficiert Solver for the Fully Coupled Solution of Largo-displacermert
Fluidstructure Irteraction Problems, Conput Methods Appl Mech Frg, Vol. 193,

Hubner, B. etal, A Manoithic Approachto Fhiidsstructure Interaction Using
Space time Finite Elemerts, Cormput Methods Appl Mech. Erg, Vol. 193,2004),

Washio, T. et al,, Developmerts of New lerative Solvers Based on Incomplete LU
Factarization for Fluid structure Strongly Coupled Finte Element Analysis,
Proceedings of the Conference an Computational Engineering and Science, Vol 8,

Tehuhara, D.and Yoshimura, S, Manotihic Approach for Fluid-Structure Inferaction
Based on Cansistert Pressure Poisson Equation, Thansactions of the.Japan Society
o Mechanical Fngineers,Series B, Vol 71, No 206 2005) pp. 15651572,
Ishara, D. and Yosttimura, S, AManolitic Approach for Tnteraction of
Incompressible Visoous Fluid and an Elastic Body Based on Fluid Pressure Poisson
Ecuation, nt Numer Methods Fing, Vo, 64, 2005), pp. 167-205.

Hughes TIR, The Firite Elernent Method, (2000), p. 562, Dover Publications.
Brocks, AN, and Hughes TJR, Streamline Upwind/ Petrov-Galerkin
Formulations for Canvection Domindted Flows with Particular Enrptsis onthe
Tnoompressible Navier-Stokes Equations, Comput Methods Appl Mech Erng,, Vol

Gresho, PM. and Sani, R L Inompressible Flow and e Firiie ElementMetbod:
Isothermal Laminar Flow, (1998),p. 640, Jobn Wikey & Sars:

Tezdhyar, TE. et Incompressible Flow Computations with Stabilized Bilincar
and Linear Equak order-interpolation Velocity-pressure Elernerts, ComputMethods
AppiMechFrgrg, Vol 95,(1992) pp. 221242

Noguchi, H. and Hisach, T, Sensifivity Analysis in Post-Buckling Problems of Shel
Structure, Compu. & Struct, Vol 47,(1993),pp. 699-710.

Nomura,T. and Hughes T.IR,, An Arbitrary | agrangian Eulerian Finite Elernert
Method for Ireraction of Fliidanda Rigid Structure, Cormpuut Methods Appl
Mech Fng, Vol 95,(1992) pp. 115-138.

@
Table 2 Comparison of iteration nurmber of iterative methods between the
standard mondlithic method and the present method.
p* ghan® E glamsec) R standard |  present 16
10 10x102 3267 % 10° X 24
10 10x101 3267x108 647 24
10 10x10® 3267x107 120 24 195212
10 1.0x 109 3268 %108 43 24
10 10x102 | 3276x105 | 29 2% @
10 10x107 3.362x 104 15 24
10 10x106 4115x103 10 24
100 10x10% | 3267x10° | 609 3 @04 pp 1-3.
100 10x1on 3267 %108 114 3 ®)
100 10x10® 3268 %107 38 3
100 1.0x10¢® 3276 %106 2 3
100 10x108 3.352x 105 8 3 Pp.2087-2104.
100 10x107 4115x104 4 3
100 10x108 1.742x 104 3 3 ©
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Fig. 12 Comparison of iteration number of iterative mmethods between the 9
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