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Fluid-Structure Interaction (FSl)
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AR, TRE S8 -FO BA-BR ZF, “T—ASD O RAEEEREN,”
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i o

a1

Boomerang with 4 wings -

Actual flight orbit of the boomerang with 4 wings
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Coordinate system fixed on a boomerang
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J—ASVDEBEAER

(EDDEHHERN)
M, X, =F

(EulerDEF) 7F23)
|, -0, +o, x(I-w,)=N

=d/dt : PERREEBS [1/s]
X, =(X,); & : T—ASUDEDIE [m]
My: T—ASUDEE [ke]
F 4 [N]
I, : BT VIL [N-m-s?]
@, : BEE [1/5]

N 5 AE—ADF [N-m]
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(EHED)
Vv=0

(Navier-Stokes T2 =)

!

+p(V-V)V=V.T-f

T=-pl+2yD D=%{V®v'+(V®v')T}

o/t =0/a, HIE X E—TE& LIBERIRS [1/5]
Vi=X'e EREANIRIL [m/s]
V=0/oxe =0/Xe : EREEDF TS [1/m]

P RAEE [kgm’] idp/dt=0; 77 : #HERE [Pa-s]

p : EH1 [Pa] D: ZEMRERETUVIL [1/s]

k- B R AR AT D 5B 3k

Input of data

______________________

Fluid analysis (FEM)

Algorithm of fluid-rigid body interaction analysis
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(a) Boomerang (b) Fluid domain (58,320 (c) Cross section F-B
nodes, 52,488 elements
and 227,448 DOFs)

Analysis model of Model 2 with twist and the fluid mesh
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Flight direction of boomerang
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(b) Velocity vectors
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treamlin
(a) Strea ©s (c) Pressure contours

Flow field around the boomerang
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t+At, th 4+ AtH'At/Q:i:A + 33; t+AttR . te;

AIEMEET>VIL (Argyris(1982), Noguchi and Hisada (1993)) % F|
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wzes ¥ ey —

_t+At/2w263 2 el + t+At/2

t+At o _ t+At
¢ B = At |t—|—At/2w| t
—|—1 sin (At 412 /2) 2( AL g2
2\ At|HA24)/2 t

t+Att‘I) = At{—t+At/2W361 ® es + H—At/2w2€1 X es3
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wiesz & 62}
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Argyris, J., Comp. Meth. in Appl. Mech. and Eng., 32, (1982), pp. 85-155.
Noguchi, H. and Hisada, T., Comp. & Struct., 47-4/5, (1993), pp. 699-710.
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FE AT S 45| 35 PN S T AR OD 7 Ji 3

AR, TR - IUK F41- 1118 EE, “GSMAC-ALEEREZREICED
WRAERER AN, BARGEIZREXE, fmXES20060019, (2006),
pp.1-126. |, th THEERLI-LDTT

. . Elastic plate
Rigid prism
Air
t, =
_Vr Vy =0
vy =0
_ t, =0
121, L7 :‘. 0.06 L, L <0
= y
L] 4L
t, =0
vy =0
65L, 145L,

L, =1.0x107%m, V, =51.3x10 > m/s
Analysis model and boundary conditions
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BEDXZEHFIER
B (EHEE, BIEZRE)

(EFAERK)
0 dzu_o (e . ET
,odt2 =V (S-F)

(St.Venant-KirchhofffA D #E R A FEX)

S=A(trE)1+2uxE

(VT HDEER)
1

E=—(F-F'-
2(F F -1)

(ERSEDEER)

F=1+('V®u)"

EZ,U:

 BE (BERE) [kg/m’]

- Y ERREMS [1/5]

D AL [m]

: 852Piola-Kirchhofflit: 11 [Pa]
CEMISETUVI -]
:FI5 (MEEE) [1/m]
EFTUVIL ]

E :Green-LagrangeU 9 & TV [-]

Lamé TE £ [Pa]

Ev E

A=
(1+v)(1-2v)

)

E :

) 2

YoungZ [Pa]
Poissontt [-]

RAEDZEFIEX (1/2)

ik GEEMEE, AiEZRE)

GERFRDI)
V.v=0

CEEHTEN)

ov
Pt

+po(V-V)v=V.T

T=—-pl+2yD

EREEDEEN)
1 T
D:E{V®v+(V®v) }

(NewtoniRADER FTEX)

EE dp/dt=0 |

BEILGWMIE X ZEELT:
a5 [1/s]

:F 75 (EREE) [1/m]
CIREARYRIL [m/s]

: Cauchy > 372V )L [Pa]
: [ £ [Pa]

BETUVIL (]

: MR B [Pa]

P EREET IV [1s]
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RAEDXZEFEX (2/2)
Tk (GEERENE, #4 r%'ﬂim)

CE#HED )
V.v=0
CEFATER)

p%‘ +p{(v=v)-Viv=V.T

(Newtoni A DR FFEN)
T=-pl+27D

EREEDERN)
1 T
D=E{V®v+(V®v) }

o
0/t EECBIKE X, £BELL
! FrfE o [1/5]

V :F75 (ZRERZ) [1/m)]
V  ZEARTML [m/s]
V,  EEDZEERIML [m)s]

_________________ i T : Cauchy 5 AF>YVIL [Pa]

P : EH [Pa]

1 EFETUVIL[]

17 . #5E(REL [Pa)

D ZEWRERETUVIL[1/s]
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MABERE ERARNDIARYELEZHZERE)

CEENEHIEH)
du
V=—0I
dt

MIREBIEDRELN—

(B HZEHIEHE)
N 'Tf =N 'Ts

MIEEBEDIS VAV N DYES

N, : AR DS} A E BEALERR
NIRIV[]

Ve @RI [m/s]

U - #EZE AL [m]

T . RIRD Cauchyls 1TV )L [Pa]

T, : #BEDCauchy s 1T )L [Pa]

Fluid

_______________________

Fig. Definition of the outward
unit normal vector
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Flowchart of FSI analysis based on ALE GSMAC-FEM

R Ay o

Analysis mesh (solid: 40 X 2 Q,-elements, fluid: 8,680 Q,Q,-elements)

N
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aTHEER

Flow 51.3cm/s
—

Rigid column

Elastic plate

|

Fig. Pressure contours at Re =332 until t = 6.0 sec

B RIR B DR 5L

8.0E-03
r0p03 | T - Walland Rarm
6.0E-03

5.0E-03 I
4.0E-03 I
3.0E-03 *
2.0E-03 1
1.0E-03 !
0.0E+00 :

Power

0 5 10 15 20 25 30

Non-dimensional frequency

Frequencies of displacement at the tip of elastic plate

Wall, W. A. and Ramm, E., Comput. Mech. (World Congress), New Trends and Applications,
(1998), pp.1-20. 42
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RrEfIT7/\vT B

AHARIE THBEZ-NFHF_-FO B, BFRFEIZHBXE, HXES
20080028, (2008), pp.1-15.1, [Gaku Hashimoto and Kenji Ono, Theoretical and
Applied Mechanics Japan, Vol.58, (2010), pp.325-342. 1T Gaku Hashimoto, Kenji
Ono and Hiroshi Okuda, Interaction and Multiscale Mechanics , Vol.5, No.3,
(2012), pp.287-318. |, i THEELI=LDTT
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BEOXEHFER

& (JEHEH, = Iié"ﬂim)

(EFHEN) | p i EE BERE) ke/m]
d/dt : PEERMS [1/s]
pdU 0y (s FT) e o
dt? ' U : Z4i [m]
S : Z2Piola-Kirchhoffli: 77 [Pa]

| , o |
| (St.Venant-Kirchhof fADEAAIEX) | | oy . +75 WEEE) [1/m]
: S=A(trE)1+2uxE : L EETIULL
: I \  E :Green-LagrangeO ' HTUVIL [-]

> o2 g | :
| (0713*@Eﬁ5t) A u:Lame ¥ [Pa]
: E=_(F-F'-1) : [, Ev __E
| . a+v)(1-2v) “ T2y |
: (Kﬁ? DEEODEE%K) : E : YoungZ [Pa]
! F = 1+(°V®u)T I V :Poissonkt [-]
Lo | e
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uu.1$0)3'ZEE7'ﬁz‘t
R (EfETE, FERRTE, B3, BEEKAZRE)

(EFROX, EEFHEX, EAEEFHHEN)

of
E'F(’U-V)f—g

L (v V)i + (v V)E =g,

________________________________________________________________________

a/ot - ZEREREMS [1/5]
p BE (FHERE) kg/m’]
V3T EMEm ] (= )
v RE [m/s]
r
K

: [E 4 [Pa]
: LEEALE (23_7_\. 1.4) [-]

________________________________________________________________________
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MIEEERE TOERE WIEELDER)

MAEERE BEREARNDR) Y TEGHZEEIR)

MIREBEDERRER T N —E
(REZEVLIEERENLZLY)

(B NFRIEH)

_pnf:nf'Ts

MIRERBEDIS Va3V NDYES

Ny RABEE O N MEBEALELR
IRV [

Uf ;iR [m/s]

U : FEEE L [m]

T, : #8:& D Cauchyis H TV )L [Pa]

Fluid

Definition of the outward unit
normal vector

47
= pAY LY :t b — .
HELVEMREDANAOFREERICYT ST TA—F
D T J— AFRZEN/EIRESEERLI-
<P <O | SRR R s Voud .. — MITC4>T/)VER (BFO-AH (1992))
............. o0 0] Q, ]_ p=-¢
cture \
e "o * $=0
ool [ a5
—_—
Void
#(X)<0 in Q (=Q,) CIP (Constrained Interpolation Profile)
Structure FEfE ﬁﬁ%ﬁfi (*EJE '*ﬂﬂ% - *’A* 1997))
IEEERER DR
Vg |=1
Fluid
#(X)>0 in Q, (=€)
Computational domain Q, (=Q _UQ)
Fig. Computational domain and analysis meshes 2RITDIZE

FOMA - AHEBH, #EHBA, 58-550, (1992), pp.943-950.

HE[RZ - IEEE - A SR, #ERB, 63-609, (1997), pp.1612-1619.
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NIVt yERIZ LS E D Capturing

Structural mesh Stll‘uctural node
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)l R (A) TORASTLAMELRL

RBHFILARIIL Yy MREERF 1)
LRy EROTE
Up = 0, % °Ls, £2 L., £3°L,,

EREEDE

Normal line OLS

MLS (Moving Least Squares) 3T {5l

=Y {w(@' -2 rl)p (") A7 (&) p(x])} ¢

J
vp

Fluid mesh

+ + -

Fluid node / id mesh
X' Q, = Q

Level set virtual particle X;, JEAT
Level set function A’y =Y w@' —al, hl)p@l)p" (x))
=+ $=0 p=—¢ JeAT
f=(p v p)
: v ( vé ) +v
EEEESE =Un ¢
Q+ XRﬁo L -"“"'-‘-)Z‘ z E| 97 |v¢|
R EE ShE=L Ol
iy Pp op
L fp=(1- L) g+ (25) fa
-1 o) 2t o

Fluid mesh, structural mesh and level set virtual particles
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AR EER BT FEDOT LTV L

/ Input of data /

>

(m+1) - (m)

t+At >t

>

Implicit scheme

Neumann B.C. for structure
Structure ( ™y, ™y M Dg)

(P1)

Level set function ( ™Vg(x) )

Main Routine

Lagrangian mesh

Eulerian mesh

Parallel computing

(PZ) Dirichlet B.C. for fluid
Explicit scheme
(P3) | Fluid ((m+|)p ,(m+])v’ (m+|)p)
|
(P4) ‘ (MH)V - (m)V | < Tolerance
at all fluid and structural nodes

e

Level set virtual particles =

onvergence

. / Output of data /

Yes

Algorithm of the partitioned solution procedure ( n: time step, (m): iteration)




N FI—YRRE: LANILEY BB D A& R RE N DR ET

¥i&EIZ5 2 5 E (Enright (2002))
vy = 2 sin’®(w x;) sin(2 7 25) sin(2 7 a3)
vo = —sin(2w 21) sin® (7 xs) sin(27 x3)

v3 = —sin(27 x1) sin(2 7 x2) sin?(7 z3)

Calculation conditions

Fluid

element

Structure

element

Time

increment At

(Amy = Awg = Azz = 1.0 x 1072)

100 x 100 x 100

7,776
(ALpax = 6.576 x 1072)

1.0 x 1072

1.0

1.0

1.0

(a) ey matotintahhyeahticles

(b) Level set function ¢(x)

Generation of the level set function on the fluid mesh until t = 0.5

+3.04x
+2.04x,
+1.04%,
0.0
-1.04x
-2.04x,
-3.04x

Enright, D., Fedkiw, R., Ferziger, J., Mitchell, I., Journal of Computational Physics, 183, (2002), pp.83-116.
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ROFT—YRRE KENR-ER N T DERRRHT (1/3)

Pressure
p(h) =
Inlet
tess | T more
0.0 2.1x107 [Pa]

Fluid

Slip condition

Symmetric condition

Rigid piston\s’r

Void

Pressure contours, velocity field and signed distance function (Case 4)
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ROFI—YRREIKENR-ER N T DERERHT (2/3)

Calculation conditions

Fluid Structure Time
element element | increment At
Case 1 176 x 4 4 2.0 x 107¢
Case 2 || 352 ) 8 8 1.0 ) 106 | |40E-02
ase x X s — Theoretical value (infinitesimal)
Case 3 || 704 x 16 16 50x 1077 s i Present method (Case 1)
Case 4 || 1408 x 32 32 25%x1077s —— Present method (Case 2)
3.0E-02 Present method (Case 3)
—— Present method (Case 4)
E
— 2.0E-02
>
1.0E-02
:
0.0E+00 ‘ : ‘
0.0E+00 2.0E-03 4.0E-03 6.0E-03 8.0E-03 1.0E-02
t [s]
Time histories of displacement
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ROFI—HBRE:KENR-ERN D ERRHT (3/3)

Table Calculation conditions

Fluid Structure Time
element element | increment At
Case 1 176 x 4 4 20x107%s
Case 2 || 352x38 8 1.0x107%s
Case 3 || 704 x 16 16 50x1077s
Case 4 || 1408 x 32 32 25x 1077 s
£
o

1.2E+07

1.0E+07 |

8.0E+06

6.0E+06 [

4.0E+06 [
—— Theoretical value (infinitesimal)
—— Present method (Case 1)

2.0E+06 — —— Present method (Case 2)

— Present method (Case 3)
—— Present method (Case 4)
b I I

0.0E+00 :
0.0E+00 2.0E-03

4.0E-03  6.0E-03
t[s]

8.0E-03  1.0E-02

Time histories of pressure

54




NV FT—VERE: KEF UV EEEE

0 ZE R fEAT (1/3)

EStructure

2.1x107 [Pa] :

tess [ more

0.0

Slip conditio

EEEEEEgEEEEEEE

Pressure
Symmetric
condition

Fluid

Table Calculation conditions

Fluid Structure Time
element element | increment At
220 x 20 x 4 20 x 4 2.5x107%s

Fixed line

*

*+.Close-up
.0

A

Void

[9=+e|l¢=0|l¢=—¢]

Interface

Flow fields near the interface: pressure contours (upper figures) and velocity vectors (lower figures)

[9] Legay A., Chessa, J. and Belytschko, T., Computer Methods in Applied Mechanics and Engineering, 195, (2006), pp.2070-2087. 55
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A LS-DYNA (Legay et al.)
O Coupling method by Legay et al.

—— Present method

Table Calculation conditions
Fluid Structure Time
element element | increment At
220x20x4 | 20x4 2.5x 10705 1.2E-01
1.0E-01
8.0E-02
g
—  6.0E-02
: L
4.0E-02 [
2.0E-02 [
0.0E+00 : ‘

0.0E+00 4.0E-03

8.0E-03

t [s]

1.2E-02 1.6E-02 2.0E-02

Time histories of U,-displacement

[9] Legay A., Chessa, J. and Belytschko, T., Computer Methods in Applied Mechanics and Engineering, 195, (2006), pp.2070-2087.
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Table Calculation conditions
Fluid Structure Time
element element increment At
—6 2.0E+07
Case 1 || 220 x 20 20 25x107%s A LSDYNA (Legay ctal)
Case 2 440 x 40 40 1.25 x 1076 S O Coupling method by Legay et al.
Case 3 || 880 x 80 80 0.625 x 1076 s 1.5E+07 | Present method (Case 1)
- Present method (Case 2)
1.0E+07 | Present method (Case 3)
&
= 0.0E+00 |
-5.0E+06 [
-1.0E+07
-1.5E+07

0.0E+00 4.0E-03

8.0E-03

1.2E-02

1.6E-02

Time histories of pressure

2.0E-02
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AR EER BT FEDOT LTV L

t+At >t

/ Input of data /

m+1) —(

>

m)

(P1)

(P2)

(P3)

(P4)

No

Main Routine

Implicit scheme

Neumann B.C. for structure
Structure (( ™y, ™Dy ™Dy )

Lagrangian mesh

Level set function ( ™g(x) )
Dirichlet B.C. for fluid

Level set virtual particles

Semi-implicit scheme

| Fluid ( ™"y, ™" p)
|

| Eulerian mesh

| ™Dy — My | < Tolerance

at all fluid and structural nodes

e

onvergence

Yes

/ Output of data /

Time marching

Algorithm of the partitioned solution procedure ( n: time step, (m): iteration)
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Density
Viscosity

Incompressible viscous fluid
p=1.0
#=0.01

Wall
v, =0
v, =0
v, =0

Thin elastic structure

Initial density 'p=5.0x10"
Young’s modulus E =2.5x102
Poisson’s v=0.0

Thti%kness a=2.0x10"

8 (27“) :
V=l-cos| — | !
=0 5
v=0 | T
1.0 Moving wall
\ § z \-.\\
B
Incompressible | JI/
viscous fluid I [
1.0 i
X
" Thin elastic
1.0 structure
Analysis model of cavity flow with thin elastic structure

NOFI—IERE:EISEEREEZ A T 57 vE T4 NERHIXTR (2/3)

Veloci B = 3
Rl 0.0 2.0

{

< |

(a) Velocity vectors

Moving wall

“Outlet

=9

Zero level set

uy-displacement less I T more

0.0 0.25

Structure

(b) Vertical displacement field

Flow fields until t =70.0 ( 24 x 24 x 30 elements)
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EARRBICHTHED 05
FRIZHLIMERD
EMDOBEEEZHF~D I
2 3 02
S 01 f
Structur 0.0 O Reference solution (ALE)m
e \ L — Present solution
-0.1
0 10 20 30 40 50 60 70
t
Table Calculation conditions . . . . .
Fig. Time histories of u,-displacement
Fluid Structure Time
element element increment At
Reference (ALE) | 24 x 24 x 24 1152 1.0x 107t s
(triangular,
linear)
Present 24x24x30 | 24x24 | 1.0x107"s Period: 5.12 (FFT, 1024 points)

Vazquez, J.G.V., PhD Thesis, Universitat Politécnica de Catalunya, 2007.

BITETIL

Air (Inlet)
0.86 m 0.86 m Inlet density  p =16.0 kg/m’
Fluid - Inlet velocity Vv, = 0.0
v, =73.0 m/s
0.025m g87m ' Inlet pressure  p=12.0 atm
0.061 m - -
1 0.49m Ma=v,/\xp/p =0.224
Airbag o
Inlet «— _
z
x (,i\, "
Fluid (air) Thin elastic structure (airbag)
" . 0o . _ 3
Initial density Op =1.3 kg/m Initial density 'p=1.0x10" kg/m’
Initial velocity v, =0.0 Young’s modulus E =6.0x10° Pa
v, =0.0 Poisson’sratio v =0.3
Initial pressure p=1.0 atm Thickness a=73x10" m

[6] Cirak, F. and Radovitzky, R., Computers & Structures, 83, (2005), pp.491-498. 62
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Fluid mesh: 8-node hexahedral elements
(151,263 nodes and 142,848 elements)
z

A Structural mesh: 4-node quadrilateral elements
X y (7,305 nodes and 7,260 elements)

63

AR —

037m
0.025m] ¢

0.05 m

FX10 (CPU: SPARC64™ IXfx, 32GBAE!)) % {& e

Inlet

T I 0.061 m
: 0.49m

—_—

Pressure contours and zero level set on the fluid mesh ony =0 unitl t=7.0x107" s
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F=EDH

> ERCFIERICIE, RAR AR, —A R oEER,
CRERBED DD

> BIEROFWLIZIL, ALEEDRHFED LT
Tracking, Level Seti& M K574 Capturing®h &5

> RITEFELT, T—ASUDORIT, HRAEMERDE
ik, T7 /N BEEZHEN LTS
- T—ASUDRITTIL, P BEEER (Staggered
Scheme), 7—AS LR (CHRENT HEZERTFEALT-
- SERAREMEROBMIRTIE, — A RER (EHIED
o) ZE AL, ALEEIZKHF M D TrackingZ1To7=
- T\ BHTIE, 7BEEER (Tterative
Staggered Scheme), Level SetBA#IZLAHFE D
CapturingZ 1727z
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