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3D numerical prediction for fluid forces due to wave-induced flows

acting on multiple elastic bodies
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This paper presents a computational method to predict the fluid forces due to wave-induced
flows acting on multiple elastic bodies. This method is based on a solver for multiphase fields
(MICS), which can deal with the movements and deformations of solid bodies included in free-
surface flows. It was demonstrated that the fluid forces acting on multiple rigid cylinders are
adequately predicted in our previous studies. Thus, in this paper, the computational method
is applied to multiple elastic cylinders and square pillars that can be deformed due to the fluid
forces. The deformations of elastic bodies are assumed to be infinitesimal and their values on
the node points of tetrahedron elements are calculated with FEM. To confirm the validity of
the prediction method, it was applied to the fluid forces against elastic bodies in wave-induced
flows measured in experiments. As a result, it was shown that the fluid forces acting on multiple
elastic cylinders and shielding effects in multiple elastic square pillars are reasonably predicted.

Key Words : fluid-solid interaction, free-surface flow, elastic body, shielding effects

1. 0000

obobooboooooooobooooooboooaon
gbooooocooooobobooboobooogon
gooobooooooobbooooooobooon
gboooooooooobobooboobooogon
oboooooobooboooooboboo

000000000 000000O0O0OOO0D0O000
0oo0o0oo0o0o0ooooo V20000000000
gooooo ®» 4900000000000 Y000-
0000000000000 9 P00000000
0000000000000 000D0O0000000
00000000 00000000D00000000
0000000 0000000O0O0D0O0000000
0000000000000 00D0DO00000O
0000000000000 DO00000no

00000000000 0O0000O0D0OO0O0O0
MICS®0 0000000000000 0O0O0O0ODO
00000 (FEM)ODOO0OO00O00O0O0O00000
0000 900000000000000000 190
0000000 0000000D0D0ODDO0O0000O
0000000000000 000D0O0000000

000000000000 00O0DooOo Woooo
oooooooobOoboobooboooooooogn
000000000000 Yoo0oooooooog
gobooboooobooboooooooooooaon
obooboooooobooobooboooobo

gbobobooooobooboobobooooog
oooooooobOoboobooboooooooogn
oooooooobOobobooboooooooogn
oooooooobOoboboobooooooogn
goboobooooboboboobooooooobogn
uooooobooog

2. 000004

2.1 00000

ooo00o3000ooooooooMICSOOO
oboobooooboboboooooooooobogan
boboooobooboobooboobobooooogn
oooobOoboooooooon

- 691 -



%4’ aij(ﬂuj) =0 (1)

%ﬁ 0 (2)
TR

+ %% %(uui) + %(Mug‘) (3)

0(1)0Eder000000000000 (2)000
00000 (3)000000000000000000
t0 2,000030000000000000000p0
n0p0D000000000000000000000
00000000000000. 000w 00000
00000000000000. /4,000 (000)0
0000D0000000000000000Wo000
0ooooo

00000000000000000%000000
0000000 ¥ 000000000000000
0000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000000 CISMACOODO
00000005000 TVDOOOO® 000000
000000000000000000000000
O00000O0C-HSMACO 900000000000
000000000 (1)0000000000000
ooo

22 0O0000O0O0O0OO

gbobooooooobooboobobobobaoo
gbooooboooboobobooooboooga

1. 00boobooooooooooobooobon

2.0000000000O0C0O0DOO0DOOOCOOO0
gbooooobooboooooboboo

. 0oooobooooobooboooooooboan
gboboooooboooboooooooobbooon

4. 000000000 O0OOODOOOOoOoOoOooOOon
gboooobooooonbo

0100000000000 0b00oobo0ooooon
obooooooooooboobooboooobooono
000 ®o0000o00o0oooooooooog
oo0oooooooooOo cAbooooooooo
gbooooooooboboboboooooogon
gboooooooobobobobooooogon
oooooog

U-1 dbooooobooooooooo

23 0000ODOO
obobooboooooooboobooboooooo
o0ooooooo0oo0ooDO0 FEMOOOOODODO
oboo-2000000000 2000000000
ooooobooz20000000-20000 1000
loooooooboboooboobbooboobooobo
ooo03000000oooooooooodoooon

oboobobooooobooobooboooobo

Md+Cd+ Fipy = Feyy (4)

coooooooooooOoooooooooMOO
cooooooobocoooobooooOoOoF,, 000
ooboooboooooboooboF., 000000000
gooooood

Fint = / BT ad (5)
Q

U00b0eU0000OO0O0O0O0OBOOOODOOOO
oooooooooobooboobobooooboooon
OMDOOOODODO ppb00b0O0O0O0O0DOOOO
oooooooobOoboobooboooooooogn
gooobooboboboboooooooooogan
gooobooooon

0 (4000000000 couoooooooo
ooooooboobOobobooboooooooogn
oooooooobOobooboobooooooogn
ooooooooboboooooooooooaon
000000o000o0ooU00oooooooooonD 4)0
00000000000000000dO000000
Od0O0O0000

24 000O00OOOOOO
gboboboooooobooboobobobooooo
00000000 900-3000000000000

- 692 -



0-2 00000000

goooo0 coooopoooooooooooooo
kOmO0O00DO00D Ty, OOODOODODOODDO
00 ATk, 00000000 Fer,, 00000 2,0
o000 Fl,, 0000ATe, 0000000000
00000000 F,,, 000 kKDOD0D pp 00000
0 3)00000000000oo0oDoooDoon
gbooooboooobo

) 1 90p
Flo = por ATcwm |—=
Ckm = Pbk Ck { 2 O,

3

gt + oG || ©
0000000 Fer,, 00000 OOOOOOO
0 (4)00000 F.,, 0000

goooooooooobboo40000000
goooooooooboooboobood Ty, OOO
0odbd v, 000000000000 000O0O0O0
O«00000

1
u ™ (mef + Z Z Pok AL CkmUk ) (7)

c k m

odddme O my,0000000O0O0O0O00O0O0O0O3
oooooooooooooboboofw, 00000
gboobooboooobooboo

3. Uubbouoooon

3.1 0O0O000O00O0OO00O00

00 »000000000000ooooooan
gbooooooooooooboobobooooon
gboooooooooobobobooooogon
gboooooooooobobobooooogon
ooo

C

Fckml‘\ ATCkm

SR
FCkm FC .
m:

Tkm
I:Ckm3
FCka
object-k

0-3 Dooooooobooooooo

U—4 O00000000O0000000000d

0-500000000000000000 LO00
0BOOOOO0O0300mmO0 170 mm 000000
0000PCO0OOD0O0D0OO0O0DOO0OODOOOOO0
000000000000000000000 02245
000 1.0 m/s200.22400 0448 s00 0 —1.0 m/s?
00000000000000 hoO 50 mmOO00
0000000000000000000000

0000000-60000000000000000
00000000000000000000 steel plated
00000000000000000000000%
0110mmO00000000000 2mmO00000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000D000000000300x15x2mm 00000
0000 5.8x100 Pa0 00000 0.03s00000
0000000000000 001s 10000

00000000000000000000000
0000000000000000000000000
000000000000000000000000
0002 00050mmO0000000000000

- 693 -



00000 000000000000 LopO0O225 mm
opood
O-700000000000C000O00DOOOOO0O
0000000 DO 8mmdOO0 0 8 mm OO0
O6gOOdDODOODOOODOODOOdOODOODODO
dooooooooD 10000000 2,3,4,5,60
0000 s0000000D000DO000O0O00DOO0
0400000 100, 50, 33,25, 20mm 0000103
O0mO00000D0O00DOCO000O000O0O0O0ODOO
case-m x m OO0 Qdoon
steel
14 Lo y Plate

| K-Xo-HI/T
s 7

—l

|4 L d

— moving plate cylinder

0-5 0000000 (0D=00000=000)

——b —
@ @ @
NTN
(] .-\.
steel
® ® o plate

i
IIIZ
¢ N

D

0-6 00000

gbooooboboooobocooboooooo
300x170 mmO0 0000000000000 00D0OO
O150mmO000000000000 90x60x300

O-7 0O0o0O0oOOooOOoooOoboo

05 T T T T T T T

0471

—@—exp(elastic body) H
A cal(elastic body)

0l1r

o0 15 20 25 30 35 40
n

0-8 0000 ~0OO0O00C0DOODOOO
00000 Fh 000

gobooboooboboobooboooboooooo
033x28xomm 000000000000 O0O0O00
ooooooooo13obooo9noboooooono
000000000000000 4.7x10° Pa0000
ooboooooboooobooobooooon 2r0O
obOooobOooobooooooooboOo.n sbo.o8
sT100000000000000D000000000
gooobooboboboboobooooooogn
gboboooobooboobooooooooooogn
obobOobooboooooboobooo224s000 —1.0
m/s200.22400 0448 sO000 —1.0 m/s? 0000
oboobobobobobooooooooocooon
gboboooooooobooooobooooooogn
gobooboooooooooogd

o-80bOoooooooooboobobOoboboobooog
U0 Fh. 000000 nO0000000O0O0O0O0O
oobooobooooobooobooobooooooooo
nl Fr.,.,00000000000n00000000
gobooboooobobobobooooooobogan
goboobooooboboboooooooooogan
oooooooobOobobooboooooooogn
oooooo

- 694 -



\
—
(a) t =0.54 (s) (b) t = 0.66 (s)
|
B
(c) t=10.78 (s) (d) t =0.90 (s)
(e) t =1.02 (s) (f) t =1.14 (s)

0-9 000000000 (case-3x3)

0.6 T T T

- exp
cal
04 F B

04k i

0.6 I . 1
0.0 0.5 Lo 1.5 2.0

t(s)

0-10 0000000000000 0000 (case-3x3)

- 695 -



(a) t = 0.54 (5) (b) £ = 0.66 (5)

() t=0.78 (5) (d) £ =0.90 (5)

(e) t=1.02 (5) @) t=1.14 (s)

0-11 000000000 (case-5%x5)

0.6 T T T

_0_6 L L L
0.0 0.5 1.0 1.5 2.0

t(s)

0-12 00000000000 000000 (case-5x5)

- 696 -



000o0-900case-3x3000000000000
gbobooodo-1o000000bO00b00DbOOn
gboo0b00b000-1100case-5x5 000000
gboboooboobooobbo-1200000000
obooooooooooboboobobooooon
obooooooooooooooboboboooon
obobooooooooobobooboboooooon
gbooooooooooboboboobooogon
gboooooooooooobobooboboooon
gboooooooboooobobobooooogon
oboooooooboooooboboo

3.2 0OO00OO0O0OO0O0ODOOO0
gboboooooooooboobooboboboo
gboboooooooooooboobobooooon
oboobooobobbo-1300000000000
obooooooooooboboboboooooon
oboooooobooobobooooooo3oon 4
gboboo20b0000o0oooboboooon
gboboooboobooobooooooboobooao
gbooooboooobooboo
oboooobooboo-140000000000
oboooooz20000000000000000
gbooooooooboboobobooooogon
gbooobooooooboooobo

wave steel
generator plate
|| <
= A
h /Y
z 0 box hb
\i \ A
X
el B e
1 H EER
- B EE
y A Ll
\i |
/ I
X plate box

0-13 00000o0n

OO00o0Doo000s0 20mmO0000 150 mm
obobooOobooOooooocooooooOooDn 0.255
oboooooooobooboobobobooooon
gobobooooboboooooboooooooboboog 2
mmO00000000000000000O000d0O0
gbboo 28000 1I8mmOO0000000O00O00OCO0
000 2mmI0O0000000O0O00OO0O0O0

ﬂo)w steel
! plate
. :
o l{./l 4 d
— EET B
HENE
obljects

U-14 ODOOO0OO0O

goboobolmOO000O0C0O000000O0 200 mm
goooboobobooboooobo1ooooan
oooobobooooobooonog

gboboooocoooboobooboboooooo
goboobooooboboboobooooobooobogan
oo0oo0 1400x190 mmO O 00000000000
oob0000 20mmO0000000000O000OO
280x19x56 000000000 0ODODOOOOO0O At
020x103000000000000000000
gboose00iobooobog1e30obooooan
00000000000 3.5x10°Pa00 00000
oooobOoboobOobobooboooooooogn
0 2.0x10*Ns/m/m*00000000000000.19
sOoon

0.300 T T

—&—cal

0.250 --#-exp

0.200 —

0.150 ¢

Finax (N}

0.100

0.050 e

0.000
0

n

0-15 DO0000000000000 Fh. OO
O0n00000 (case-3x3)

O-1500-16 000000 case-3x3 000 case-
x4 0000000000 nOO0OO0OOOOOOO
00000000000 Fre.0OOODOOOOOOOO
0do0ooooooDOdooDoooooooon
00d0000b0DooooooooDoooooooon

- 697 -



0.300 T T T T

—ak—
0.250 - cal
-&-exp
0.200 -
e
. 0.150 -
z,
0.100 -
0.050 -
0.000 L
0 1 2 3 4 5

0-16 00000000000000 Fhe 00
O0nD00000 (case-4x4)

oboooooooobooboobobooooooon
gboooooooooobobobooooogon
gboooooooboooobobooboobooogon
gbooooooooooboboboobooogon
oboooooooooobobooboooooon
gbooooooobooooooo

gboboooooooooooboobobooboo
gbobooooooooobobobooooogon
obooooooooooboobooboboooon
00000000 50000 Pentium4,2.66GHzO 0 O
oboooooooobooboobobobooooon
goo

O000-1700case-3x30000 1000000
oboobooboboobobobobooooooon
oboooobooboooboooooobooog

4. O0oggn

obobooooooobooooboboboobon
gboooooooooobobobobooooon
gboboobobobbooooooooooooon
oboooooooobooboobobobooooon
oooooooooooobobooboooooooooo
oboooooooooobobooboboooooon
gooobooooooooboooooooooooon
gbobooboboboboboboboboboon
gbooooooobooooboboboooooogon
oboooooooooobobooboboooooon
goooog

gboboooooooboooboobobobobaoo
gooooooooboboooooobbooooooon
oboooooobooboooooboboo

(e) t = 1.40 (s)

O0-17 0000000000000 00 (case-

- 698 -

3x301000000000000000)



ooog

1)

10)

11)

12)

13)

14)

15)

16)

oooo,0p000,0000.00000DOO0O00OO
oooo0oO0ooooOoooobo.oogooogg, Vol 15,
pp. 475-480, 2001.
oooo,0poo00,0000,0000.000000O
0oooooooooooooooooo. oogoo
O, Vol. 38, pp. 463-468, 1994.
oooo,o0o0oo0o0,000o,oo00o,0oo,o00
o0,00000.0000D0D0O00OO0DOOOCCOCOD.
00ooogog, Vol 50, pp. 1159-1164, 2006.
oooo,0000,0000. oooooooooo
goooooOooOoogo. ooooog, Vol. 50, pp.
1153-1158, 2006.
oooo,0000,0000.00000000000
0o0oooOoOoO0oOoOoOooo 2000000.0000
00, Vol. 50, pp. 787-792, 2006.
0ooo,0000,0000,0000.000000
000000000 oooooooooooooooon
O00.000000000 (BO), Vol. 72, pp. 9-16,
2006.
0ooo,0000,0000,000.0000000
0000000o00o0ooOO0O0o0oUOoobO oooo. o
O0O00o04d, Vol 49, pp. 847-852, 2005.
ooo,000,0000.0000000000000
000000000oooOoOO0O ooooo.oooooo
0, Vol. 64/11-2, pp. 128-138, 2008.
goo,00g,oggo.MICcsOoooogoooon
goododbooOobDOoboooboobo 3oooooo.
gooogg, Vol. 52, pp. 1033-1038, 2008.
O00,000.00000000000000000
gooooOooooOo.oooooooo, Vol 11, pp.
799-806, 2008.
ooo,000,0000.0000000000000
OO0oooo. oooooo, Vol. 53, pp. 1045-1050,
2009.
oooo,000,0000.000000DO00O00O
oooooQooopoooo.oooooo, vol. 53, pp.
1039-1044, 2009.
ooo,0pooo0,000,0000.00000000O
Ooooooooooooo (3bMICS)oUuooog
O000. 0000000, Vol. 810/11-74, pp. 79-89,
2006.
ooo,00p00,0000.00ooooopooogo
oooooooooooo sppooooo.ogoodo
O, Vol. 51, pp. 787-792, 2007.

S. Yamamoto and H. Daiguji. Higher-order-accurate
upwind schemes for solving the compressible Eu-
ler and Navier-Stokes equations. Computers Fluids,
Vol. 22, No. 2/3, pp. 259-270, 1993.
000,0000.000000000000 C-HSMAC
00 SOLADOOO0OO0OD. 0000000, No. 747/11-
65, pp. 197-202, 2003.

(20090 40 90 0O0O)

- 699 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 10%)
  /CalRGBProfile (Apple RGB)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


