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DIVERGENCE MODES OF A CLUSTER OF SIMPLY SUPPORTED ARRAYS IN AXIAL
FLOW

-XOLH $GMLPDQ +DVVDQ %HUI -XOLHQ %HUODQG
3LHUUH ORXVVRX 2DQBHQDIB®NFD
20LYLHU 'RDUpP

,06,$ /DERUDWRU\ (') /DE 3DULV 6l (') /IDE &KDWRX
805 (') &156 &($ (167$ 3DODLVHIDQF &KDWRX )UDQFH
3DODLVHDRFH

ABSTRACT INTRODUCTION

This paper is a numerical study of the static divergence 60HQGHU VWUXFWXUHYVY VXEPLWWHG
patterns that could be observed upon a cluster of flexible XQGHUJR IOXWWHU OLNH LQVWDELOLW
cylindersin axial water flow. Previous experimental work VXIILFLHQW YDOXH ,Q WKH FDVH RI VV
has shown that beyond a critical flow velocity, characterisic ERWK HQGV D VWDWLF LQVWDELOLW\
deformation patterns can indeed be observed for square ILUVW JHQHUDWLQJ ODUJH GHIRUPDW
cylinder arrays in axial flowThis paper attempts to rewrite VI\PPHWU\ RI WKH DUUD\ 3DwGRXVVL)
the physical problem in mathematical terms in which the REVHUYHG DQG VWXGLHG WKLV SKHQ
fluid and cylinder coupling forces are modeled usihng  DUUDQJHPHQWYV RI WKUHH DQG IRXU V
influence coefficients. These coefficients are calculatedand WXQQHO > @ 7KH SUHVHQW QXPHULFI
compared using two methods: simple potential flow and WKH JOREDO SDWWHUQ WKDW ZRXOG
CFD including more complex turbulence modeling. The ful H[SHULPHQW ZLWK D KLJKHU QXPEHU
static divergence problem is then numerically solved foran ERXQGDU\ HIIHFWV ZRXOG QRW GRPL

example system o& 10x10 cylinder arrays. Finally, the VTXDUH DUUD\ RI E\ VWUDLJKW F
results for the divergence modes are visually presented and ZLWK GLDPHWHUV RI WKH RUGHU RI F
the intervening physical couplings are commented. HTXDO WR D UHGXFHG OHQJWK [
LQFLSLHQW IOXLG YHORFLW\ HTXDO W
NOMENCLATURE QXPEHU ZRXOG EH RI WKH RUGHU RI

Fi;* : horizontal (along x) fluid force actingon a cylinder FRQGLWLRQV

displaced along the same (x) direction. [N]

Fij+1* : horizontal force acting on a horizontally adjacent MODELING FRAMEWORK

cylinder (same row, incremented column) to a central 7KH DUUD\ EHKDYLRU LV PRGHOHC
cylinder displaced along the horizontal direction. [N] VLPSOLI\LQJ DVVXPSWLRQV ILUVW W
Fir1 : horizontal force acting on a vertically adiacent DUH UHGXFHG WR VLQH OLNH ILUVW PF
(same column, incremented row) cylinder to a central |OXLG VWUXFWXUH LQWHUDFWLRQV DL
cylinder displaced along the horizontal direction. [N] LQIOXHQFH FRHIILFLHQWYV LQ WKH PI
Fis1j+1* : horizontal force acting on a diagonally adjacent DVVXPLQJ WKDW D VPDOO GLVSODFHPI

cylinder to a central cylinder displaced along the IRUFHV RQ WKH HLJKW VXUURXQGLQJ F
horizontal direction. [N] WKH GLVSODFHPHQW DPSOLWXGH RI V

Firpj+1: vertical (y) force acting on a diagonally adjacent F\OLQGHU LQ WKH [ GLUHFWLRQ WKH P
cylinder to a central cylinder displaced along the GLVSODFHPHQW DUH ZLWK VHOI HYLGH

horizontal direction. [N]

Cserr : self forceto-displacement influence coefficient.  Fj* = Cseir W?2D X
[dimensionless] Fi+*=Cy W2D X
Cu,adiag : inter cylinder forceto-displacement influence F..X=Ca W2D X:
coefficients. flimensionlegs A "

U fluid density[kg.m?] Firsjs” = Cdiag1 W2D X;
U : fluid velocity [m.s] Firzjr1Y = Cdiag_2 W?D X;

D : cylinder diameter [m]
Xij . deformation amplitude of cylinder (ij)
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YHORFLW\ IOX[ LV SUHVFULEHG XSVWUHD J WKH
SRWHQWLDO LV SUHVFULEHG GRZQVWUHD 'H RI

HEXIHWHDYV ZKLFK WUDQTXLOL]H WKH IORZ
D.QOQ-'OB :

J)LIXUH 8SVWUHDP YLHZ RI WKH YHORFPLUH ILHRWBGFREIWNLWRHGQEEGRH WR D C
N RPHJD 667 FDOFXODWLRQ $ ERXQGDU\ OD\HU EMWOQOBODMNBEIGQ GHU
DIWHU VHYHUDO GLDPHWHUYV

D VTXDUH DUUD\ RI VWUDLJKW F\OLQGHUYV VKR XW
VOLS VXUURXQG WKLY DUUD\ DW D GLVWD; S 7KH

12tg12

al

E

Velocity (m/s)

DIVERGENCE AS AN EIGENVALUE PROBLEM

'LYHUJHQFH RFFXUV ZKHQ WKH QH.
EHFRPHV HTXDO WR WKH VWUXFWXUHT
WKLV PDUJLQDO HTXLOLEULXP FRQGL)
HILVWHQFH RI D QRQ YDQLVKLQJ VROX

+
=— 1'"pLéY A "%,
e Mmoo ZKHUH WKH WHUPV EHWZHHQ EUDFNHW
_— s FROXPQ YHFWRUV VWDQGLQJ IRU DO

o e IUHHGRP RI WKH FH\QOLIQWGWHWY EZHKGIGHQJ °

JLIXUH  &URVV VHFWLRQ RI WKH |Oﬁﬂ§fﬁ9¥(9§%%‘l5§?’§l"% HRKLRQ&FRHIT

WKH F\OLQGHUV 9HORFLW\ ILHOG REV\/EN.@'M@ PR '70X'-G VWLIIG
FDOFXODWLROQ FRHITCFLH WV RITWKHSOUYLRXV VHEW

Rl WKH DERYH V\VD(HU /H[ILW W T2KHID W R

7KH JHQHUDO WUHQG REVHUYHG L& ERVEK BRENRIRH RWEH O EY Y Wah! O
LV WKDW WZR F\OLQGHUV DUH DwwUDRWHEPWRRZE Ua \F R B F ¥ RRYRIRS 1HQ
WKH JDS LV UHGXFHG DQG UHSXOVHESZWHKGO KWhkdA SR W QA TIKERAWR Wt
LQWXLWLYH UHVXOW LV WKDW WKH KUDK HVx F RORSOEHW DRIORX D\E FEXIWY 2 KILQV
WZR F\OLQGHUV LQ WKH GLUHFWLB®D ISHUSMHOGOFX@PU WR WKH
GLVSODFHPHQW $V FDQ EH REVHUYHG WKH IOXLG IRUFH LV PXFK
KLJKHU LQ WKH FDVH RI WKH W XU E X QHR MAFIDIOFOOTDWARR QRRAQGF LW H[KLE LW\
D VSDFHZLVH puSKDVH VKLIWY &DUHSXRDER BYLINDBREQWY ZRXOG EH
UHTXLUHG WR GLVFXVV WKHVH UHVXOWH \$IU WSKLAWW GY.N F B H S IQH \ FLMU U H
XQGHUVWDQGDEOH LQ YLHZ RI WKH GHWVYUSD YL YH QWX HR WHN/ W [HUWBE G L
XSRQ F\OLQGHUV LQ TXDVL D[LDO IOBEYH UJ®Q V¥ KLREGHNDQ QWRWDEWML JQLILFD G
GHULYHG IURP D SRWHQWLDO DSSURWDWFK X EWWUFDQ B SUKIOL BWHSREAH DW
VWDQGDUG 5$16 VLPXODWLRQV ,QWRMKHULWLFWO FOMIRFMWKHDQG DOVR D
FRQVHUYDWLYH IOXLG IRUFH WHUP LYVIRSUB NG WHION K URISYRHIUN HREBIO 7K
WR WKH F\OLQGHU GHIRUPDWLRQ ZKS$IWHDLVR KXY ON KH Y HFHR QSS OD Vil WK M K H
GLVVLSDWLYH OLIW IRUFH WHUP LV LSW R® RMXWVMRQ PO WWRHW KH GHQUBIE M LR |
DQJOH 7KH FRPELQDWLRQ RI WKHVH GWARH MM IURY VE R IL G HY RRIXEVD W LRIQ HV K H P F
OLNH GLVWULEXWLRQ RI WKH IOXLG $RVEWLRQW IR ID @ DDFXS DIUB QWG SIKD\RH - W
VKLIW )XUWKHUPRUH DV VKRZQ LQ FRIQVL®HERNQERDW\ FDDAHIK O @\ DGGUHYV
JHQHUDWHG DORQJ WKH F\OLQGHUV PMRVWIKD\Y WK HD VO XIPE OYHI® RRL W\ LW U D
KLJKHU WKDQ PV LQ WKH LQQHUZRKPRQHOW QW VE Y iEHRVFRMOHG KHUH D
YDULDWLRQ WHQGV WR LQFUHDVH WKH FRQNESWYDWLY B IOKNWEFRIl WRH | | DIKLLIE
IRUFH FRPSDUHG WR WKH SXUHO\ SROWH@WURDORIMNMWKH HLIHQYDOXH SUREC
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