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Abstract 

Ovcr the past decade, thcorctical invcsliga.tioIl~ IUlve n~\'('clh,d 1 Ill' pu:-.siblt, ("\l',\f'IH (' 

of lwo distinct rnechanisms, a f1uid-damping ('(m!'rollec! 011(' I('<fllirillg uilly ,1 :-.illgl(' 

dq?,rce-of-frccdorn systelIl al1d a fluid-st.tffness conlrolll'd om' l'I"jlmill,l!, t Wu or Illun' 

dcgrce-of-frccdom system, instrumental in causing fluidel.l:.tlc in:.l"d)iIJl,y of l ylilld(" 

arrays subjected to f1uid closs-flO\v. As yet, the cxistt'ncc of tlll''''(' 1I{(,( !tallislll'i !telS Ilot 

bCCII VCI ified cxpc'rimcntally, and sorne rescarchels tend tu IlI'gkd. {JIll' or 1111' ul h('1 

of thcs~ mechanisms in thcir thcorctical studies. 

In this thesis, with the objective of obtainillg furtlwl in:.ight. 1II1l! 11lt' Il,t11111' of 

f1uidclastic instability II1cchanisll1s, experillll'Iltai and "hcOid J("t1 studi(':' h,IV(' 1)('('11 

performcd Oll a rotatcd square .u ray wi th P / d = '2.12. PI'I'ViOIl:' tllt'Ol (" i( ,l! illld ('Xpl'I'­

irncntal studics on this array h,1\'e e:>lablisllC'd the! fitet tbctl il :,illgle f1(·\;Jl,I(· cylilldt'r, 

in an otherwise rigid .ura)', is fluickl<isti(cl!\Y :,tc\ble HO\\('\"r, IIl1dtipl(' fl<-,dd(' (ylill-

d~r dynamic (vihratioll) t'xpelimcnts 1I1l<!l'l'takC'1I III tlll~ ,>tud)' ~llOw th.lt 1I1I1d(·I.I:-.til' 

instabJlity dcvelops wbell the alfa)' incorporat(·.., t hl'(,(, UI IlItll(' f1('xiblt- cylilld"I"', '[ 111'-1 

l'csult \'('rifics the JlIùlity of the ill:,tability lI\('cbdllisllIS 'tilt! '>llp,,!!,t·t>I:, 1 !J.II LIll' (~lilld('1 

motioll III the pre:'{'lIt array i:, domilléttf"d by lll(' f1uid-:,j ifflw,>", ({Jllt 1(J11(·r! IIWt Ilcllll..,lIl. 

ralill'I than the f\llId-dttlIlping COllt rollet! lIlf'ch.\lIislIl. 

Illvolved dyllaIllll (vdJlütion) cXpCrilll!':lIt~ JI,lV!! 1)('('11 Illldl'l L,ht'II tu (·lut Id.d(· LljI' 

effl'ct of vanous paralllcter::. :mch as, 1l111ll!J('r of rylint!I'I"', <ylllldl'I' !>U,>IIIOII, 'ylillt!l'r 

mnss. frequeney JdUllillg and fluidelfl~)tic coupl!ng (JII Ilw JII~Lal)dlty IltH·..,hc)Jd ur 
this array, in whieh the fluid-stiffnc::.s cOlllrollc'd nwchalli"lIl pl('\'<lil.., 1\ ba.., IH'clI 

dcterl1lined that varying mcchanical damping has a "mail (·ff,·c t CJll tlH' c ntl( al v(·loc ily, 
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wIJ('f('a", v.lrylJlg eylinder mass gencrates, rclativcly, I;ugc chanp;es in the critica! 

vcJ()( il}'. A "CoTllJors type" in::.tability eqlliition, or versions of it. arc shawn Ilot to be 

applil able ill this array, lTIainly duc to t lIe strong dependcTlc( of the n1ass cxponent 

OIJ t1lC' aet ua! value of the llOIl-cl i melJsional mass. 

hequelley dctllllillg of adja(cnt cy!inder" is also shown to have J. significant effeet 

011 tlw critical ve!ocity. Furth('J dynamic (vibration) exp<'rilTlents revcalc:d the co­

f~xist(,Jl( e of dynamic and sldtJC inslabIlities within close proximity lo eaell other. Il 

was po~!'>iblc to switch from one type of instabi!ity to the other, by warying one, or 

1II0r<" of the II1cchanical plOpt'J tips of the flexible eylindcJs. 

N('xt, the time' aVl'raged !IlIid fOI ces acting ou statie eylinders werc IIlcasurccl as a 

rUile! iOIl of llIonitored, dlld Slll rounding, cyhndcr displaccl1lcnts at differ"I1t Reynold 

nUIIJ!H'rS, ta attaiu a physical unclcrstanding of t.he flo\\' pattern in the .lITay. The 

l'csults rOlllplc'IIl('ntcd cwd vcri/1cd the various clynamic and statie instabiIill' findings 

of the vibration (dynarnic) expcrimcnts. 

Finally, the fluid forLes were incorporatecl 111 a quasi-stcady, multiple degree-of­

fr<'cdoTll model for comparison with experimental results. 
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SOMMAIRE 

Durant la dernière décennie, des étudC's théoriques ont déll}l)lltn~ l '(~\'l'lltlll'\It' 1'\islt'11CI' 

de Jeux mécanismes distincts donnant Ilai~sallcc à (ks instabilit(',:. nuilh"I,lst iqlll'S d,IIlS 

le cas de faisceél.ux de tuhes soumis à \Ill écoulcIllI'llt trans\t'rsl\l: \Ill 1\II"(',Uli"'\l1I' Id\(~ :1 

l'amortissement intlOduit par le fluide (1'11 n'exigl' qu'ull Sy!ltl'lIIt.' ;11111 dl'!!,"" d(,lil)('ll,l: 

ct un mécélIlIsmc r('lié à la raideur iIltIOtluite par le f1uidl" ('xig('at1L lill systi'lIlt';t d('lIx 

ou plusieurs degrés de liberté . .J1Isqu'à pré'sent, l'exisü'l\u' tif' n's 1Il{"C(lIIi~III(,:' Il'ct p,!.." 

encore été vérifiée expénlllentdJcment, et certail\s cll"H hClltS 1('lIdc'lIt ;t IIl'gligN 1'1111 

ou l'autre de ces mécanismes clall~ IcuIs études th('oriq\l(''', 

Dans cette th(~se, dal\s le but d'obtenir un aperçu plu" plOfolld d(' la IIdlllll' dc's 

mécallismes des inst.abilités f11ll(lélast.iques. des étud(·" t ht"01 iqllt's et ('XPI"I Itll('111 aks 

ont été effectuées sur un faisceau ~ géométrie cal Il~e pivotée· ("roI al,C'd !l(l'ltll(' '1IIlly") 

sur ce faisceau ont mOlltré qU'Uil tube fI('xible, ddllS 1111 f,lI.,! ('dll p'lr dilleUI., IIldi/lt('llu 

fixe, est stable de manière fluidélù~tiq\l(,. Ccpend,lIlt, k~ <'x(J("ri('I1c('" dyllctlJlicl'lI'~ (d(· 

vibI a! ion) av('c plusieurs tubes flexibles cntIt'l>l i~('s ddll ... I,t p[/'!-('ol,(' ("1 !ldl' IJlOIlI tl' 

qu'ulw iIl~télbililt~ fluidélastlquc !>c déveluppe 100~qlll' 1(, [dt.,(C'dlt C(J/lti('llf t 1 (JI., q'llIt­

dlcs fll'xlbll's Ott plll!> Cc rc"~ul!ill v{,ttfi(' la du,dil(' d('~ 1111',( ;11ll"'")(,~ d'lll.,t:t!Jt!llt', ('\ 

suggi'rc qu(' le 1Il0U\'('/IWlll du tubl' dcU1S cc fai,.,n·du c.,t d()lllillc~ pM lin 1lI("( ,IIII'>/llt' dl' 

raideur, plutôt qu'un Jl1("Céllll!lllH' d'amortissement du fluidc' 

DC!l cXPI'>rienc.es d~ nélllliques (vibratioll) colllpli;tcs 0111, (',tt', ('lIt[(,pltM'~ aflll cl '('111< id('1 

l'effet de diffélents paramètres COlllInC le nombre de cylilll!t('!>, I,t pm.ition du cylilldl<', 

la masse du cylindre, la fréquellcc ct le couplage f1\1id('lél~ttqtt(· .,Ilr le "('Ilii d'ill.,! abrlitc~ 
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d(~ «(' fai:-,u'au, pour Il'quel le mécao;bme contrôlé par la raideur du fluide prévaut. 

011 <l pu v(~rifier que l'élmorti~s('ment mécanique a peu d'effet !:>ur la vites!:>e critique 

;t!or'i quc 1(:5 variations de masse du tube géni·rcnt des changements Ielativcment 

11l1()()ll,étllt.b. 

Ik plllb, un mOllt/(' qllf' l'i'quation d'instdbillté de type "Collnors", Oll des versions 

billlil,tin's, JI(' sont pas applicabks pour ce faisceau, principalement à cause de la forte 

dhll Ildance de l'expOb,lI1t lié à la ma .. %e bur la valeur ri'('lIe de la masse adill1l'flSiollelle. 

011 lIlontre ,tlIs!>i qlH' la fréquC'lIce des tubes adjacents a un l'fret c()nsidl~rablc sur 

b vil,c!>!>e uitiqll(" L(·!:> expériences rév{·lelll la coexi~tellC(' d'instabilités dYIl,uniques 

l't ..,1"dlqll<'!1 lor..,quc! I('s frt~~l'leIlCCS !:>ont procllC's. Il i!. été pussibll' de' sautel d'un type 

d'ÎU!>t,lblht} à l'<lutl(, ('II variant une, 011 plu!:>icurs, proprl<"t(~S 1l1écalliqut'~ des tubes 

Ikxibks. 

Ensuite, dans le but d'obtenir une compréhension phySique de l'{'coulenwnt dans le 

faib(("U1, les forces hydrodynamiques moyennes agissant bllf le!:> cylindlcs stdtiques ont 

(~t(~ IIlCSlll(.CS en fonction du déplé\,œIl1mt contlôlé des cylilldles cldjé\,ccnts à différents 

num bl'('s de HCYl1olds. 

Lc'!> résulléltf; ont complété et vérifié les conclusions d('~ expériellces Cil vibration 

(dynamiqll(') sm ks Jl'couvertes des instabilités dynamiques ct statiques. 

FlfIétlellH'llt, les fOlees hydrodynamiques ont été inco! parées dans 1111 lIlo&k quasi­

st,ltiqlll', à. plusieurs d('grés de liberté, dans le but d(> compaler a\'c~: Icb lésultats 

(·,>;pt'·! illl<'lItaux. 
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NOTE ON CONTRIBUTIONS 

TO ORIGINAL KNOWLEDGE 

The following findings of this study can he considcred as contribut ions to original 

lw()wlcdge. 

1. For the first time, conclusive experimentai eVldencc has h('cn fllrnishcd for the 

{'xi~t('l)('e of a inuit iple-flcxlblc-cylinder, stiffnC'ss-colltl'ollt'd fiuid('la!>tic lI1stabil­

ity Il\e'LhauislIl !('quiring coupled motion betwC'('!l adjac(,l't (ylinders. 

2. II. i,; shown that for this array the resultlTlg flow-induced VIbratIOns dIe domi­

Ilated by t}H' stiffncss-controlled lTlstabilIty l1WChalllSm, ICqUI1111g mult iple flex­

ible cylinders, as oppo:,cd ta the damping rontroll('J instahility lIlcchanism, 

:'l'qUil ing ül'/y a sillgle flexible' cylInckr. FtIrtlwIrllore, 11, j" !>hOWll t hat the 

lllticai flow vdollt)' is conslderably less sCllsitive to stl \lC ttll ,I! dampll1g, titan 

otlwr l'cslIlts (lv,tdabl(' in the literature. COllv('rsely, tbe (lilu.al flow wlocity is 

con'i[dt'lably !llOI(' ~('n~ltl\(' to dllllcllsionl(·!>.., 1I1ct..,.., tb.1ll otl)(,1 [('~Illt" llldicate. 

T!t('~l' [('..,ults ['u!l' ()lIt thl' 'lpplil"bdlty of a ('OI\llU["S tyP\' ('qllat\oll to prcdict 

!Il1idl·la~tlc lIl~t.lbdlty for tills cli'ray. 

;3, Tht' ('lfert of fI {'qUC'lIly ddullillg upon the instabilIty threshold 11éIs bceu studied 

III l<'tftil to l'l'\'('al a substantiell l111der~tanding of tbe undellying physics of the 

instabdity ll\t'chclllism. 
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'1. The\t'l)' practiral and dilllgcrùlIs sCC'llill'iullfllOth :-t,\tll ,\IId d~lIallll\ ill ... t,d)ll!ty 

lilllits co-existing with c\üse ploximity tü l'Mil niller in th,' --.IIW' ,U!',l) h.1~ lWI'1I 

dt'll'cted for the fir::.t time. Furtherl1lorc, it lias !J('{'I\ plJs~ihlt' h) 11l1"11 b,1I1).'.1· fWIlI 

ont' t~ pc of ill~t ahdity to tilt' other by varying Ollt" ur 1I101l' uf tilt' IIH'I !t.mil.d 

prop('rtics of the flt'xiblc cylillders. 
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Chapter 1 

INTRODUCTION 

1.1 General Introduction 

ln tlllJt'-,llld-~h('lI type beat exchangers tube vibratIOn can be induced, and sustained, 

t.hl'OlIgh ('{I<'{gy !>Ilpplied by the flllid flow(s) in the medium. Internai flow in the tubes, 

(~xt.('lllai ilXl,.! I\ow 'llong the tubes and extcrnal cro:,s-flow over the tubes concurrently, 

or ~('pMatdy, caIl be the cause of such vibrations Experience, accllmulated the hard 

and ('xp('nSlve W,\y, II1dicates that a major portion of tube failures both in the short 

,llld IUllg 1\111 I~ C,J,llSC'c! by ('xl ('rnal cross-flow over the tubes. Paldoussis [1, 2, 3], Chen 

[.t] duc 1I11H'Iltl'd a rkh !>pectl il of clo:,s-flow induccd tube failurcs resulting in costs that 

t'dll /H'<lk tü 11IlllwlI!'l uf dollais in terms of repair. J't'placement cornpon(,ll~s and loss of 

0P('I'"tiollct! leV('IIUt', The problern IS cornpounded by the faet that, the evcr-cndless 

ql1t'st. tll 1IlIllilllise (dpital illV('stmcIlt costs, as well as to rcduce production costs per 

1111 i 1. <l! ('11t'1 g! g('Ilt'1 <Lu'd. i fil [lO!>C:' ddd 1 tional const rai Il ts on the designers, The usual 

Ollt (UIlIt' 1" IIlUle COlllpclct CUmpOTI<.'llt:5 wlth smalln pltch 1.0 di,ul1etcr latios, higher 

!lo\\' \'l'Iocit il's, c1cvated tCl1lpcrclt ure di(fel~nccs, "'lllaIJ\~r and tlllnner tubes, ail to 

iJll'n',\~t' (,Ull\'t'ctl\'C ,md conductn'e hcat transfer alld minimise hcavy water inventory 

ill 1I11t!('dl power plants llnfortunately ail the above trends tend to iIlcrcase the 

OCClIl'll'IlCL' of vibration and associated possibility of tube failul'e. 

II. is gt>llt'l'tllly ilgrcl'd thtl! tube bUIldJes subject tü cross-flow experience vibration 

1 
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duc to one or an association of the following excitation ll1t'çh<\lIi~!\\~, Il.\I\wly; .1) 

turbulent buffeting, b) flow periodicity, and c) fluidt'la~t.il' inst..lhility. 

In the following sections t.he important characteristics and ~Olllt' 1'1'1 t'lit. de\'eh)p­

mcnt::; on these mcchanisms will be discllssed. 

1.2 Turbulent Buffeting 

The velocity fluctuations in the flllid cross-flow (normal to tltt' t.ubes axl's) n'stllt ill 

ranùom, broadband fluctuating pressures acting on the sllrfac!' of the t.ulH's. At ,dl 

cl'oss-flow vclocities thcse fluctuating pressures traIlsf<.r t'Iwrgy 1.0 t}H' t.1l1H's. III tlll Il, 

the tubes act as filters, extracting enCl'gy in the frcqllcncy bands ù['OIlW! t IU'ir 1Ii11.1Ir,t1 

frequencies, in particlilar their fundamental flL'qucllcics. 

The tube vibl'ational l'espanse to flllctuating, pICSSUl'{'S is g,e\l('r;dly of low ampli­

tude and the associated frctting wear at tube SUppOI ts is a slow J>lO(,('SS, Itallllflli 

only in the long l'un. Thus, for design purposes It is llsually IWl'CSSiUy t,ü IWI form 

hundreds of hours of laboratory tests to determlllc the reJiability of cOlllpOllellts ill 

terms of turbulent buffctillg. 

Even though the a~:,ocJatcd Huid rncchallics in a tl!bc itrrùy i:-, highly COlllplic,t!.(·d 

a good understandiIlg of certdin turbulent buffeting problpllls has 1)('('/1 o/'LLilled ex­

perimcntally and theoretically. 

Fitzpdtrick and Donald son [.5], for a 10 row III linc tube array \Vit Il J,/d =~ 1.!J7 

and T/d :.=: 1.75 in il Reynolds number, Re, range of 5.G x 101 I.o!) y 10'1, 1!tot.I'[,)lliIH'r! 

that the turbulcnce Illtellsity, 1'2, 0.5% in the frcc-strccllll, ~t(,ddily 1111 1('(('>('''' fIU Il 1 

l'OW tu row as the flow traverses into the array. III the vi<-illÏty of IOW :-) CL Illét:<illllllli 

turbulence intensity of 14% is attaincd and it rClllcJlII~ COllstüllt I){'j'Olld thl~ IOW. III il 

similar Reynolds numberrange, but fora 7 row rotatcd ~qllil[e <LIray with IJ/ri = :U~, 

Priee et al. [6J found a sharp illcreasc in turbulence illtC'll:-.ity III> tl! /lJW ,1 and éL l'I'gl(m 

of "invaricnce" dccpcr in the alray for dir- and tü a J'ect~oIlél.ble ('X!,C'lIt. fol' w,d,(!I'-f1ow. 

Sandifer and Bailcy [7], iIl a 6 row, P/d = 1..1, rot.at.ed ll'i,lIIglc cllray tl<-,illg ,l 
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nonjllva~ivc mca~urcment technique (LDV), obtaillcd results quite similar to those 

1Iientiollcd above. Thcse studics lead to the conclusion that turbulence in the a.rray 

is illduced by the array itsclf cind its intensity is a function of position in the array. 

Âllothcr issue of practic<ll inLcreSL is the cffcct of upstrcam turbulclIcc charactcr­

isticli 011 eylindcr rcspOIlSC. Gorman [8, 9), for various arrays, showcd that upstream 

turbuJ,ltors witl! dmracieristic dimension comparable to thc diarnder of the cylin­

d"r:; in thc array can rcduce the buffeting responsc of thc cylinJcrs considerably. On 

the other hand, serecn turbuJators with much sm aller charactcristic dimension had a 

limited cffect on vibration responsc. This is in agreement with rcsults of Price et al. 

[ô] who lat.cr, ill a detailed cxperimcntal study, showC'd that fine upstream grids do 

Ilot alter the tm bulencc intcnsity inside the array relative to the no-grid case. It is 

hk('ly that the effect of lalge and sIllaH scale upstream obstacles will be undcrstood 

jH'lter through the measurcment of turbulence scale, and it.s clecay, bcfore the eddies 

reach the t1rst row of the cylinder array in future studie:-. 

Tbe lelatiom,hip bctween buffeting response and cross-fiow velocity has recently 

rcccived eOIll>idcrablc attention. Pettigrew and Gorman [10), for a normal triangular 

array \Vith a pitch-to-diametcr ratio range of 1.23 to 1.54, and 1ater Sandifer and Bai­

ley [7], for a rotated triangular array with a pitch-to-diameter ratio of 1.5, found the 

t'ylillder di"placcrnent in the buffeting region to be ploportional to cross-flo\\' velocity 

sqll(tn'd. PI,jet.> cllld Paidollssis [11], for a square alI'ay with a pitch-to-diamcter ratio of 

1.5, fouull the bllffeting iIldllccd displacement to bc proportion al to [I}} in the second 

ru\\' (llId (f;,} in the fifth row In a further study [6], this time for a rotated square ar-

1 il)', t 1)(' ~ilf1[C illlthors d('(,el1111l1ed the displaccrncllt to be proportional to U:X/. These 

St.lIdll'S slIgg('st th.t!, tlw rc!atiollship bctwccn buffcting inducecl cylindel displacement 

,Ille! no!>!>-Ilow v('locity is dcpcndcnt on array gcomctry, pitch-to-diamcter ratio and 

position in the array. 

'l'wo models, bdsed 011 l'an dom vibration thcory have bccn suggcstcd by Pettigrew 

d Ill. [10, 12] dnd I31cvins et al. [13] to predict cylinder lcsponsc to turbulent 

buffding. The only cmpirical input Îuto these models is the power spectral density of 
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the bufTeting forre per unit length, which has bc('n succcssfully normaliscd by Blcvins 

et al. [13), Taylor et al. [14J and Chen and JenJrzcjczyk [15J. With the following 

simplifying assumptions: 

a) random forces fully currclatcd along the lcngth of the tube, 

b) no significant power at any frequcncy other than the fluiJclastic natural fre-

quency, 

c) power spectral density of the buffeting force per unit length is proportion al to 

flow velocity squared, 

a rand(,m excitation coefficient, which is a function of frequcncy, is obtaincd from 

the normaliscd power spectral density. Pettigrcw and Gorrnan [10] providcd a simple 

equation determining the mid-span r.m.s. vibration amplitude, 

( LI ) 

where Yrm.s = mid-span rms displaccment amplitude, p = flow dcnsity, U = flow 

velocity, CR = random excitatlOn coefficient, f == fundamcntal frequency, d ::::: cylind('r 

diameter, ç = damping ratio. 

Blevin's expression for the mid-span rms displacement amplitude is cqually simple 

(1.2) 

whclt, J = joint <Î.cceptance, 1>n( ~ L) = eigenfunction al mid-span, the other valiables 

are the same as ab ove. 1 

PaiJoussis [3], <Lnd later \\'caver and Fitzpatnck [tG] fo'md Ilurrwrical cakulations 

[rom bath rnodels ta be III limited agreement with each othf'r, ilnd attriùuted the 

variations that did exist to Jlffcrent empirical randûm excitation coefficients. 

1 In Blevins' model <1>n , clgcnfunction al mid-span, IS a funclion of non-dimcnsional VclOCI1Y, 

Reynolds nurnbcr, array gcometry and position of the tube in the array. 
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1.3 Flow-Periodicity-Induced-Resonance 

For a single cylindcr subjcct tü cross-flow it is weIl known that the vortex shedding 

proce~s pel iodically changes the structure of the wake and induces a periodicity on the 

associilted forces il( ting upon the cylinder. The ratio of the vortex shcdding frequency 

lo the CIOi>s-flow vclocity is a constant and by introducing a charaderistic lcngth can 

b(· lloll-dimensionalised. The outcoming value, callcd the Strouhal number, is equal 

Lo O.:W ± 0.0.5 iu a Reynolds number range of 2 x 102 to 2 X 105 . 

For an ,ll'fay of cylinders, depcnding upon various factors such as; the geometry, 

the pit.ch to diametcl' ratio, position in the array, Reynolds number and turbulence in­

tCllsity, f10w pel'iodicity may or may not be observed. In cases when a flow periodicity 

is oIJs{'l'ved, multiple f10w periodicities are not uncommon. 

A physical undcl'st.anding of the mechanism inducing flow periodicities in a cylin­

d('1' array is, as yet, unavailable. Vortex shedding, wake motions, periodic reorgani­

satioll of the main f1ow, shear layer instability, effect of a dominant frequeney in the 

broadband turbulent energy spectrurn and slightly varying forms of the above have 

bepll proposed as the cause of flow periodicity in cylinder arrays [16-20, 5]. However, 

evclI in ail cnvil'onmcnt of such conflicting ideas, sorne recent works have revealed 

valllabic information on the specifie aspects of the problem. 

Axisit ct al. [21J and Pcttigrew et al. [22J conclusively showed that flow period­

icity for practical purposes occurs only in single phase flows 

Conllan [8] alJ(I Savkar ct al. [23, 24J dctcrmincd that turbulence induced by 

upstrcam obstacles of characteristic dimension comparablc to the array cylinder 

diclllleter ::,uppIcsscd or climinated flow pcriodicity induced Icsonance. Whereas 

rcsults of Priee ct al. [6] and GOfInan [8], \V!th small scale upstream obstacles, 

hat! no sCllsIble dfect on the magnitude of flow periodicity induced resonance 

cumulativc efforts of Fit.zpcttrick and co-workers [5, 25], Priee et al. [6] and 

\\'eaver with Fitzpatrick [16], for di/ferent geometries and pitch-to-diameter 



1 ratios, deterrnilled Strouhal peaks to be il funel ion of HeYIIolds 1I11111bcr and 

position in the array. 

- Weaver and Abd Rabbo [26, 27], Murcithi [28] and O('ngol'l'Il ct al. [29], in 

square and rotated square arrays for low Rt'ynolds lI111llbl'l's, detl'clt'd t'xplicit 

vortex shedding through flow visualisation tcchlliqucs. ln a l'CCl'lIt alld (Ont.illll­

ing combined flow visualisation and vibration st.udy by h1c(;ill l't'St'.ll'cht'rs [:m] 

il. has bccn conclusively dctcrmined that, at least Olle of tht' StlOllhal peaks 

detected in the cylinder vibration spectra is induced by VOl tex sht'ddillg. 

For a designer of heal exchange equipment il is (>ss('lJtial 1,0 bt' <twilre of tht' flow 

induced Strouhal numbers. Only then Œil How pCl'iodint.y, cylindpl' naLmal fn>qut'IH'Y 

and acoustic resonancc he mismatchcd in order 1,0 pn'V('llt p()~,jibl(' ~trll('tlll al dalllag(·. 

Fitz-Hugh [31] and Chen [32], using data from cylinder vibr.üiol\s, 1.\III)\\k·I\(·(· sp(·rt.ra, 

pressure spectra on tube surfaces and acollstic l'CSOIlail Ct', fOl'llwd Stl'ollhal 1ll.lpS ,lS 

a fllllction of lateral and transverse spacing of the cylindel' ,Lllays. LaIN Mlll1,ty ct 

al. [33,34) improved thcse highly critisized maps Înto a more \lsdu) forlll by igllorillg 

acoustic resonance dat.a. 

A second useful design tool ta dctect ftow-p('riodicty, Îs bast'c! on ét suggest.io/l 

of Owens [20] in the form; "the domznant f/'equclIcy of the vibration, .. i~ ('quai to 

the mtc1'stitial gap VelOClty dwidcd by tmice the dl~tllTlCC bdwf(~n .~lL('('{'i>.'ilVt· 1()l/J~". 

Reccntly, Weaver et al. [35], by obsNving their OWIl alld otlwr publis)wd data fol' t.ItI' 

four diffclcnt cylinder geol1lctries. illtroduccd "calibration C()Il~t.allts" illto "OW('I\'S 

lUle" to have the bcst fitting curve for the data displayed as StrouIJal IIlImbt'l Vt!/'SIIS 

the pitch-to-diamctcr ratio. Zukauskas and Katilld~ [:3G], consid('rillg .L 1 atlter hlllit('d 

data basis, have devcloped an exponcntial relatÏol1ship bet.wecli Sl,rollltillnllllllw/' illld 

pitch-to-diamctel ratio ta pl'cdict the flow-pcriodicity. 

Both approaches mentioncd above display a /'easonably good fit t(J the dat.a pn·· 

scnted. 
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1.4 Fluidelastic Instability 

As discussed in previous subsections, turbulent buffeting and ftow periodicity exist at 

ail cross-flow vclocitics and interaction bctween cylinder motion and the surrounding 

f10w is not a necessary condition for their existence. On the other hand, at sufficiently 

high CI'Oss-flow vclocities, the fluid forces can induce high amplitude cylinder vibra­

tiolls, which in turn can modify the direction and magnitude of the local fluid forces. 

Su<..l! fluid structure interaction, and the resulting cou pIed vibrational motion, may 

éLlllplify rapidly with increasing flow velocity, to c<,.use catastrophic damage in heat 

~'x('hange equipment. The possibility of such a m0chanism, termcd as the fluidelas­

lic in::.labzlzty, was uncovered by Roberts [37] in a largely ignorcd pioneering study. 

Lat.er, COllnors [38], using a semi-empirical analytical model, d<:;tf'cted that relative 

displaw/llcnt of cylindcrs in a row can alter the surrounding flow field in such a man­

ner that sufTIcient enel'gy can be transferred to the cylinder in order to OVCl'come its 

total darnping to sustain a limit cycle motion. He proposed an equation, later named 

after him, ta detect t.he instability threshold vclocity, Uc in form of: 

(1.3) 

whcre In = cylinder natmal frequcncy, m = mass per unit length of cylinder, p = 
rross-flow d('I1sity, d = cylinder diarneter, 8 = logarithrnic decrement of mechanical 

d,unping, !{ and fi = ernpirical constants (9.9 and 0 .. 5 in ConnaIs' case). 

The decade following Conllors, saw a massl ve effort to determine the effect of 

variolls d(·sigll parametcrs, !ike cylinder mass, structural damping, cylindcr natural 

freqll<'llcy, arrdy gcollldl)', pltch to diamctrr latio, Reynolds Humber, cylinder span 

kllgth ,lIld Ilumber, turbulellce rhaidderist.ics and void fradIe:! upon critical velocity. 

The d('\·('!opment.s in that l'ra, rcvicwed by Paidoussis [3), furnished an extensive data 

bas(' for t 110:-'(' attempting to f;nd a dcsignwise acceptable ., f{" for COllaors' equation. 

Pdtigrc\\' d al. [10], by coll1piling the data for ail four standard g<:'ometries, in liquid, 
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air alld two-phasc flows plottcd critical cross-fiùw pitch v('locity~, U"f" ,lgainsL llIass 

damping paramctcr to find a bcst fit value of a.3 for [{. Lat"r CI\t'1I P~), ·1 J, with ail 

expandcd data basis, formcd the saIlle plot individllally for caeh t.ypt· of g('ollletry by 

deflning a llCW lcduccd vclüci ty3 in«)rporating the d[cct of tulH' sparing. lt shouhl 

be notcd herc that dividing the :>tability diaglilIll an:olding to .Il'1'd)' gl'ollldly, ilnd 

incürporating an cffect of pitch-to-diamcler ratio, could be quitt' nsky whill' tlying tü 

[orm design guide lines for actual heat exchangers wil('rl-' tht' <.w:>s-flow .llIgle of aUack 

exhibits a sl!bstantial variation from location Lo local ion. The lIiltur.d conS('qll('IH'C of 

this is a relativc change in anay gcarnetry and pitch-to-dialllel(lr r,ttio withill tilt' ::iitll\e 

heat cxchangcr which LOuld be HIlder or o\'l'rd('~igIled wlwll b,ISCc! OII :-'lIch specialis(!d 

stability diagrams. ThclcfOlC, in the short l'lm, 111ltil expt'rinH'IIt.t1 and tbeordiral 

studies revcal a more fUllclarncntal undcrstandillg of fluid('lastic illstability, st.ability 

diagrams similar tü thosc of rcfcrenccs [4, 16 and 39], the only l't'ê\sOJl"bh· dt'llign tools, 

shüuld be used with caution. 

Paidoussis [3], very correctly rccogniscd that " ... ail Jluicl-1IL('fhani('(l{ (1.'>/)( cls of Ihe 

instability are hidden withm K". In fact equatioll (1.3) for cylillder t cali be l'cwriU('1l 

in a more general [orm as; 

U- Uc, F {m c L TeR 7" 1 f fl'\ 1 1 c, = /n d = pd2 ' a, d' d' d' e, t, d' no. 0 eXI )Ie cy ill< ('rs, (ln ay gl'ollldry, }, 

(lA) 

where Lld, l'Id = longitudinal and transverse separatioll ta diall\eter ratio, 

f / d = cylindcr ICllgth to di,\I11CLcr 1 ùtio, 

Re = Hcynolds Ilumber, 

'1'1 = Turblllt:l1ce intcllsily, 

'Y 1 d = Turbulence scale. 

2Up ::;: UooPf(P - d) whcre P = plleh and d = eylindcr dlamctcr 
3For each gcometry a correctIOn factor which 15 a fUlldlOIl of Lhe Lr,lIl;,vl'r.,,· C) IlIId"r :-.paclIIg IS 

1 ntrad \lced 
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WIJeu equations (1.3) and {lA) are compared, ml pd2 and 8 are the only common 

terrils. The rest of the terms in equatian (1.4), some of which can have a substantial 

dfert ou the critical velocity, ale alllumped inta the constant [{ in Connor's equation. 

By tlj(' Illiel 70's serious daubts startcd to devclop on the applicability of Connors' 

eqllat.ioll tü illdividual arrays. When specifie arrays were analyscd by I3levins et al. 

[1:3], Gihert et al. [40], IIcilker and Vincent [41], Chen and Jcndrzejczyk [42], Soper 

[tl:~I, CroV(~r and V/caver [44], Tanaka and Takahara [45], they detennined a range of 

1.25-7.1 for K and a l'ange of 0.2-1.08 for the exponent of the mass-damping parameter 

in cqlltltion (1.3) sec Table 1.1. 

Anot.her issue of interest is that the mass-dampillg parameter in Connors' equation 

1'> in faet iL plOduct of two dimcnsionlcss variables, the non-dimensional mass and 

the logarithmic decrcmcnt of damping. Based on insight and dimensional analysis, 

Grover and Weavcr [44J propased the possibility of non-equal, separate cxponents 

for t.he I/Iass and logarithmic decrement. Priee and Paidoùssis [11], Weaver and EI­

l\ashlan [46] and others, sec Table 1.2, verified this proposaI cxperimentally at least 

for sOllle arrays, and obtained an expression for the critical velocity of the form, 

(1.5) 

where 1\,0'1 and 0'2 are empirical constants. The ab ove developments brought into 

discussion the issue, on how many constants should there be and what their values 

shollid bl"! 

Ot.hl'\ \'cseat'chc\'s, including Connors [-17J hirn::,clf and Savkar [48J tricd to improve 

('qll.\1 iUII (LJ) by incilldillg the effect of the distance betwccn the cylinders. Late\' 

llIil\\'iIl.l!, 011 this Ciien [:39, ,1] introduccd the clIcet of distance between cylindcrs into 

tIlt' llistabdity ch arts 

rn fllIthl'r :-tudic's Y.N. Chen [49J introduccd the effcct 01 'le Reynolds number 

int.ù COllI10I'S' eqllatioll whc\f'as Chen and Jendrzejczyk [42], Priee, r-.'lark and Paidous­

sis [11, 50] ill\'('sl igakd the cffect of position in the cl.rray and upstream turbulence 
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charactcristics on critical vclocity. 

Another major contribution to improving COllllor:;' cquiltioll Î:; fWIll !.Ill' :;!.'lhility 

maps of Chcn [39, 4] and Jater Wcaver and Fitzpatrick [161, di!'icll:;~wd pn'viously in 

a differcnt context. Thcse log-lug plob of nun-dillwllsional CI itical vt'locily \'('r:;\ls 

thc mass-damping paramctcr clcarly show Lwo distinct rq~i()lls. III It'gIOIl l, ahove Il 

mass-damping paramctcr of ~ 0.4, al! availa.blc data \1\1\ bt' {'Ilwlupl'd hy a :;trl\ight 

line of si ope 0.3-0.5 dcpending on the' geoll1ctr)' of the cylilldl'r art Il)'. Wht'Il'as ill 

region 2, below a mass-damping paramctcr of ~ OA, the lIo11-dill\CII!'iiüIIIII ('l it.iral 

vclocity is indcpcndcllt of changes in mass-dall1pillg paramPLcr, which illlpli,'s th,,!. 11 

in equation 1.3 and QI, 0'2 ill cquation (1.5) approadl(,s ;',('1'0. This Îs ill rOllt.lasL Lo 

COllllors' and other l'cs(>archers who dccmcJ ;3, Ü I ,\(1<\ 0'2 to hl' (OIl"t"lIl lhrollglloul. 

the whole mass-damping paramcter range. 

While a majol portion of the above lllpnt.iolll'd studics, dil't>ctly or indil(·ctly, 

contributed to devcloping Connors' equation, a (,o!l~id('rable élllIOUllt of otl}('1' "xp('l'i­

mental studies have focuscd upon a. bctler und{'rstallding of the pbysic,tllll('cbilllisllls 

underlying dynamic instabtlity. To name a few of the many; 

- Zdravkovich and co-\ .... orkers [51-54]using foret> and pressure di~trihllli()11 IIH',l­

surements, in both cylinder arrays and tandt'In cylindcr arrallg('IIj('!lts brought ,l 

substantial unJel'standing tü the f10w structure éllld possibl<' tyP('~ of int,·( ilct.io!l 

between cylinders. 

Chen and Jendrzejczyk [55] round that fluid l'oUlponellt.s of dalllpi1Jg ill tlw lirt 

direction can he npgative at ~ufficiclltly high flow V(·locit.i('~; \V1'av('r alld EI­

Kashlan [,16] f(Junel subslantialiy the hallle al .150 to t.1l<' lift. dire'( tioll. Th('!iI' 

studie!:l showcd thaL the f1uid Jamping cOlllpOlle/lt (etll IH' <;lIffl< j('/lUy (J('gativ(' 

to ovcrcome structural damping to indllce dyllalllic in~t.éthilit.y, fl~ pl,·dictpù by 

various theoreticdl models. 

- AEeL researchcrs and co-workers [56,57,58] i.Lllalysed ~evelid CIIC'l~y di:,:,ipatio/l 

mcchanisms contributing to tube dampillg in aetual heal. ('xchall~(:I':; with ail 
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ernphasis 011 the cffect of support parameters. 

- McGill University [28, 30] and McMaster Ulllversity [26, 2ï] researchers un­

dertook flow visualisation studies probing wake structure, its interaction with 

slIrrounding flow and downstream cylinders as weil as flow structure variations 

r rom row to raw. 

Alldjclic and Popp [59] in an excellent study, experimentally proved the exis­

tence of multiple instability bands at low value of the mass-damping parameter, 

a phcnoll1cnon that had bccn prf'viously proposed ta exist via the thcoretical 

modcls of various rcsf'archers. 

- Paidollssis et al. [60J expcrimentally dctected and studied static instability in 

a rotatC'd-squarc array, anothcr destructive instabtlity mechanism which has to 

he considercd in heat cxchanger design proccss. 

1.5 Mathematical Models 

Durillg the course of the last 20 years various researchers have dcveloped mathematical 

Illodt'ls of nrying complexity to determine the Cl itical flow velocity for fluidela..'itic 

illstability. None of th('se mode!s are yet of any rdiahle dctcrministic nature br 

d('sigll pUI poses, bllt SOIl1C of thcm have aided sub!>tamially to the undcrstanding of 

Il)(, pbysic,tI IllecballiSIllS underlying fluidelastic instab;lity. In the following section 

!>OIlH' uf tlwst' lllodels, cat.agoriscd according to their cmpirical delta rcquiremcnts, will 

1)(' d isclIs!>('d. 

1.5.1 Models Requiring No Experhnental Data 

Paido\lssis, Mavriplis and Priee [61 J, observing small \\'akc structuIes behind the cylin­

({(lIS in n'rtain arrays, developed il model based on potential fla\\' thcory. The model, 

in ils init.ial fonll, COI1!>idcl's vdocity Jcpendcnt f1uid-damping tCl'IllS ta detcrmine 

t.he illstabilit.y t.hn'shold for a single degrec-of-freedom system. The ollly empirical 
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input is a delay term accounting for the lag bct",('('n fluid forces and the l'l'sponsc of 

the cylindcr to thcse forces. Later [62] at the l'XpCIlSl' of incn'<lsillg l'Illpiric<ll input, 

the étuthors incorporatcd fluid-stiffness terms, tü l'st ablish il Iwt kr dgrcl'llll'nt with 

expcrirncntal rcsults. Naturally this is a. dcviatioll flOl\\ the original ailll of this wOI'k 

tü predict fluidclast.ic instability with minillluIll clIlpirical input. 

Anothcr modcl, Ilot rcquiring any clTlpirical fluid forn' coclfiri('nl.s has hl'l'Il dt'vel­

opcd by Lever and Wcaver [63, 64, 65]. AS~Ulllillg t.he vibr.ttion of .t sing)(' cylilld('r 

in ét flow channel to be reprct.entativc of a fully fkxibl(' array, the .lIIt !tors IIS(' tl\(' 

uI1stcady Bernoulli cquatioll with a phase lag lo llIudd lI\(' IIlIid IIlI'ch.lIlics. This 

single dcgrcc-of-frecdom lTlodcl, cOllsidf'l'Illg ollly Iltlld-dampillg [01«(,8, I~ (,(Ipdblc of 

preJiding fluiJclastic ill~tabiht.y with Icù,>onablc <trcuracy only in t h(' lIO!'>S-llow di­

rect ion. E\'(~ll t hough the IcH.k of n \Iid-stifflle~s fOi «'~ a Il cl t hl' lOllu'pt of t hl' "UIII t. 

cell" sel iously Illnit the flllid Illcchanics of the 11101\(,1 for cilly pr"ctil.LI .tppl!c.lI iOIl, 

\Vca\'er and Lever \\'('1'e the f1r~t tü deted multipk ill~tability bclllds a!. low III.lSS­

damping pal ameters through a llul1H'rical ~:;tudy. This phPIIOIllt'llllll h.\s ollly \)('('11 

reccntly proven to exi~t experimcntally [.59]. 

1.5.2 Models Based on Unsteady Flow Thcory Rcquiring 
Extensive Experilnental Data and the Dyualnic In­
stability Mechanisrns 

At the other end of the :::.pectrulll are the modds Icquirillg pxtl'lI!'>ivl' ("<IwrillH'lItal ill­

pu t in form of cy linder motion alld now \'t'Ioci ty dl'Jwlld('1l t flu id fOi C( 'S il«'{JlIllti IIg f()l 

added I1ltl~S, flllid-d(\Illplllg cllld f1l1id-stifrll(,'>~ ('frl'd!>. Suclt 1110<1(,1,>, fllllll'lhlll)? Il'!>lIlt~ 

in cxcellent agJ('(,lIlellt \Vith ill~tilbJllty V<'locitit·s olJtilillt'd frolll vilJlat IUIl l'X!H'lillll'llt''i, 

ail' hiw!<'led b) the fat t toilat input dcltù l('ll'llIl:II1l'lIl i,> ('x il ,li ,..,t i\'dy Lu)?(' .lIId ill 1I1(J~t. 

ca~t's lInél\'i1ilable. But, so rdf, tlie glcal<'~t IIlldel,>LUldlll~ uf tlil' f1l1ld('I .. ~ti(' ill'itrtbilit.y 

mechanisllls has b('cll dUained flOlll ~1I('h JJ1odeis. 

Tanaka and Takclhara [66, 67, G8], (IJawing IIpOIl their ('xt('II~ive Illl!'lt(:rtdy nllid­

force meabllremellts, dc\'cloped a fully ullsteady now forllllllati(m ~ivillp; 1I1111wrieai 
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l'<'s\dt5 in excellent agleement with vibration cxperiments. They determined that 

t.lte Ilumber of flexible cylindcrs considercd in the analysis can have a significant 

efr('Cl on the stability thre~hold, depending upon the mass-damping parameter and 

pitclt-to-diallleter ratio. In addition, initial frcquency differenees hetween eylinders, 

quit.e COllllllOn in heat exchangers, were found to have stabilising and in sorne cases 

dest,.t1)ili!>ing cfr(·cts dcpendillg UPO)} the pattern 01 frl'queney dctuning. 

Chen [69, 70], utilising Tanaka and Takahal'a's fluid-forcc data, dcvclopcd a fully 

ulIst('ddy ~('wnd order mode!. This approaeh helped ta distinguish, at least in the 

IIUIIH'l'ical awna, that f1uidclastic instability is in fact composed of two distinct mech­

illlislllS. The first illstability ll1<,chanism proposcd by Chen requires a single degree 

of fn'l'dom system (Iess formally a single flexible cylindcr) in which work done by 

Huid fOlee::, plOportiollal to, and in phase with, the vclocity of a vibrating cylinder 

is sufficwnt to l'l'duce the total modal damping to zero. This rnechanism, named 

ilS the /le/oelty or Jlwd dampwg-cont1'Ollcd mechanzsm, is usually dominant at low 

lIlass-dalllpillg pal'drIlctN valucs, i.e. for high density fluids. The second mcchanism 

pl'Opo~ed l'cquires two or more degrees-of-freedom (muIti-flexible cylinder array) with 

('ollp!t·d lIIotion. Ill!>t.ability oeeurs when the total modal damping becomes zero but 

in this instance due ta work done by fluid-forccs proportional and in phase with the 

displan'llwllt of the cyllllder. Gellcrally, named as thc displacerncnl 01' jlllid sltffness­

(,oll/ml/ni III cch Il Il l.' TI/ , titis type of instability is dominant at high mass damping 

pa l'il Illdel' v.t! Ill', i.c. for lo\\' densi ty gas flows. 

A bdlt'l' IIndcrstclndillg of t!Je dllality of the dynamic instability mechanisms can 

he obtilillt'd by analy~illg an approach taken by Collar and Simpson [87]. The fluid 

1'1llTI'S dt t ing on t})(' cylindel's of an cllTay, wit.h the <,xception of those due to the 

.tt!tJt.d Iluid IIltl:.s, CclII 1)(' wl'ittcn as 

F = Kz + Bi, ( 1.6) 

wlH're K the finie! stifflWSS matrix, B = the fluid-damping rnatrix and z = the 
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ùisplacemeut vector. If the motion IS assutned to be harmonie, tllt' di!'opbcl'llIl'nt. 

vector, z, can then be expressed as 

z = asinwt + bcoswt , t 1. j) 

where a and b are the oscillation amplitudes and w is the cycliCid freqlll'lICy 

Dy definition, the work donc by the fluid forces per cycle of o~ciJ\,\lion, H', ra.1I 

be written as 
{2tr/w .T 

~V = Jo z Fdt. ( I.H) 

Combining equations (1.6) to (1.8) and rcarranging yields 

lV = fo27r(aTc - bTs) [K(a.5 + be) + wB(ae - bs)] d(ld), 

= lI'(aT Kb - bTKa + w(a TBa + bTBb)) , (1.!J) 

..... here e = coswt and s sinwt. Equation (1.9) can be tIan~f()rlIl1'd illlo .\ more 

useful format as 

(1 1 U) 

when the fluid-stiffness matrix, K, (and the fluid-damplfIg rnatnx B) al<' ('xPI(",,)l'd a~ 

the sum of their symrnetric and skew-symmetric componcnt3 - K = KI + K 2 wlwJ(' 

KI = (K + K T )j2 = KI and K2 = (K - K T )j2 = -Kl' (sllllllarly for 13) 

Inspection of equation (1.10) rcv('als the pos~ibtlity of two (lIstlll<"t 11\('( h,IIII'>/Il:-> 

thrln call Icaù to W bClI1g ncgativc and hence enabllllg tll<' (yIIIld( r~ tu ,':-ll,l( t ('IH'I!!,)' 

fl(J/ll the SUllùlllldillg flow to becorne dynamitall)' Ilw .. tahl(' 'J Iw fil..,r 1111'( IloIllhlll 

l<'quires the :,y:,ll'rn 1,0 hétVC él ~Ilflil ieutly ncgatiVt' a TOI a + bTO lb t ('llit f(JI l' ·:1111111 in).', 

dYllamic instability, This f1uid-damping rontrolkd lIH'chétlll,>JIl (',Ill P,"!ll'! dli' <1,: llolllll' 

instability even in a single degrec-of-freedom sy~t('lm when BI is rH'gcl.tIVf> 

The existence of a second d) nall1ic instability IIH'( h,tlli!:>!Il l'etll also }H' ,I.-dll< ('ri 

from cquation (1.10). If aTK2b < 0 and laTK2bl > U'(aTBla t bTB1b) , tll<'ll 

1 V < 0 and dynamic instability is initiatcd. Thl~ f1uid-~tiffnc,>'i (orttl ullf'c! il1sut!Jtlity 
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is qllite ~ilIlilar to aircraft wing fluttcr and rcquircs at lcast two dcgrces-of-frccdom, 

as the sealar fonn of K2 is cqual to zero [87J- It should be strcss(~d that, there is as 

yd, 110 cxp('riIlIl!lltal evidcncc proving or disproving the existence of thcse proposed 

m('Chitlli:'llIs. Abo, il. sigllificil.nt portion of thcoretical studies acknowlcdge only one 

or the other of these IIlcchanism_ 

1.5.3 Quasi-Steady Models Requiring Limited Experimen­
tal Data 

The' lilllitc'd prediction capability of models requiring no experimental data [61, 63, 

ott, G.!)] .tlld the vast llIagnit1lde of cxperirnental effort nC'ccssary for models bascd on 

ullstf'.tdy f10w th(>OIY [(i6- iD] has forccd a significant portion of rescarchcrs to a more 

optilllrtl !>.ül! of qllrtSi-stl'ady formuiations, In such models, It is assumed that as the 

tube o!'llill.ttes, the in:-.tantallcous fiuid forces acting on it at a given position, can 

1)(' clPPIUxilllcÜ('d by the forces acting on the statlc tube when dl:;placcd ta the same 

position, Tlll!-. d!'l!-.llll1ptioll sharply reduces the cxperimcntal input rcquired and the 

lllagnit1lde of the nUllH?1 ical formulation to a mallageable levcl. 

Conllors [38], alld later I31evins [71, 72J developed lineanscrt, quasi- steady mod­

(,Is showing good agl't'('\l1eIÜ with experimental data at high mass-damping values. 

'l'hrollgh this qll.l~l-st('ady rnudcl, B1cVlllS was the first to allctlyse the cffcct of fre­

qlH'ney ddllllillg bd\\,('('n adjaccnt cylilldcrs and bctwcen thc in-- and cross-flow di­

ll't tlun:-. of the ~d1l1e c)lillder. \Vhiston and Thomas [n] extendcd B1cvins' model to 

IIHul pOl.tte tll(' ('ff('(t of Illl'chanical coupling betw('('!l cyllllder~ a~ weil as the addition 

of il lilllikd f1llid-d.llllping (OJlt!olh-d mechanisIll In gcnerdI, ail the abo\'c modeIs 

gl\'t' pOOl' dgl ('l'lllCllt \l'lt il ('xjwl'Illlents at loI\' mils!-.-dal1lping \'alues as fluid forces 

(oll:-,idt'!l'd ait' unly di:-,pldC('lIH'nt d{'penclcnt. 

PI iu' and J><tidoll"'~IS [7,1-80] o\,('rCcU11C a major limitation of quasi-steady models 

ily int Illdllcillg d flequt'llt) depl'I)(lcllt tcrm into their ll10dcls tü producc dcstabilising 

IIllid-d.\I11ping fOI l'l'S, In the ra:;e of a single degrcc-of-frccdüm system [H, 75] they 

:-,ucn's:-flllly tt'st('d tlwir modifled quasi-static (quasi-steady) mode! by obtaining a 
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dynamic instability due to the fluid-darnping l'ont rollet! lllcc!t,lIIislll. Variolls single 

and multi dcgrec-of-frcedom tbcort'tical siudies of tlwse authors obtailll'd thl' folhl\vinp; 

conclusions: 

- Thcrc are dcfinitely two differcnt dynamic instability mcchanislIIs opl'r<lt.i\'t' ill 

most arrays, 

- both mechanisms can scparately cause instability, 

- the effect (contribution) of each mechanism is depcndent O/l array w'ollldry, 

pitch-to-diameter ratio and mass- damping paramcter value, 

the exponent of mass-damping pararncter in a stability bOllndary equat.ioll IS 

differcnt for each Illcchanism, 

- dct.uning betwccn cylinders and between thc two directions of il singl!' cylill<ll'1' 

can signifieantly cffcct the instability threshold, 

- al low mass-damping para.meter values multi-instability bands cxist. 

vVith a bctter estimation, or empirical dctcnninatioll, of thc frequency <!('pell<!Pllt 

terms for specifie arrays and by incorporating the effcct of Reynolds ntllnbcl Oll forel' 

coefficients ihis type of a modcl promises a good future. 

1.5.4 Non-Linear Models 

Thc aforcmcntioncd thcorciical rnodels are ail ba~('d on lin('dl isec! t1H'ory. ltl'celltly 

PI i ce alld Valerio [81], for il. si ngle dcgrcc of fI ccdom ~y..,t ('Ill, dcvelop('d éLll iLlIéLly~if> 

ll1corporating non-lillcar quasi-steady forces. EncouJ'<Iged hy t.his pioJl('('1 illg I/'f>tdb 

furthcr investigations arc bcing pursucd at McGill Ullivel~ity. 

A Ilalyses eonsidcring structural non-li Ilcaritics, i ,c. i III pacti lIg b('tW('(~lI cy liIld('1 S 

and their supports have been pcrformed by Axi::,a ilnd co-worb!ls [H~, ~:nl and FI ickl'r 

[84]. Non-linear models are presently at their infancy and iIllpOI tant develop/llellts 

are to be cxpected in the Ilcar future. 
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1.6 Motivation for the Present Work 

A~ di~cu~~ed in the abovc subsections, a significant portion of the l'ccent developments 

011 LlJI' cJ()~!'>-flow illduced vibrations of heat exchanger tubes is flOrn numerical studies 

(c'.g. exi~tellcc of two different dynamic instability mechanisl1ls, effcct of detuning, 

/Ilultiple ill~tahility f('giolls al, low mass-damping parameter values etc.) But it is 

ratlwr str,lIlgc t.hat, éd, the time this study was undertakcn, most of thcse findings 

have Ilot Lecll fully verificd cxpcrimcntally. In addition to this lack of cxpcrimcntal 

data, evell in the thcoff!tical alena there is a substantial aIIlollllt of differcnce and in 

~OIIl(, {'a~('s ('ontloversy betwccn various 8chools of rescarchers. '1'0 exemplify a fewj 

- Even though for sorne arrays Southworth and Zdrovkovich [51], Soper [43], 

Abd Robbo and Weavcr [:n] have observed a change in critical vclocity with 

iIlCl'f'a.,ing number of fleXIble cylinders, there is as yet, no clcar experimcntal 

stLIdy pl'Oving or disproving the existence of a multiple-flexible cylinder type 

dynamic illstability mechanism. On the othe1' hand some of the thcorclical 

lI10dcls [63-65] are still based on the assumption that a single flexible cylinder 

is sufficient to analyse dY'lamic instability in cylinder arrays. Such an approach 

l'\lles out the possibility of a multiple-flexible cylinder type dynamic instability 

lllechanisrn from the very beginning. 

Lever and Weavcr [63], Chen and Jendlzejczyk [42], Soper [43J Weaver and 

I\ol'Oyannakis [85] have expcrimentally studied the cffcct of frcqllency detuning 

bdwL'C1l the cylindel's of an ,uray. The~c rcslllts have indicatcd little elfcct 

nI' rl'('<] Ul'IICY dt't lin j ng in li igher dCIl:,i ty fi li id:>; ot.hcl'wisc, fcw concl usions have 

bCCll ootaincd. Similarly, results obtaincd from various I1llrIlcrical stu<lies by 

Blevills [72], Tanaka and Takahara [66-68], Priee and Paidoussis [n] arc not 

in toLal agreemcnt on the cffect of frequency detuning betw('en elther adjacent 

cylinders or the in- and cross-flow directions of the same cylindcr. 
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- Recent experimental results shed doubt on the global nature ùf a "('ollllors' 

type" equation. At least for some arrays it ha.,> bCt'1l determi llt'd t h,lt t Ill' IlOIl­

dimcnsional mass and damping cannot be IUlIlIwd tog!'t bl'r IIl1dl'r tilt' salllt' 

cxponent, see Table 1.2. In fael, as secn in C'qu,üion (1..\) tht' llon·dillwlIsional 

mass and damping arc separate nOIl-diIlH'llsiollal variables alld t 111'1 t' is IlO phys­

icai justification of ally sort for lumping thcm tog,et.hec. 

- Similarly, for an array where multiple-flexible cylindl'r, fluid-stifftlt'ss tyP(~ in­

stability mechanism is the main colltributor to iw;tability il is Ilot kllOWIl if il 

"Connors' type" cql:ation is applicable. 

- Also, in cases where the multiple-flexible rylinder, fluitl·stifftH·SS t.ypl· ill~t.ahil­

it)' is important, the cITeet of dctuning is not c\('ady Ulldt'l ~t.()od. PI iee alld 

Paidoussis [77, 79] and Chen [69, 70] in their thl'oH'tical studi('s, slI).!,gt'st ail 

im portant cffect which expC'1 i mentally , is a~ yet Il Il prowll. 

A series of experimental and thcol'etical stlldics pel'fol1Jl('d al rvlcC i Il li Il i v('I'~i ly 

[6, 75, SOl on a seven row rotatcd square array, with P/d = 2.12, haVl' \('v('al( d 

int~resting results that can fonn a basis for future rcsealch. A single fkxible cylind('f 

placed at various rows of this array has cxpcricllced 110 fll\idelcl~tic ill!>tabilit.y dlll ing 

experimental studies (ih = 280, fJ = 0.014, U/flld IIp to 125). Silllilarly, Loth 

lincar and non-linear models devcloped by the sallu' ctlltllUl'~ d('t.(~lïllillcd 110 f1ltld('lcI~ti(" 

instability for a single cylindcl' in the saille anay. 

Ali of the above re~ li 1 ts cOllel usi vely show t belt ct "j ligie' (kgl ('('-OUI ('('dOIll, fi lIid· 

damping cOlltrollcd instaLilily IIH'Chelllism by ibplf i~ in"lIffiri('lll \'0 in.!\1( (' f\lli(h·I,I~ti(' 

in~tability in a lotated !>qualc allay with Pld = 2.12. 

But in a furlh<'f theolctical ~tudy [78] Pri,e and Paidol\ssi~ rOllnd t\rtlt with IlIlIlti· 

pIc flexible cylinders in this array, f1uidclastic in~tability can OCCIII. If thi~ i~ c1e'1l01l' 

strated to be so experimcntally tlH'n this will be t11<' fir~t, and ("QU( 11I..,iv(' ploof, for tlll' 

existence of a multiple-cyiinder, !>tiffness controllcd flIlÎ(!c-Ia.'itic in'i! abtlity rtll'dtilllbrn. 
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1.7 Objectives of the Study 

A. This ~tudy undertakcs to expcrimcntally prave the existence of a multiple­

(I('xiblc cylillder type fluidclastic instability mechanism in an array where a 

sillgle flexible cylindcr is known to be stable. 

B. If such an instability is proven to exist, at the next stage the effect of various 

pilfitmeters such as IIumber of eylindcls, cyl IOder position, cylinder mass, cylin­

der damping, cOllplcd motion betwecn cylindcrs and frequency detuning on this 

instability mechanism will be investigated. 

C. The applieabilityof COIlIlors' type design equations to arrays where the multiple­

flexible cylinder type fluidclastic instability mechanism is dominant will be re-

:-.earched. 

D. The time averagcd forces acting on statie cylindcrs as a function of the dis­

placement of instrllmented and the surrounding cylinders will be determined at 

differcnt Réynold numbcrs to gain d physical understanding of the ftow pattern 

in the array. 

E. Finally, the above forces will be incorporated into a quasi-steady multiple degree 

of fl'('('dom Ilumerical modcl for comparison with expcrimental results. 
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Chapter 2 

A GENERAL OVERVIEW OF 
THE WIND TUNNEL AND THE 
ARRAY 

2.1 The Wind Tunnel 

The expcriments to be disclIssed in the fol1owillg chapt('rs have ail bC'1'1l pl'rfOflll<'d 

in a blow-down, subsonic wind tunnel schematically shown in Figure 2.1. TIlt' tunnel 

consists of: 

a) A fan sechon housing a 1220 mm (4-ft.) impcller C(lntrifllgal fan ,iliv('11 by il 

40 hp d.c. elcctric motor. The fan shaft spced is rcgulated by il colltlUl :,)':-,1.<'111 

that varies the voltage across the d.c, motor. 

b) A settling and st7'mghtenl1!g sectIOn with a hOllcycomb to destroy l.lI )!,(' '>( ail' !low 

irregulari tics and a scri('s of mc~hwi re sert't'Ils to n'cl IIU.~ tUI 1)111"11('('-11 d, 'Il"i t Y d fl cl 

:"ccde. 

c) :\ l'onfmc/l1lg MctlOn with ail exit to inlet !lu\\' illCil ratio (jf 1 (j 

d) :\ 1829 mm (6-ft.) long test SCellOTI wlth cro:-,s-'l('ctÎonal dirIlC'/l'dUT!'> (jf (dO 111111 

(2-ft.) by 914 mm (3-ft). 

A btcady volumetrie tlow rate of 1-24 1Il
3 /s wliidl ((jfl'l':,pollds tü ft IIl,iXillllllll ,ur 

flow vclocity of 43 mIs, can be obtaincd in an cmpty tc:.t ~('cti()n :\ pilot-.,t.tl ic tlJ!!e, 

20 
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(ol1nected to an inclinable rnanorneter, measurcs the dynamic pressure from which 

t/w upstream flow velocity cali be calculated by usillg Bcrnoulli's cquation for inviscid 

élnd i/lcoHlprc's~ible flow. Outside the boundary layer, the vclocity profile across the 

tlllllwl cross-section devial,es by less than 1% for an cm pt y test section. In earlier 

stlldi('s [8G] the> turbulcllcc illtellsity in the empty test section was :'>bown to be less 

than 1%. 

2.2 The Cylinder Array 

To silllulate cross-flow owr the tubes of a shell-and-tube heat exchanger, a lOtated 

sqllare array \Vith a pitch-to-diameter ratio of 2.12 has been designed and constructed. 

Th(· array consi~ts of il portion of ngid cylindcrs, whirh will be disclIssed here, and 

two illterch.lIlgeable inserts one of which is designed for vibratlOll expcriments and 

the ot.her for fOl ce tneasuremcnts, thcsc will be discussed later in Chapter!' 3 and 5. 

'l'hl' rigid pOl tion of thf' array consists of nincty two 591 mm (23.25 in.) long, 

~5.4 Illm (1 in) diameter solid aluminum rods sandwiched between la mm (0.39 in) 

thick alullIinum platc>s as shown in Figure 2.2. These are arrangeJ to forrn rows of a 

P Id = 2.12 rotated ~q\larc array. The hole at the center of the aluminum plates, \Vith 

slight modifications, is capable of hOllsing both the vibration and force mcasurernent 

i (l~('rts. 

'l'lit> array which spanes the cntire width of the test sectIOn was cight rows deep 

for 1II()~t of the ('xpcrimcnts, cxccpt cases where up ta thrce extra rows of cylinders 

\VI're' tldd('d lo pn'vellt dùwn!>trealll cffcds occllrring during vibration cxpcriments 

pCI fOIl! \('d 011 the l,li t pr IOWS of the MI ay. 

Pllor Lo.llIY \'ibratioll or 1'01 cc measurernent:.- tbe variation of the upstIeam (ap­

pllMCh) \'(·Iocity wlth distance frolll the leading (uppermost) IOW of the ana)' was 

l\H'a~lIred, as showll in Figme 2.3. For upstrcarn \'e1ocities of Ux:; = LI .52 mis and 

{i,,,,, = :W.~:2 rn/s, rorrespondillg to the minimum and maximum velocities of the ex­

p{·rillll·nts, il. is M'('Il that 600 mm or further from the lcading cylinder of thc array, 
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there is very limited chang!' in the magnitude of tht' \'l'locity \'l'dOl (l\'~~ th.\11 1 %). 

Bil~l'J on this prcliminûry observation, the upstn'ûlll w!\)\'itil's (lI,,-,) f'll' tb\' II ~t:-; l'l'' 

purtcd in this stndy were llWèlSU\'(,d via a pilot-static pro1>l' with ils tip al tiOO 111111 

UpMI"('arn of the !eading row of thl' array . 
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Chapter 3 

VIBRATION MEASUREMENT 

APPARATUS 

3.1 The Vibration Measurement Insert 

The VlbT'lltzon inscrt, briefly mentioned in section 2.2, is shown in Figure 3.1. This 

insert has becn dcsigncd to facilitate the investigation of the fiow-induced vibrational 

respOJlSC of as many as four fiexi bIc cylinders. It consists of: 

a) fl>ur, 2.5.4 mm (1 in.) diameter, 1500 mm (59 in.) long vertical steel posts 

... t t.ached to the pla tes hOllsing the rigid portiorl of the array thl'Ough the ar­

ra.ngement shown in FigUles 3.2 and 3.3. 

h) 'l'wo 19 1 IlIlll (3/4 in.) thick horizontal st.eel slabs, as shown in Figures 3.2, 3.3 

ilnd :3,·1, Lalted 1.0 the fouI' steel posts ta forlll the lo\\'er and the upper platforms 

for st 1 ing,ing the flexible cylindcrs. 

l') :\ slidillg platfol m holding four oil pots, which forIns part of the viscous damping 

syst('1ll as showll in Figures :3.:3 and 3.5. 

'J'ht' insl'J't houses the flexible cylinders, which are in faet rigid cylinders fiexibly 

IlIOllll!t'd via piano ",ires. :\ schematic of a typical flexible cylindel' and its mounting 

23 
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~ysteIll is given in Figure 3.6. Ail the f1('xible cylilllkrs Il.n't· a dialul't,·(" of ~.r}. \ 1111\\ 

(1 in) and a Icngth of 600 mm (23.6 in.). 

A carriagc located aL the center of each cylinde!" accollllllodatl's two llIilli.ltu\'t· 

accelerometers orthogonal to cach otller. The ar("(·It'rollldt'J"~ .lI l' ,\Iigl\l'd in 1 Ill' in 

élnd cross-flow directions. O.ï6 mm (0.030-in.) piano \Vires ,üt..u·!tt'd tü hutlt :-.Idt·s of 

the céU'riagc arc attachcd to hrass slid<'l's on the lowcr and upper pl.ltfolll\:-' lixl'd tu 

the top and bot tom of the wind tunnel. Thcse ~lidcls, as :-;ltown ill Figllre :1.,\ 1'.111 1)(' 

1l10ved in the in-f1ow direction to correct for the blow-back c'Ulscd b)' tl\l' sl.die tlrel!!, 

force acting on the cylinder. Thus, at al! flow vclociti,-.s, it is !>o:-.:-;ible 1,0 k('t'p t.1lt' 

illTdy gcometry sensibly th!' saIlle, A fllfthcr flludion of t 1)(' IIppt'J" :-.Iidl'l' 1:-' tll \',lI Y 

the ten:,ioll, via a small mechalli~m in the wires. Tllis !Il('chanislII al1o\\'s II\(' natlll,d 

frl'quency of a cylinder to be ~d at aIl)' dc~ir(>d \'alu(' wil Il 1(·:-.:-. t hall 0,;)% l'II \JI" \\'It lIill 

a flcquency range of 3.5 to 17 Hz. 

A perforatcd dillllping bell IS locatcd on th(' IU,,"1'1" wil(' uf (',wh ()'IIII<lt'l \\'1 Il 'Il 

this bell is lowcreJ iuto the pLeviollsly mentiolH'd oil pot, a viSt ()I\~ d.III\»III).!, :-.y:-.tl'lll 

is formed. The resulting logal'ithmic decr('mcnt of a. cylind('f ("an b(· Véll j('t! 1)('1.\\'('('11 

0,014 and 0,3 by: 

a) Llsillg different viscosity ails, 

b) varying the depth of the be\l ln the oil, 

c) varying the distance of both the bdl and the pot frolll tilt' lylill<l('1 

Table:1.1 slImm.u-bcs the charactl'lbtics of \',tlIUIlS Il,,xlbk (')lllld('I'l I\;,(·d dl\lllI~ 

the experilllcnts. 

3.2 Vibration Measurement Instruluentation 

ln most experimentsthe vibrational IIlotion of al! the fI('xJl)lc'('ylilld(,l~ wa.., IIl<JJlituJ('d 

in bath the ill-fiow (drag) and the cross-f1ow (lift) dilectiolls, This llltJllit()lill#; wa~ 

reali&ed through two diffcrcnt mpé\.SUfP/TWlll devlu':', Ilcund)'; 
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fl) milliature picwclcctric accclcrometers, 

b) velodty pick-ups consisting of a coil and a horse-shoe magnet. 

The above hybrid arrangement was neccssitaled by the lack of cight miniature 

pi(';f,()('lectric acœlPlomdcrs capable of fitting inside the flexible cylinders. 

1) p to il maxilllum of six Endevco miniature Ple::oelectnc acec/erometers with 

traIlSVC'I~(, ~ensitivitil's ki>s thall 1.5% and a typical frcquency rcsponse of ±0.45 dB 

fl'OIII 11lz to 8 kHz \Vert' u~ed. T'able 3.2 lists the acccleromcter models and charge 

st'll~itivIIH's (PCjg) a:, weil as the charge amplifie!' Illodels and voitage-to-accclcration 

(Ill V j g) 1 ütÎo:, 

The /If lo('tty plck-llp, collsisting of a c0il and a borse-shoe magnet, " .. 'as dcvcloped 

<lI M( Gill by t\léll k [88] and used with succcss ill prcviolls experimcntal studics. The 

sy:,t.{·111 l'on!->Ists of il coil of \Vire at~achcd to the upper piano wire which is po~itioned 

ill!->idt' Ll\(· lllilgllt't1C fit·ld of a horsc-shoe rnagnet as shown in Figure 3.7. The motion 

of tl)(' piilllO \Vire, ,lIld Ihlls that of the coil, Induce:, a currcnt proportional ta the 

vib.<ltiollal velol'lty of the cylinder. The magnitude of this signal can be incl'cascd to 

il Sdt i!-ofùdOl)' levcl, Ilot lequiling cUly amplification, by increasing the magllct strcngth 

or by illl \'('dsing tIt<' llunil)('r of wllIdings in the coil. When clectroTllcally JiffelentiaLcd 

élnd cilldllcllec! ag<lin!->t an accclerometcr th(' vib.atioll power spcctra obtaincd from 

tlle mib were \'irtually idcntlcal tü tho~c obtaillcd via an acc<,lcrolllctcr, at lcast in 

the flt'qU<'llCy rallg(' of iIlt<'rcst - 2 Hz tü 30 Hz - as shown in Figure 3.8 Thus, 

throlJg,hnut thi~ sludy vihratioll pick-ups with the plane of the coil cithcr parallcl or 

Pl'rpl'lldiclIlar tu 1 he upstH'ùlll flo\\' dif(,ction \\'('1(' Il,,ed \Vith confidence to illonitor 

t lit' in ,IIHI C1o~!-o-f1ow vib. cltioll,t! motion of cyll1ldcrs 

Tite output slgllab, [rom accelelOmcter charge amplifiel::> and the vibration pick­

IIp!-o, \\'Cll' illIalyst'd via d lIcwlett-Packard 35G2:\ t\\'o channel dynamic signal analyser 

couplet! 10 ,1 lIewlett-P,lckard 9000 310 microcomputer . 
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3.3 Vibration Measureluent Procedure 

In ail of the cxperiments t.he initial stt'p consistl'd of choosillg tilt, Il Il 11I\H'1 , po:-.il i\lll 

and mass of thc flexible cylindcrs and placing them in tht' arr.!)'. Nl'xl, thl' cylilldl'rs 

\Vere tUllcd to the dcsircd natmal fll'quelley ,\l1d structural damping. TIns wùs .\l',om­

pli::,hed by lightly illlIlttctillg the cylindcrs to obtain a dccayillg <le, ('kr.lI,ioll :-.igllill. 

The natllral fre'1\lcncy of thc cylinder, J'l' corrcspollding to t.he fl'{'{lIl\'IICY \VIth tl\(· 

largest amplitude in the power spectra was obtailH'd frolll this ,len'I"I',d iOIl :-.igll,d. III 

a1l l'xpcriments the flexible cylindel s was tUlled to the previously d(·t"llllilll·d ll<tlllrai 

frequencies wit.h a maximulll dcviatioll of ± 0.5 %. 

The logarithrnic dccrelllcnt of da'11ping was obtaillcd dircct!y rlOlIl th(' dl'( dyillg 

accclcration vcrsu'i ti mc trace. 1 Il SO!TlC t'x perillH'llts, h igh st l'\let tll'a! d,lIll pi Ilg v,tI tI(·s 

Wl'Il' l'cquired. Such a l'eqllircIJ1cnt wai> rcaliscd by dippillg t!l<' 1)(·11 illto t.h(· oil put" 

[II this type of ex peri ment il WitS possible to kt'ep t.he maxillllllll dilr'·\,(·IICt· \W\'W('('11 

t.he logarithmic deucmcnt of differcnt cylindcrs IH,low ï%. Bill. ill 1Il0St. ('XP('I ÎlIlI'llts 

the cylindcrs were only damped by air, and cnsuring Ihat the lylil\dt'I~ h,ld ('qu,t! 

structural damping wab 111ûl'e difTicult. Still in ail cases the Illaxillllllll dill'I'II'IIC C' ill 

the logarithrnic decre!11ellt was less than 12%, 

Once the natural frcqucncics and the logctrithlllic dC'cf(~lll('llt of dillllpill!1; W,l<; sd 

to the prcdetermincd valucs, cxpcrimcnts to ll11'aSlll(' tlll~ f1ow-iudu('('" vil}l"t iou,t! 

bchaviour of the cylillders al incrcnwntally inneasing now V('!ocilil's \\,('1(' (H·rllJlllll'd. 

At cach now vclocity, the <j'!indcr blow-back dll<' 10 ~tdtic drag was ,I(!jll<;tcod Tlwll 

according to the requilenH'llts of the specifie c:qwriJlH'llt a cOlllbilliL1.ioll of tll!' 11l('a­

blll'C'IlH'nts listcd belo\\' \\'{'l'C pcrfornH'd. 

• The in - (Uld the cross-f1ow accclcration PO\\'('r sp<,ctrtl of (',tell cylilllkl. 

• The cohel'ence bctween the vibratiollal itcc('I('l'atiofl of diffl'J'('lIt (ylillcl(·I". 

• The cross-spectra betwccll the vibrationa! accel('ration of difr(·Wllt. t y!ill<!t-rs 

• Orbit.s of the oscillation oblaincd wherc the ill-OCM viblétl,ioll Wil" p!oUer! V('I!'lllS 
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tlll' CJo,,~-fl()w vibIcttion. 

(;clwrally, depending upon the test pcrformed, 50-100 samples were found to he 

~llrfki('lIt to rcacl! ~tcady statc in ail frcquC'ncy domain measurCI11cnts. 

'l'II(' te~t \Va::. t(·IlIliIl.ttcd ('ither at the instabiiity thrcshold or at the maXIlllum 

wincl tlllllld vdocity of ~ 22 mis if the array WdS stable. 

Fillally, the cylind(!r naturaI flequcllcies and the logarithmic dccrcmcnts were 

lIl1'étl'>IIU'd agailI to d)('ck for any major variation that may havc OCCliI l'cd during 

tlll' (·Xj)(·riIll(,llt. 

Da!.l ililaly:-;is W<l.S donc using a IIewlelt-Packard 9000 310 computer Sy::.tC'1ll util­

i:-ilIg tilt, software NEWED, dcvcloped by Mark [89], at McGill University. 



Chapter 4 

DYNAMIC RESULTS 

4.1 An Overview of the Dynanlic Results 

The dynamic (vibration) experinll'nts perfornwd in tllis study cali 1)(' (.tI('gul iz(,d illtu 

thlce major groups, 

AThose aimed at dctermining the possible (·xist(·nce of a 1I1ult ipll'-lIt"ubll' cyhll­

der, fluid-stiffness conlrolled instability rncchallislII .lIld factors aff"dillg ~II( Il .1 

mechanism, 

il Those elucidating the elTcd of nalural frcquclIcy val ial.iolls 1)('\ \\'1'('11 cldJ <1 ('('111 

flexible cylindcrs (detuning) UpOll the thr(,:ihuld of flllidl'Ia:,!ic ill',I,dHlity 

C 'l'hase invcstigating flow illduced ~tatic cylindl'r di~pl,lI ('1111'111 tliid .l''''o(J{ I.lIc·d 

in:-.tability. 

As cll1phasizcd abo"c dnd in prcviolls s('clioll!'>, thl' /Il'ijul "'ldJj(·( t (JI ... 1 Ildy III 1111'0 

thc:'ls i::. the instaoility mel'haJ]i~lJJs. Turbulent bllf!"(·! illg ,tlIc! Ilo\\' (1('1 IUcli< ily JJld11! (·cI 

reS()llétnCC, cven t.hough doscly lllo11itorcd, will only IH' d 1Il'l/gillill i'o~I)(, 01 IlIlC·I(·'oI. 

Prior to any detailcd discussions, the flexible <,ylind('1 111I11lIwI illg '0)' ... 1('111 Ih('cl wIll 

be introduccd. A flexible cylinder will be llamcd art(!!' the IOW It i~ po...,illolll·d Ill, ('.~.' 

a c}lillder in row 3 will be !'efcrred to as <'ylinrkr:J SilIlilarly wl)(,/1 t!JC:IC' .11(' tWIJ 

28 
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11(',\11)1(, (yli/lt!(!r!> in t1w S;l/IH' row, sllch cylinder!:! will be distinguished to be the lcft 

illld t III' 1 ight cylilldt'rs (Jf that row and will be referred to as cylinder (X)L and (X)R. 

:\ I.Y/)I('ili ('x,l/Ilple for ~ccond row flexible cylinders (X = 2), is as shown in Figure 

1 / 

4.2 Multiple-flexible Cylinder Fluidelastic Insta­
bility 

4.2.1 A Single Flexible Cylinder 

III ,lIl (',>;('(·1 kil 1. ('xpcrilll('lltal &tudy at ~lcGill, l\tark [86] in ail-now and ~lacdonald 

[!)(}] III w,tI,t'r flow Will lll!>ivdy d('t('rmiIlt'd that a single flexible cylindcr positioned in 

dll,!' IOW of fi rotatC'd ~qllfl/(' arrcly with P Id = 2.l2 docs not bf'come fluidclastically 

t11l~t ,lblt·. For the sake of <,olllpletcncss, and to forrn a basis for comparison with the 

Illult iplt· f1l'xible t\XI)('r11Il<'llts, a lilllited number of single flexible cylinder experiments 

Ilil\l' h(·t'Il II'/H'cttcd in this study. 

Figme .I.~ shows a typical vibrational acceleration power spectra for a single flex­

ibl(· tylilldt'r in the anay. The /Tlain response of the cylinder to Ouid fOlcing as would 

Ill' (';..p('d,(.(1. is <Ü Ils fil'!'>! flllidddstic natural fl'equeney, When lhe in- and closs-flow 

\'illlfll iOIl,t! accderation power spectra, for a fourtll row flexible eylinder, arc measured 

,d 111<111)' upstlt'illll fluw \'cloritles, they can he cornpill'd into a thlce-dlll1cnsional for­

Illal as slrowlI iIl Figul'l' l.:l. Ba~('d on such a display, the variation of vibrational 

<In (·11'1 ,t! iUII ,llllplitud(· ,1Ild fl't'quelley of any mode can he :)lotted as a. functlOT1 of the 

IllJIl-dillll·ll:.iollal \'(,Iocit)', [fI fud, as shown in Figul'(' ,tA and Figure ·1..1. Figure 4.5 

11'\'I·.d:. .t ~lIl).,t.lIllial illC/C,l!:>l' III tll<' in-now dllf'lIioll,t! flf'qucncy and a cOllslderable 

dt·l'It·.t!">\, ill the C10-.!:>-f\O\\' dllectional frcqueney a~ f10w \'clncity is incrcar.,cd. This 

dl\'t'l~t'J1IC of major in- and cross-f1ow frequ<'llCies is typical of ail single/multiple 

tlt'xihlt' t'ylinder eXpCrillH'llts p('rformcd in Ihis dIra)' and will hc cneollntereu often. 

III .1 1)J'('\'il)lIS study [86] t!J<' illClCclse of in-flo\\' stiJfncss had been attt iblltcd to in­

C\t',\:-'l' l)f stl'tldy drag wit h How "c1ocity. \Vhereas the slatie force meélSlIremcnts that 
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will be discusscd in Chaptcr 6 have revealcd that the loss of rigidity in the Cl'O~s-tll>\\' 

direction is purely induced by the aerodynamic force field. 

Single flexible cylinder experiments of this study are Sil 111 III arised in Table 1.1. III 

<dl cases stable cylinder bchaviour prevailed throughout the whole lloll-diIllCl\siul\,t1 

velocity range. 

4.2.2 Two Flexible Cylinders and the Existence of Cou pIed 

Motion 

Once the stable bchaviour of a single flexible cylinclcr had bC(,1l VCI illC'd, ('xP('!'IIIl('!lb 

with t\Vo flexible cylinders were init,iatcd. The rcslllts, sUlIllIlariscd in Table ,I.~, :.huw 

that under no circumstdnces cOllld instability be Obt,lillcd with two rh'xihl(' cylilld(·!'!>. 

St.Ill, one of these cxperiments, wi th a tandem al'l'élngclllcnt of fi ('x i bic t'y 1 i 11<1(,1:-' III 

the fil'st and third rows - in. = 280, In = 10 Hz, 8 = 0.014 -- rcvea.kd ail 1I\t.(·l(·:.tlllg 

phenoll1enon. In Figure 4.6, for the in-flow direction of cylindcr 1, ,llld il\ [··i,l!,I1/,(· 

4.7, for both the in- and cross-flow directions of cylindcr :3, tll<' t.!tn·I·-dllllc·II!>llJllal 

a,cce\eration power spectra are prcscntcd (the cross-flow directioll fo!' cylilld(·\ 1 \V.l!> 

not measul'cd in this expcrimcnt). Whcn the major oscillation f[('qll<'llcÎes (!J('ab,) ,1\(' 

extracted from each spectra and plotled as a fU[lCtion of lIol\-diIllCnsi()Il,t! vc·loclly, 

as shown in FigUl'e 4.8, it is obscrved that some frequencies éllC ('011111\011 tu both 

cylinders. At these coinciding frcquencies a high magnitude p(!ak i~ \l1<'.\!>I\\'(.<I III t.Il(' 

cross-spectra. Also thesc coinciding frcquencics, flOm diff('!('nt cylindcls, hdV(' hlg,h 

coheJ(.'nce Ievels wclllfl cxcess of 7.5%, indicating an illpllt/Olltpllt tY(J(' uf J(·I,I1,\Ull')hip 

bctwccn the oscillation of the two cylinders. As <ln l'x,tlnple of hi,l!,ltly C <1\ \ ('I,tf,cd 

motion FIgures 4.10, 4.11 and 4.12, rcspedivcly, show the power 'i!H'r1.ra of cylillc!(') <; 

1 and 3, the cross-spcctra of cylinders 1 and :~ ,cohcn'Ilc(' bctwC'erl ,-ylinde!'" 1 and :~ ,d. <l 

vclocity of 7.8 m/s. Such an intimatc relationship bctwcen tlte viIHélti(llIél) IIlOt!('!> of 

both cylinders can also be secn al ail the other flow vclocit 1<'<;. Figlll'!' ,1 I:~ ,,1J(}w') Ut(! 

i 
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CO}H'J('IlCC betwcen the in-flow vibration signaIs of cylinders 1 and :3 at diffcrcnt flow 

velocities ill a threc-dimcllsional format. A similar rcsuIt, this time bctWCCll the in­

f1C)W signal of cyIiIldl'r 1 and the cross-flow signal of cylinder 3 is given in Figure 4.14. 

Bot.!. figll(,('~ d('arly show high \evcls of cohf'rencc ,lt common fi equel1rie<;, l'ven at fairly 

low f10w vclo( itie~. ft has also bl'en establi~hed thctt thcre is no Il1CChétllical coupling 

lH!twc'c'lI the cylilldcl's, éLnd COlllIllO!l fl'equcncif's ,tiC not induced by cmy known flow­

periodi< ity. 'j'bis 1('ads to the cOllclm,ioll that lJl thi!> éUrely, the vibratiollcd motion of 

OTW cylinde!' can effcct and syuclllonise the motion of the others through Ouiddastic 

collpling. Such a conclusion is important in the sense that, fluidclastic coup1ing 

bdwc(,11 cylillders has becn p/Oposcd to be a ncccssi.uy condit.ion for the exbt.ence 

of Illultipl<> cylinder type in!>tabdity by Pliee and Paidou~sis as weIl as Chen in their 

vitriolls tll('oreticalmodels. Thus, it is quite likely that cou pIed motion betwecn more 

IIUInU'O/l8 flexible cylillders coulcl induce a fluldelctstic illstability, evcn though this 

illTilngem!'lIt of two flexible cylinders is stable aClOSS the non-climellsional velocity 

j'clllg(' I.c·st.ed, as shown by the accclcration versus non-dimc11sional velocity plot of 

Figure 4.9. 

Further t'xpcrimcnts, t\\'o of which will be discussed in detail below, wcre donc 

t,o ddcrmilll' SOIIlC of the variables affecting the fluidclastic coupling betweell two 

fh'xiIJle rylillder~. To observe the t'frect of relative cylinder position with respect ta 

each ot!H'r, two cylindcrs, with t'xhctly the !>dll1C propertics, - lÏl = 280, ln = 10 

IIz, 15 = 0.014 --, \Vere placcd in the sccond and the thircl 1'OWS as shown in Figure 

·1.15. 'l'Il<' Illajor di rreH'neC \)('1. ",ecn t his cxpcrimcnt and the one d iscusscd abovc is 

t.hat t.he dOwllstr('am (IOW 3) cylinder is Ilot dilC'ctly in the wake of the upstream 

(ru\\' :!) c.\'lindt'l. Thus, intuitively one \Voult! expect 1C's!> lIltt'lëKtioll bct\\,('cn the 

dyn.lIl1ic \whaviuur of c<lch flexible cylinder. Fig,ur!'~ ,1 16 to ·1.17 shu\\' the stable 

in alld cro~s-flow vibl'ational Iwhavio\ll of both flexible cyhnder!> for <tri upstream 

!lo\\' \'docitil's Il'S!:> than ~ 19.5 Ill/S (Ue/ Incl = ïï). As can be seen, both cylillders 

.U(' stdhl(· fol' the complete \'e1ocity range. There are far less peaks common to both 

cylilldns. <'OlIlpan·J to the pw\'ious case, anJ those that do cxist are genel'ally in 
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the noss-flow direction, Tll the major portion of the wlo('ity !I\lIg,t' tlH' wlll'!\'I\('\' 

bet",ccn the motion of bùth cylindcl's is Iwgligible, signifying ail \1nCllllplcd 11\1)1 ion. 

In faet, as shown in Figure 4.18 the vibrational motion of bol Il l'ylind('r~ IH'(,Ulllt'S 

coherent only for velocit.ies grcatcr than 15 mis (FI Incl = 59) and tht'Il tht' \lJ11t'I'<'Il(,(' 

is only betwecn the cross-fiow dircclional lIlotion of cylilld('l' 1 alld:1. \Vllt'Il 1 Itis, 

and prcvious cxperiml?nts arc cOlllparcd, it is ob~ervcd th,lt C!J,lIl!!.I·S ill IIIl' Il'I,t! i\'(· 

position of two flexible cylinders has cl. major crrect on the st.lt·I!~lh of t.llt' flllidl,ltl~li(' 

coupling betwccn cylindcrs, 

In the cxperimcnts discllssed ncxt, two flexibl(! cylilldl~l's, ag,ulI with tht' salllt' 

initial propcl'tics, - 111 = 280, In = 10 Hz, ~ = 0.01·1 ,an' IlH,(lt,t,d ill IU\\·., l ,lIld 

6. This cxperiment is idcntical to the tandem illldngf'lIIellt. p['('vI()Il~ly dis(,\l~"l'd witll 

flexible eylinders in IOWS 1 and 3, cxcept tbat in titis l'Il~t' t 11(' "'''IIIt' .Ill dllgC'lllt'llt 

is placcd dccper i llsi de the array ta dctermillC 1 f po:--i tioll dlllll)!;t'S i Il li!!' (\ Il ,'r hd "(' 

any c[fl'et on the fll[ idelastic COll pling betwf'cn flexi ble l'y lllldl'rs. Fl!!,111 t'~ ·I.I!) lo ·\':W 

show the vibl'ational bchaviour of cylind('f" and lylill<kr G ill li\(' ill alld \ IU"~ Hu\\' 

directions. Two important rcsults can be cxtrach-d flOIll t lll'sC' figlll'('s. 

- Thc maximum nllS vib:'ation of both cylind('rs is \ess ll!,\ll (l.07g, whirll i., IUIII' 

limes smaller than t,hat expcl'icnced by tl((' ~(t/lJe iU'rélllgcIIlt'nt in t!w 111'.,1 (C'dlll 

ro\\'s (see Figure 4.9). 

ln this positioll (IOWS 4 and 6) the lllotiOI! of ('itllt'l' olle of tilt' t) lillc!c'I., j,> 

totally indepcndf'llt of the otber. :\0 sigllifictlllt 1(,\'('1 of (O}W('II( (' W,IS 1111'.1'>111 ('d 

betwccn the vibl'ational accdclcltioll ~igllal~ of ('(tel! cylilldt'I to WIlIl.lllt. t Ill' 

pos~ibility of tlllideltl~tically cO\lple<.! lllotioll. 

TI((,l'cforc, the t\\'o-fkxible cylindel' f'Xp(,l'iIlWllts d!o.;cll~s(·d ill tlli" ,>('C t lull '-\l~~)!,c',>t 

that the vi brationul motion of the cy lindcrs cali IH' fi \l i dda~ticétlly (Ull plt-d lo ,t( h jp\,(' 

ove\' ail synchronisation. The strcllgth of this collpling, wlIich (ail \J(' 11I('''''')lIl'd IJy 1,1)(' 

magllitude of commoll power and coherellce! at (Oillciding IIlOclf''', is ,1 f\llldlOIl {JI tll<: 

lTht' cross (power) spcrlra i~ a Illea...-..ure orthe comIIIOllf)(,wer betW('Pll tWIi ~Igflal, 111 tlll' ffl !lIWIII y 
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('yllIlIll'r é1l rélllgC/ll<'llt with Ic!->peet to cach other alld the position of the arrangement 

ill tllf' array. AlIot!wr illtcre~ting l'csult occurring witl! two flexible cylinders, slatie 

displil< <'llj(~flt and illstability, will be discussed ill section 4.4. 

4.2.3 Four Flexible Cylinders and the Multiple-Flexible Cylin­
der, Stiffness COlltrolled Instability 

Oll(,(' Iluiddast.irally couplcd motion had bcen ohscrved to e>..i::,t bctwccn two flexi­

ble < ylillde! s, exp('/'iIllents with more flexible eylindcrs were initiatcd. Figure 4.21 

scll<'!lIé1ticéLlly shows four flexible cylindèrs, one c<teh in rOW8 1 and :3 (cylindcr 1 and 

:J), and two ill /OW :2 (cylillder :2R cllld 2L), all with the propcrtic~ of ih = 280, ln 
== lU Hz and 8 =- O.Olt lt should be Ilotcd tltat thcsc pl'Opertics, (cylinJcr Jl1FlSS, 

dillllpillg alld Ilat\llctl fICqlll'lH'Y) are the same as those for the 1.\\0 flexible cylinder 

('xp('lilllt'lIts pl'e~elltcd in subscction 4.2.2 (Fig1l1C8 4.6 to 4.14); the only difference 

Iwill!!, tilt' 1111mb,·\' of H('xible cylind('ls. 

TI\(' ill- and cross-f1ow 1m3 acccleration of cach cylindcr, at the major frcqucncy 

of vilJl'ilt.ioll, d.['C givcn in Figures 4.22 and 4.23, respcctively. At a threshold 110n­

dinwllsiollal \'clotity of;::::; 62 the motion of ail the cylinder becoll1cs jllwlelastiwlly un-

811lb!c. In!->tability, which initiates flOrn cylindcr 3 at l. slightly lower non-dimcnsional 

\'(·ltH II)' or :::::: .59, ('frcct~ ail other cylindC'l's throllgh ~trong f1l1iùcldstic coupling, to 

1I· ... ldt III 1111<.; vlbr,ltlUlI <lcu'!cration magnitudes a~ Iligh as :3 g. In such cases, the 

1\lI~ttlhll' lIlotiun of tht' cylindels is ~o violent tbat, to avüid the destruction of the 

1 Y!llld('JS dlld tlll' as:-ociatl'd ill:-tl ullH'lltatioll, detail<'ù CXpelllJ1C'llts collld Ilot be per­

fUIIIll'd IH')'Ollcl the ill~tabdity thr<,~h()ld in the unstablc rcgioll. 

'l'III' dhu\ l' Il'!->ldt htls gn'at :-igllifl( t!Jl(e in tlll' ~('n~(' Iha! a'TIl!)"; $Iabh w/tCTI hOllS-

1.\Ilgc· lIf 11I1.·I(':-,t Ily ddillltlUll It 1,> tht' produet of th.' rlJllrlt~r lran.,form of the two slgndb and 
ll)(ltalll~ huth 1l1.lgllltllll .. ,llId ph.\. ... l· Iliformatlull [t IS ail extrellwly POII'/'rflil tool to dctcct portIOn!> 
\lI' Ih,' ... ih".II" q)lll111nll 10 bulh I!lI'.I..,llfc,1 eve!lIs \\'bel! \:..olla ::'lgnals art' hlgla the COIllIlIOI! power 
Il dl Ill' III!!,h ,lIld Il !t"1l 1 ll\'~ Mt' bLlth 10"" the lOlllmon \1'1\\l'f \\ dl be lo\\' 

TIlt' lUIIl'rt'lll,' flllll'tioll III thc gl'II"ral ,> .. Il~e IS cl IIIC.I .. .,ure of call~allty Ld\lt~CII tllO Slgllol!:> It 
1 ... tla,' r,lIlu <JI' tilt' no"''''-::.p,·,'lr.\ ::.qllar.·d lü .lUta spectrufll ::.quMed 'l'III., fllllCl101l dell\crs only 
.1 Iloml.IIa .... ·.! 11I.1~llltlldt· .\IId 1.llh::. the p/,a . .,l· lllformatlOll [II fdet, Il dues Ilot have tlae double 
IlIf'WIII,III\\lI euh.mt \gl' of th.· l'rl)'o:>-.",cctra ln IhlS ~tudy Il h.ls bct'lI Ih,'d a .. '> ,li 1 addltlOnalmcolll of 
d.l!.l ,1I1.tl~::'I'" 
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11I!J Il .'lIlg/t Jiu/bic cylollle,. ('11I1 bt (,Olllt' jluidtla.,tlt'Ill/y 11II.,tt/blt l/'Itll /ll/dtl/llt Jlt J'lb/! 

cyltndt l'Ii, Fol' the fil'::.l 11II1e !lu" fll/'1Il"hes conclu,'1I't t .rJI( l'WIt 11111/1 l'Id! I/{'I fo/' tIlt' !.r-

1::.lel/rc of Il ,.,llj]IICM-co/llrollcd (dl"p/ClCt'/llcl/l typl) )111/111'111,,111' 1II"IIl/Il/i/y 1/111'''111/1.'1/1 

l'cqumng cOllplc.d mollOn bctu'ccll multlple-jlt I1blf f'ylllldt 1'.-;, 

The i 11- and cross- fluw Illdjor !I uid(·lastic fi ('<[llI'IH'y \ .tridI ion uf ('dch l'y 1 i IId,'1 IV 1 t Il 

nOI1-dilllcnsional flow vclocity, Figure ·1.2·1, !'Ilippli('d fmlllt,\" illh'I\'~tll\~ 1't'!'Iul\-; ;\11 

four cylinders, initially lUI1Cù to the saille lIat \lnd f('('qut'I\( y ulIdl'r IlU /lu\\' ,ondlt 1011:>, 

exhibit a divcrging u('lld in their individual fluidplastic fll'quI'Il1 \('~ \Vith 1111 \l'.l:-.ill!f, 

flow \'clocity, ln gClleral, the in-flow fn.'Cju('lIcit's in<'rC'.IM' ,\lId ('l'o:-;~-f1()W fll'l(lIl'III'Î(':-' 

dccreasc, .Just before if\sttlbdity tllcsc fr(,<!Ill'l!cil'S !'lIai t tu (()I1\'('I~(' back tu l'dl h 

othcl'. and cnmlliate aro\lnd two s!wcific frelllll'lll'ic:-, 011(' of 1111':-'" ftc'lJlH'Il< Il'S ~ 

Il.:3 Hz, CéUl be Jelected ill the viblatioll !'IIH'I'!rd of .dl fUllI fI("IIIII' l'yliIld"I'> III 

the following seclion~ it will be s('('n tbat for Ill()~t r,I~('S of illst.dnli\y, ail 1 ylllll\"I:' 

oscillate at a single c!oJl1inallt fn',!uel1cy, Titis [1('III1('I1('y ,,,UI1I'!Jm/II::lllwlI ur u\'('r,dl 

cylinder motion is a gond illdicator of stl'Ollg fluidl'Iastit cO\lplill).!; IH,t \VI'('II tlI'\Jl)I(' 

cylinders at the illstability thrt'shold. In rad, coupling bd W('('II diff('I('Ilt fI.'xilll,' 

cy li nders can also be obcrvcc\ at rclati vely low nOIl-d i 1I1t.'Il~i()lIiLl Huw V!'loci t ie" A" .111 

illustrativc cxamplc to tliis argument, in Figure 4.2·1 tIlt' major fJ'('qlH'IlI il'!-l (UIIII/lOIl tu 

at lcast t\\'o cylind('ls arc Illllllbc!'('d flOlll 1 to 6, {'ulll'J'('Jl(,(, Il H';l!-ll 1 It '1 III 'lib l)('lwI'I'1I t III' 

cylind('rs cit t.hese frèCpll'licics ((Je gi\'C'll in Figmc '1.~r) cI!'I cl fllJll t 11111 {Jf 1!1I11·d/lIII'II'>IUII,d 

velocity, The gcncral tlt'nd, as wOllld be CXp('d('d, i~ <Ill ilI! Il''(:'1' il! tlll' (U!tI'I('Il( (' 

\Vith increa!:>ing flow \'clocity. 

It ~houlJ he stres~cd that the abO\'(' 1ll('IItiOlll'd fi ('qlll'Ill il':' cil l' 1 Ilu..,(' (JI' t 1)(' JlI·,(b. 

wi th th(' largC'sl am pli t \\d(' i/l 1 he pow('r ::-pc('tl'i1 of {'"rit fil', !l>I(· 1 y 1IIIdl '1 III cl dt! 1 t jlll! 1 () 

thesc peah, ail the cylilld,')s (>xhibit dYl1élmic I('~!)(JII~(' .d, Vdl i(JIIS 011Il'J' fll'flll! III 11'''. 

The colilplicated nature of the fluidcla!'lti<.. villl.ltioll t'X!WllI'IIII·<I Ily tlll' 'ylilld!'I" 

can dC'arly be sec Il ill Figlll e 1,26 which pre~cllts the (le u']'·f.d 11)11 !HJ\\('I "()(,( t I,t (Jf 

ca ch cy]illdcl' in the in .. alId cross-flow dirf'ctiolls al a IIOJI-rlilIll'l\.,icllI,t1 VI']U( Ity of 

:::::: 5ï,5, Of the nurncl'OUS pc,lks iu carl! spcctlllln, III<lUy ail! ('IJIIIIIIUII le) IIH)/(' t.lIilli 
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(Jlj(' (ylllld(·r. This can be !'l('('JI more easily in Table .1.:3 which tablllatc~ some of the 

IllljJ{)1 t .tlll, fl('<jIH'lIciL's ('xtrclcted from each power ~pectra ~huwll in Figul'e 4.2G. One 

(l t 111':'(' [J('qllellcics, 12.G If2, is duc to a flow-pel iodicity of Su = 0.022. Ail the other 

('(JlIIIJI!)11 I)(,ilks ilt 9.:J, Il .. 5, 12.3 and 15.6 112 are due to fluidclastic coupling Lelwccn 

(ylilld('1 s~ Olle can ('(l!'lily :,ce tll(, strcngi,h of flllidcla!'ltic coupling bctwccn cylindcrs 

Ily in~pl!cting Figure 1.27 which :,hows the cohen'Ilec betwccn tllc cross-flow signaIs of 

('ylindel:' :1 ,IIHI 2L a:, w('11 tI.<; hdw('e/l the in-fluw ~igllals of cylinders :3 and 1. At the 

al){)\'(· JJl('llIioned (OIlIIllOIl p<,aks of 9.3 Hz and 12:3 1I2 high coherence values of 0.86 

dlld (J,!J:J ;U<' 111(,.1:'111'('<1. 'l'Il(' :,trong coupling al. the,c pC'aks i:, [mther delllon!>tratcd 

!Jy t Ill' IJig,h COlIllJlOn puwel III tlw (rus!>-:,pectr<t for the SdlllC diwctians, as shawn 

ill 1·'ig,\lIL' ·1.'28. '1'0 1'111 t her dt'IDonstratc the cxtIclllely coupled nature of the motion 

1)('1.\\'('('11 t.11t' f1"xibl(' cylilld(,I~, it should be rnclltioned that ill ~OIllC eXpCriIJlC/lts as 

Il iii Il)' a~ t lt lien frequl'Ilcies COIllIllOIl to at least two <.ylinders were monitorcd. 

III ail ('x/H'ri/Iwlltal ~tlldi('s, rCIH'atability is a very legitimatc iS'>lle of concc/'ll. 

(;t'llI'l'ic,dly ill .·xl)('lilJ\(·lIt~ ~llch as tlrese, involving multiple deg!('e-of-frceJom cou­

pIed 1I1uL iOIl a~ weI/ as a con~ld('1 able étmount of i Il i t 1 al settlllgs, olle would ex pect a 

SlIbst.Ult ial Vil! i,üioll bdw('('!1 the r('sults of rq)('at expeI imcnts. SUI j)risingly this has 

Ilot \)('1'11 tilt' Cilse for the preseIlt experimc:lts III Hearly all the Iepeat<·d cases, the 

ditr.·n'Il(,(· ilJ critical \'t'Iu(ity !wt"'C('1l expcnlllcllts wa::. Ics~ thall 10%. FigLltcs ·1.29 

to LlI, ~how 1I1g t/w o~( i IId t 01 Y belr,lvio'l r of cyli ndt'r :!, i Il d. r('pCcl t ex pel i /I1cnt, for 

t Ill' ('a~(' di~( IIs:,C'd ,II)O\'e, - fOIl' flexible cylinders in the thrce lIp~tream ro\\':" TÏl = 
:!~(), J'II == 10 Hz ,\IId b = û,Ol·' -, is ,t good cxample for this algulTlC'nt. III thi~ lepeat 

('Xpt'I iIlI(·llt. (ylilldc'r :3 l)t'rulIles umtable at a C1ltical nOJ\-diIllellsiollal velocity of ~ 

rIs wlwh (llIIlII<\J('S \l'ry w('11 with the pr('vio\l~ly IcpOltC'd ('l'itiral lIoll-dimCIlSiol1,t! 

\t'l()t'it~ ur ~ ,59 for tht' ::.illlle illitial cOllditlOIlS. 

{lp to tlli:, stdge of the thesis il has bcell establishcd that the vibratlonéllle~pOI1Se 

of il Will hi Il(lt iOIl of t \\'0 f1l'xi bIt' cy li nders, located allyw here j Il the anay, is stable, 

21 )urlll~ ,dl the l.'''pCrlllll'lIt:. Ihe vlor,ltlOll<\1 behaviollr of the tUllnel has bel.'n coutilluously mOIl­
Itntt'd, ~ùll\t't 1 Il 1 t':' III thrt'l' dllfl'rl'Ilt locatlOlls, tü Jetect lIlechanical cOllphng In ail the experunents 
1 hl' ~t.dHhty lIf tht' arr.l)' h,l$ bCl'lI roulld 10 be IlIIaffectcd by a Illcchallical coupling 



l wbile.l four nexible-cylindcr-combillation locatcd in the upstn:.llll \u""::; (r! 11I\dl'l~ l, 

11., 2H and :3) is unslahlc. III the I\t'xl section tIlt' d)'ll.lInic !w!t.ù iour uf thl!'" Il'':-'Ibll' 

c\'lin<!(,ls will he di~cllssl'd ta dett'fllline thc {'{fl'd ur th" 1I11mb"1 of 1l1"dbl,' 1 \'1111.1"1"; . . 
on tl\(' tll\è~hold of Illultiple-f\('xible cylillder, stilfllt'ss-co!ltl'Olkd ill~t.lhih(y, 

4.2.4 Effcct of NUluber of Flexible Cylindcrs OB DynalllÏ<: 
Instability 

1n3 
,'é1l'1011S single and multiple cylinder expeli(II"llt" the i!l~t.t1)ility tlIlI .... hllld \\'.1:-' 

detcrmined to be the low('st for second and thinl ro\\' cylil1deff>. 4 Bd~t'd 011 t bis ob· 

servation, a combillation of thrce flexible cylinders (~L, 2R and :!) w.\S pl.ll'l'd in t.11t' 

second and third raws of the array, whc>re lhl!y h.wc tlH' higlH'st po~,>ibdl(y of ,'x­

pcricnci ng i llstabi li ty. Table 4..t sllmmarbcs tll<, tllI't>t' fI('xl hIe (y 1 i IId('r t'X pt '1 j 1111'11 1.,> 

pcrfarll1cd at this location. For mOf>t rases the tbrt't' l1('xihl(' lylilldt'I~ \\'('11' Illlidl'l.ls­

tica:ly stable up to the limiting vclocity of the willd tllIlIWl. lIo\\'/'v('(', IIpUll (,dll( ill/!; 

the cylinder mass, f[c({uency and damping tü the IO\\'t'st values pu,>:-,J!)l(' III"': ~SO, 

ln = Î Hz and 8 = 0.014 - instability was abtained. As ~eel\ in FigUll'S ,I.:t! .~lId ,1.:l:l, 

cylinde[ 3 initially bccolllcs \lllstable at a nün-dillH'llsional v('locity of::::; \)'/ fo\!o\\'('d 

by cylindcrs 2R and 2L at a higher non-dilIlensioTldl velocityof 10,), 

This rcsult shows that, all ather pararnclcfs being l'quai, (cylilldt'I Illas,>, dtlllipillg 

and position in the array) the /lo/l-dim{,ll~iol1al critic,t! v(')O( Ity is lU\\'f'l fil 1 [IJllr f~,'xILI(, 

C) linders (Uel /nd = (2) than for three L'cllnd = 10.'5. EWIl tlItJlIgh l'XIJI'llllll'IItcd 

limitatJOlls ha\'e ple\'ented lests witl! Illon' thall fU\lr flt'xll)ll' (ylllld(·('>, \1\1' IJII',I'III 

([('lId !'>tlOlIgly s\lggt'~h ct gl'lll'rétl dt'(J('c\:-'t' III tIlt' (Iitlt.d \'('ltH 1\)' \\lth 111( /f',J',lllg 

tlexlLIc cylinder \\'ûuld unly h<l\,(, a lll.llglllét) df(·Lt I)(J (II(' ( III J( al \ (,Iu( Il ~ l, ""IJlII.t1h 

3I Il :'ülIlC thrce-f1exlble cyllnder cxperrrnl'nts ~latlc Jd!." tlun ,Illd ~tat le III-.t.d,dli y h'L'> L. "11 "l, 
':oen.·d ThiS phf'rlOmenOn wtll be dlscu~&ed In section <14 

4Tltnc averaged fhlld force<; actlllg on .,ecoud and tlllrcl ru\\' cylilIdt'r~ .L~ WI'II ,1-,> Il ... r<'''lllb ,,11111' 
theoretlc,l! mode! rcvcals the &illllC rCi>u!t TllI~ will PC dl~' u"'~l'd III tilt' r(JrIlr'(JIIIIII~"'c c 111,11" 
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'LlI it!->yllltotic value indep('lICJ('nt of the number of cylinders is to be expccted. In 

(ct< t, the thcor('tical éiJlétly!>is of Pricc and Paidoussis [76] suggests this trend. It 

"illOllld be (·lIIpha'iIS(·d that tbe rl'duction of the instability threshold with number of 

t ylin<Ï('(:-' is (111) applicùbl(> 111 Crises wherc the in~tability is mainly induccd by the 

~tifrll(':-,~-c(jlltroll('d n)('ch,llll~Jll rcqlliring multiple d('grcc-of-frcedoll1 cou pIed motion. 

'l'III' CI itic;d vel()city of the anays, in which instability is mainly due to damping­

(ontloll(·d drt'cb, ~hollid be ill!>l'nsitive to the llumber of flexible cylindcrs. 

4.2.5 Effect of Flexible Cylinder Position 

III Sec LIOIl 4.~.2 it W<i .. 'i !>hOWll that there is much less fluidelastic coupling between two 

flt·xil)I(· cylilldels wlwll slIch a combination of flexible cylindE'l's is placcd deep inside 

t1\1~ ctrray, instead of III the \lp~tream rows. As coupled motion is one of the main 

Il'qu i (('1 Il t'II b cr 'III Il tl ple- flcxi ble cylindcr type i nstabJ!i ty, i t is to be expectcd that i ts 

ddicit wOllld ('('rldinly IIIc(('ase the threshold for fluldelastic ill~tabllity. To establish 

t he' v,didity uf slIch ail ;ugullH'nt a series of experim('nts summarised in Table 4.5 \Vere 

(lcrf\}rll\('d. III thl"~(' ('xp('riments a fOUI-flexible cylinder configuration v .. ·ith properties 

1/1 = 2S0 '111d b = 0.011 WetS locatpd in differcnt rows of the array. The case in whic l
, 

1 hl' k,uling cylind('r of thc configuration \Vas ill the filst row was discusscd in Section 

·1.2.a. Now, tht' 'i,une four-flexible-cylinder configuration is cOlltlidcrcd with its leading 

lylilld{·[" in the :,('conJ IOW (cylinder 2, 3R, 3L and 4) Figures 4.3·1 and 4.35 show the 

V,lIi,Ition of t.he in- ,iIId cIOss-flow dircctional cylinder rms acceleration magnitude 

with lIoll-dilll('II:-,ional flow \'clocity. It is intercsting to note that cylinder 2 (upstlcam 

cylindt'l ) di~plc\y:" ,\ :-.ub:,tantlaJly higher respanse rclcüive to the other cylinders in 

t ht' hllird IIlg r('gioll .. \1, a lIon-dinwnsional velocity of ~ 52, ail the cylindcrs exhibit 

IIJlsI"hll' "ibl,üiollal bdlcl\ iour The critical \'clocity for this position is ~ 20% lower 

tbctIl t\t,lt for exactl}" t\te saIlW arrangement (number of cylJl1ders, cylinJer mass and 

d.uupill!:',) with thl' 1l'<Hling cylindcr in the first row. This shows that, cf'lens pal,tbus, 

ch,\IIgt' in positioll hels Ct substantial effect on the critical vcloclty of arrays, at least 

whl'lI IIIldtiple-flt>xible cylllldcr type instability is dominant. In fact, the lmportance 



of po!'>ition in tl)(' ilrrily upon Iluidcld$tic ill:-lahility lWClllJIl'S Illon' app,ul'ut \\'11l'1\ t ht' 

s,une configuration is tt'sted with iLs kading IJt.xibl(' c)'lindt'r in the tllll'd 10\\'. Fur 

tllL' l'ylindrr pal'arnt'tt'I', of IÎl == 280, 8 == 0.01·1 alld f71 == 10 III. th(' ('ylilld('I~ dl~play 

a stc\ble vibrational rcspollse up to the limitillg vl'Iocit)' uf tilt' \Vintl tUlIll(·I, .IS ~hu\\'11 

by the thrcc-dilll{,llsioncti acccleration power SJJl't tUt ill Figures .I.:!(i tu .I.:!!). Ollly 

whcll the frcquellc)' of l\\lthe cylillders was rl'dun·t! to 7 ll~ dit! ill!'>ttlbility lin'ur fOI 

the four flexible cyliudcr configuration in titis locale (T.lble 4.!!). :\s S!JO\\'II in Flg!II(' 

·lAO, cach cylinder b('colll('s unstable al a ditfcrcllt llo!1-dilllt'l\siUllal !low V('lllt ity. 

lnstability initiates fJOrn cylinder 3 at U / !nd ::::: 67, tllt'Il apJH'.lI'S fol' cylilld('IS ·1 H 

and 4L at V/I"d ~ 70 -77 and fillally envl'lopt's ('ylintl('1 .1. Titis 1H'!J.tvitHII 1:-. 'llllt(' 

diff{,l'cnt to the behaviour of the !:J,Ulle C0nfigulcttiull with thl' I('(ulill)!, (ylilld('1 ill t.ht' 

filst or ~ccond rows - whcre ail cylinders !wcilllle tlll:-.t al,ie, ~i('II~ibly (It tilt' ~.tlllt· /lllW 

vclocity. 

1'0 observe furtJwr changes in the instelhility thn'shold t.1lt' ~t1lllt· f01l1' f1t'xil,lt- \ ylill­

der artangement was placcd fmther in the array with its IIp!:Jt.J(·illII lylilld"1 III IOW ·I r, 

(cylinders 4, 5R, 5L and 6). Even with t.he 100\'('st possiblf' cylilld('r 1 iii lutai 1'1('qlll'lI('y 

and damping Un = 7 Hz, 8 = 0.01·1) the vihlütiollal f('SPOIl:-t! of t h('~t' [0 li 1 Ikxibl(' 

cylindcrs was stable up to the limiting flow velorily ctttilinahlc fWIIl t.h(' willd t Il Il IIt'I. 

Figules 4.41 to 4.44 sUll1ll1ariscs the vibratiollal lw/taviolll of tlll' fotlr f1('xil,I(' (ylllld('I~ 

in this locatioll_ Only a fcw frcqlj('ncies eue COlllillon lo two 01 mOI(' (yltlldt'I,>, .tlJcl 

al su ch frequencies the common power or cohl'J'('nl(' is \'('/y low (I(':-'h tlt,lIl () -1). Titis 

is in strong contras!. to what has Iwcll ob:,t'r\,('c! for fl('xihlc cylilld('I:-' ill tIlt' "11111111t l' 

rows, wh('le cylilldcrs, 1I1ldcI'go highly coupl('d, 01 ('\'('11 ~ynclll (JIIi"'I'd 11101 iUII 

Ali overview of the ('X 1)('1 imellLs sho\\'~ that. 011('l' pét~t 1,11(' l'Ill 1 iliii t' 10\\':-' ut' t 11(' .tl!'.t)' 

tllP fi uidl'lastic interaction bet wecII the flexi bl(' cyl i nders 1 cd u( (' :-.1t.L1 ply E\ ('/"".tI ly, 

cach flexible cylindcr, duc to the challging lIilt 111'1' of the flllid fOI< t'" [10111 IO\\' 10 

WW, starts to act more like a single flexible cylilldel witli I1t t l<- (JI' IJ(I 1'11'('( t. !JO/II 

5AIl extra row of cyllllJpf'i Wil.'> adJeJ to the array to dl/Ill/I.tle 1'11<1 ("Xlt) "fr,·, t~ 
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the ot.llC'r flexible cylinders,6, Thus, inside the array, the multiple-flexible cylinder 

l>tifrlJe~s-colltrollcd ill~tability mcchanism, requiring couplcd motion bctween multiple 

degrc(!s-of-frœdom, is no longer opcrative, Once this mechanism is rulcd out, the only 

['('Illüining in::-tabilily mechanism is the single dcgrcc-of-frcedom, damping controlled 

{)w' ln lili!>, dnd prrvious studies, it is firrnly proved that this rnccllan;srn is unable 

ln illdll(,(, illslability III ihis array solcly by itsclf. Thcre[ol'e jluldclastie mstaollzty 

zn fl l'otalcd square al'ray wlth a P/d = 2.12 is mainly due to the mult1ple-jlexlble 

eyltruIel', sltffness-control/ed meehanzsm and lS eonfined to the first fcw enlmnee l'OWS 

Viglllc' 1.1,5, bascd Oll the experirnents discusscd in this section, illustrdtl's the abovc 

conclllsion by showillg the variat.ion of nOIl-dimrllsional critical velocity with flexihle 

l'ylilldcl' pusition in the array (rh = 280, b = 0.014), A practical obscl vation that can 

be dClived flOm this figure is that; if the in~tabihty threshold for the fil'st fl'w clltrancc 

rows is :-'llb~tantially lowcr than that inside the array, then lacing thcse eut! anec IOWS 

togdher7 can allow higbcr operational flow velocities - allowing highcr heat transfer 

r,lt(·s III !H'<lt cxchangcrs of a rotatt.~d square geomclry. Pl'cvious resc~al'ch al ~lcGill 

by Paidoussis et al. [60], dctecting the critical nature of the entrance rows for a 

Pld = 1.5 rotated square array, lends further support to this practical ~olution8, 

4.2.6 Effect of Dimensionless Cylinder Mass 

III the IHt'VlOllS sections, the e1fect of the number of flexible cylinders, their positiun 

with lespcet to ('(teh olher, (tllcl the position of the flexible cylinders in t.he alra.y 

';In M'ctlOli li :J IllS .,lIowlI that • le motlOlI of the surrounulng cyhnders has a major dfect 011 the 
lhrl'dloll and lht' Illagultudl> of the f!lllcl forces acting 011 cylllJder8 located ln rOWb 1,:1 ami 3 Once 
p. 1.'" 1 thl' IllIfd ru\\', IIIt' motlOll of the surroulldmg cylwdl·rs ha." littl", or no eff'f>ct on the fhlld forces 
"dlllg on tilt' C) 11I\(lt'r~ III row.., ·1, 5, 6 dlld 7 

7S Il "'1 ,11\ .H !Jon \l'III lI11luce ,l ulffen'llce III the fltlldela;,tlc natur,d frequellclP!> or IIl'lghbollflllg 
l"j Illld"I" TIIf' III depth COII'>t'ljuenCl'l> of bllCh il 5CellilrlO, wlllch 18 t('rllJeJ <1.<; "Irequt'Ilcy detJlnHl~" 
\Il t 1 Ill- t hl'~l~, ",III lH' dl~ru~st'd III ;,ectloll 4,3 

x:\ '1lllI'ally III rt'glOlls of t Ill' heat exchangers where the direct Ion of the fla\\' veloel ty 15 tll·defined or 
('\.llIbll'- ,\ large \.trl,lllOn tlll~ observatlOll rnay have ollly a hllllted bellrfit IL ~!tollid be appreclated 
t ha t ! hl' 1)/ d rat 10 ,1Ild the geollIetry of the array IS defineJ relaLl ve ta the Il pst re,lIn f10w velocit.y 
dlrl'l t 1011 Thul- ally llIaJor ch(l/lg(' HI the .. eloclty vector cali dl ter the geoll1etry of the dfray IlItO a 
fOrlll,\t (lIl-lIIH'. l'tc, ) for whlch tills solution rnay not be applicable 
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havc bcCIl discuss('d in detail. The cffcrt of the dillll'Ilsionai 1Il,\:.s Oll t hl' IIlS! ,dlility 

threshold will be consideree! in this section. TIH' t'Xpt'lillll'lItS SUllIllI.U·iM'd in T.lblt'·1 li 

\\'('l'e ail pcrformcd with four flexihlc cylinders positiOlll'd in tlll' thn'l' llp~t(('dlll 10\\'S, 

al a d.Ullpillg value of Ô = 0.01·1. The onl)' vill'iabh' (}f t1H'Sl' ks1.s is thl' dill\l'n"I!Jlt!\'SS 

cylinclt'r lllas~:,9. Four dilf('rellt sets of cy)inJt'I~ \Vith dilll('n:.ioll)"ss 111.1."''''''", of !!):I, ~KO, 

490 and 980 werc eIllployed in the tests. 'l"lhll' ·1.6 ~ullllllarist's tilt' lt'Sllll:.. B,\~t'd 

on tlwsc experirncnts t he variation of the nOIl-dillH'nsional CI itical \'('Io('\ty'o \\'1 t il 

diIllcllsionless cyliIlclcr l1la~s is shawn in FigUlc ·L·Hi. It. is custulllary io 1'''Pll'SS thi" 

variation in the fonn 

( 1 1) 

where fJ is Laken as a constant in lI\(' litcr,ltult'. 1 n thi~ alT.ty ;i ha" lwo 1 dlill'I' 111I11"'U<l1 

propcl'ties: 

0- ,3 ibclf is a fundion of the dill1cllsionlc':,s cylill<\!'r lIlit:..." il:. .,('('11 III 1·'jglll1' ·1 ·Hi 

The value of j3 at ril :::: 105 is 0.38 élnd at lh = !J80 is ) )'j.5 1 J. 'J'II<' dilll('Il~i(}ltl(·:-." 

cy li ndcr mcu,s has oilly be('lI varÎeo in a. r('I,üi vely narrow 1 .III!!,!' (ln c= ! ~)() 1 () !)X()) 

duc to t'xperimcntal liIJlit,üiollS. But, (!W'II in ~1I('h a lilllit('d r<lllpP ji ('xlill)l!,s 

a large variatioll a~ a fUlIClioll of the dillh·lI~iol\I(·s" cylil\t!<'1 1I101''S. III r.1l t \.Il<' 

data teads ta the conclusiolls thôt, at tlw I('a:.t for titi:. tlllay,J2 ,l 11'1,tllClIl ... 11IJl 

"'l'hl' dfpcl of dlfferent lm liaI n'ltllral fn'qlll'c\('ll's i!> Incoq,c)r,llf'd IIlto t.Iu· llOIl-d1 1I11'1l"IOIl.t1 (fil Il ,d 
vdo(l ty 

lüFrom Table <\ li Il It> Ob.,t'fycd that Ibere can he a dlffefC'lIc!' 111 rnllc,d vplonly frlllll 'ylllld('r II) 

cyhndl'r III llll::' figure, l\llh an ('''Cl'pIIOIl .lt lÎ1 = !.l80, thl' colleal ,dl)( Ily 1" ddill,·d .L'" IIi<' l' 1(1\ Il) 

at whlch ail the cyllllder" 1> l'CO III L'::' III1,tal>le 
Il For till" Il1gh Lyllllder 1IJa...,~, Il wa.'> Ilot clt'ar If rllllhe fylllld(·r .. w"rf' 1I11,>t.tf,J(· .11 1111'> 111,11 

dlllll'II"'lolI.d leloclt) Ci illIl!t>r :3 (':-..IIII,II,>.l ::,udd"11 IlIer(·,\. ... '· III Il., vII,r,lll"lI,d ,IC( ,.j(·r,lf 1',11 1I1.1~llIf udf 

(::::: 0 7g) ,tlld lb lII<lJor 111- .1Il.! uut>-.-llow freqUt'11ClC:' HI ('II\t'rgl''', 0111 1'1)1111 III)!; 1" 1l1l ... t.d,I.· L( h.lVlt,IH 
The ollwr cyhndcrs I\t'rt' "tdl '>taill/' Il Oll'cv/,r , tlll~ Il> Ilot Ullll'>lI,d :1 .. " tlUt" rulV ()ltlld. r~ .dll'.LY" 
beconlc lJll~lablc IIldrglll.tlly befofl' lhr 01 her., But ,\.'> Url f,.01 = t:iC ((lrr"~!J('II(h III IIi" lllllltllj~ 

f10\\' \,p!OCllY III tllls C,l.<'f lt C.1I111ot be 'oolldly dt.:l/'rlrlllll'd If Ci 1 III d, r .. l, il, .md tH wdl lw( 111/1t' 

ullstable as expectcd If tlll~ 1::' nut the C,l.'>". then tIlt' valu,' I-,f Il wdl 1)1' I!,rt .lt,·r lh.lll 1 :/) ft,r th, 
dllnensloldcss ma .. '>s of 980 

12For d ... "igu purpOSt'", a 1Il0dlfi,·d forlll uf the "COIlIlOr., l'qu,lUt,n''. 1 ... ,Idl 1111' (,Idy fo"l. If U,>I li 
wlth cautIOn 
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(Jf tlH' ·'COllllor.., type" betwc'cn the llon-dimclIsional critical velocity and the 

dilllt"llsiolllcss cylinder mass is not applicable. 

'1'1)(' li valuc of 1.;);) is the highc~t expoIlcnt of dimcIIsionless cylindcr mass 

!l'pOl u'd in the lilcrature so far l3
. Thcre is a likelyhood tbat such a strong 

d('PC'lId('lI«' of < ritical velocity upon cylinder ma..;;s is a gcneric property of arrays 

for which f1uidela:-,lic instability is induced by the multiple-flexible cylindcr, 

stifrlle:-'S'(,ulltroll('d lIIechanism. lIowever, furthcr rescarch on othcr arrays is 

l't'<!ui/'{·d bdure this statCll1ellt CéUl be conclusivcly statcd. 

4.2.7 Effect of Cylinder Daluping 

'1' .. bIc ,1. 7 S llllllllili ise:. t h(' eXJ)('J'IIll<'1I ts undertakcIl to cl ucidate the cffect of cy li nder 

dillllpillg IIJ1011 tht' ill:'!.dbility thrt'shold. The stability of the array, with four flexible 

\'ylilld"l::; in tilt' tllle(' upstrl'ilill rows, has bCl'1I illvestigatcd for dilTcrent \alues of 

cyIÎnd('r d,lIllpÎllg ùt 1/1 = 2,sO and 490 Dr<t'<..-ing fJOrn thcse experimellts the vanation 

of IlOIl·dillH'IlSÎOIl?1 criti(,tl vclocity with cylindcr d<trnping is given in Figure ·tAï for 

t wo ddr('I'l'llt cylind('1' lIla!>;i values. This figure shows a relationship bctwccll the non­

dllllt'll:,ioll,d ll'ltic<tl \'('IUCILy, Ue / J"d, and the log.u ithmic rlccrement of damping, S, 

ur tIlt' funn 

[:~/ Jnd Q bCl 
••• rh = cOllstant , (4.2) 

will'I'(' n = 0.06 anu O.Oï, rcspectivcly for Th = 280 élnd 190. This result, in association 

\\'11 II t lit' l'fred of n·IIIl<l1'1' mass, discussed in subsection 4.2.6, rcvcals a series of 

illlllllltdllt poillts. 

'l'hl' ll\:,tability tllll'shold of a f1exiGle cylindcr configuration in this anay, is 

\Jllly 1/11/ '~/1I/(!1I!J ,drl'cl(·d by changes in the Illl'chanicai da III pi ng of the cy 1 i IIJl'[ S 

l~SU 'S 1/1 ~ 190). 

I.I( 'lit'Il .111.1 J"lldrll'jo) k [,I:?] rlportl·d the second IlIglw:.\' value for {3 as 1 08 



1 

1 ~) 

- Changes in cylilldcr ll1ilSS have littiP or no dft'ct 011 tl\(' It'I,III')1I:-hl\l hd \\\"'11 

llOtI-dillWnsiollal critical vclocity and cylilllkr d,llllpill,!!; (:!~ll ::; III ::: I!lll). 

- For this array, it is impossible tü cOlllbillc the dilll('lIsiOlllt':-'s llla:-.:- dllll t Ill' d,1I11P 

illg togcther ullde\' the S<lll1e cxponcnt ill a CortllOls tYPI' t'qll,1I1011. E\l'll If but Il 

the dimt'nsiolllt,~s ma..<,s and darnping are gl'OllIH'd sep,ll '11.1'1,\', il is :-1 il! llut \lU.,­

sible tü fOl'll1 il. gClIcrali!>cd version of the COllllurs' tYPI' t'qll,1I iUII ill 1 hl' rDrll1 

as Ct 1 is slrongly depcnd('llt on the val \le of 111 / pd2 • 1 t IS, ,IS ) t'l, Il,)1 k llu\\' Il 1 r 1 Ill!'> 

illlportcwt rc~.;ult is vctlid only for this arrrly, or if it ('rllI Ill' )!,1'llI'l,tli"'l'd rlll 1111\1'1 

,Il rays in which tilt' dominallt instability illdllnllp" 1I\('('hdlli"'llI 1'" lllldllpk !I,·\dtll· 

tylind('r, stiffncss cOlllrolkd. 

4.3 The Effect of Frequency Detunillg 

4.3.1 Introduction 

and flt'qul'ntly encountelcU pheIlOlllCI1011. III «(Jlllr,,:-t lu 11.:- pl.t( IH ,LI 11lIplllt.IIl«· 

titi!'> is!'>u(l, tel III cd frf/Jllt Ile!) dt/lll/lTlg, or :-.illlply dt/uI/IIl!1 h,lS Il'(('J\I'c1 l.tlll('l 1IIlIil(·c1 

,lttentioll. \Vh,llevl'r illfoJ'lIlùtioll i~ ,lvailabll' III tl\!' lilNdlll1l' i.., III< fllI( 111'-1\'1' dllcl 

III SOllle CibeS cOlllrMIl<·loIY. Plubilhly Ill<' oldy (UlIlIllull dl'/JIIIlII!I,"(JI (,1 .dl ~IJ( It 

.,llldie:-, both t'xpl'rilll('litdi ,wd 1l1l1l\('lic,t!. i" Illdt jWl{IJ('11l y c1"111I111Ig wrll 1101\'(' .t 

mOi(' llIlj>orUmt effpct 111 arrays wbcrc :-.tremgly lOl1pkd (j'lllIrl('1 Ifll/IIUIi (';"1'->1,>, III 

prCViOll':i subsectioll~ of this ~tlldy, (~lIbsectioll" ,1 ~~, and .I.:!:q O/J \.tllulj') III (d,ieJII" 

the stlOngly coupl<,d motion bet\\'c"n fl<'xihle cyli/llh·!,; hil~ \)1'('11 dl'>( ll,>""rl Il !l,t:-> 

\)('('11 ~tlOllgly ('mpha-;ized that throllgh flllid(')a!'>ti(' (<Juplillg, IIc'xil)\I· (.:. lind('!" llIlP/N' 
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difr('1I'1l1 vibl ,11 iUIl,t! IllCJr!I'S on each othcr and ,dfl'ct/ alter each others vibliltional 

lIlU! ilill. Thcn.f(Jf(!, this al ray otrC'rs an excellcnt pl;ttforrn to analyse the e!fret of 

fll'qlWW y delulling 011 flllidelastic instability limits. 

4.3.2 The Effect of Inter-Cylinder Frequency Variation 

III ~llll:,ecti()1I t1.~.:J the vibrational lCspOllse of a four-flexible cylinder configuration, 

10l',lt!·d ill the threc lIpstrcalll rows (eylindcrs l, 2L, 2R and 3), \Vith 7h == 280, ln = 
1 () Hz ,weI () == 0.014 \V,lS di!>cus:,ed in ddail. III the tirst dctulling cxpcriment the 

illil.i,1! llittUlil1 fl'eqllcllly of the tlll('(' lIpstream flexlhle (ylind(,l~ (eylindcrs l, 2L and 

21t) \\éL:- 1 (·dIlCt·c1 to G.:175 Hz, whcll'a~ the thild row cyllllder (cyliIldC'1 :3) \\',L5 retained 

ct 1. lU Hz; ,dl fOllr cyllllclers had Til = 280 alld fi = 0.014 14
• In the tCflllinology of this 

Sllbs('{ tioll sllcb it cOllfip,llIeltioll i~ tt'rIlll'd to be - (minus) 36% detuIH.:d I5 . 

'J',t/ll{· ·I.S is il tdhlliat ion of tire major fI '~quellci('s ('xtrtlcted from the power spce­

tleL of (';tel! <,ylinde!' al. the nOIl-dimcnsiOl:al flow vclol'itieo; of 18 and :39. In this 

subsection lIatul'ttl ftcqllcncy of cylindcr 3 is uscd for non-dimcnslOnalisation. At the 

1I01l-dillH'miollal (Jow veloClty of 18, which is a ldativcly low vclocity falling in the 

bllff('tin~ Il'gion, the thrce up~tr('am cylinders (1. 2L and 2R) vlbrate in the vieinity 

of thl·il illil idl /l,limai frt'qucncÎ('s16 as shown in Figure ·t.48. Two pcaks of 6.4·1 and 

(Un IIz art' Ulllllllon to ail thrcc fl('xible cylindl'rs and inter-cylindcr mut ion at these 

fn·«tl(·llci(·s is stlOllgly coupled. The respOllse of the dowl1stream cylindcr. cylinder 

:L is of g!'ectter illtl'le:,t. It oscilltltes in the vieinity of its initial natural fl'l'queuey! i 

at 9.:n ilnd 956 Hz ClS l/'cU as dt, two other low Illagnltude modes of 6 8ï and 6.4·1 

----- -
11(11 dl'lllllliig l""H'rllllt'lIl~ .111 the fi!':>'I!>le cyllllders are kept al the i'>ame cyllllder Ill":.;' and dalllp-

Ilig 'l'hl' ollly ddr'èrt'IICl' bL'l\\l:l'/1 tIlt' flt·.\lhle l) llflders 18 the Iliitial Ilatural frequelley 
15 For \ hl' "X!ll'rllIl,'nb 10 bl' pre"enled III tills subsectlol1, the frequelley of the II1IrJ row e) IlIlder I~ 

al\\.IY'" al 10 IIz, unI,'''., olllt'f\\'I"(' ~Llt.'J So tllls cybnder will b,' tahell as the rcf"rt'nce one III 11011-

dlnlt'n~h)lI.dh.ltILJII DellIlllll!} "lI/O Of ","nply dclUTIl1l9 lb ddillt'd a", the r,lll\) of the natuf.1l frequcney 
ufrylllldt'r ... I, :!I.,.lIld 2R to the c)llIIdt'r 311dlllral frequt'IIL) 1IlIli1lsone [Url = Icn = IC2R)llcJ-I] 
For l·\.lIlIple. wlll'il the up~trl"lIlI c)llllders are dt frl'quellc)' of 8 Ill. the Jetuililig ratio I~ [8/10 -1) 
= .[) '2ll = -'2ll% Surh ,1 c ... .,e IS tl'fllleJ ,\.., uegaiwe/y detulled SlTIldMI) \\~wn the up",tream C) llllder~ 

.Irt· .It ,1 IlIgh"r frl'qllellcy th an tlut ùf C) lilldcr 3, the ~y~lclll ",dl oc termed \0 be po,~lllt'ely delUT/cd 
l''ti :1;5 11/ 
17 10 011/ 
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Hz. Wh Cil the cross spectr.1 of the signal from cylinder :3 élnd the Ilp~t n'wl () lilldt'I S 

is exaillined high levc\ of coherence and comll1OI\ power an' ddt'l'kt! aWlIIIlI ti.~ï .1IId 

6.44 fl2, signifying strong fluidelastic couplil\g bt'twl't'n .tH thl' cylilldl·ls. Su 1 hl' lo\\' 

fl'cqucncy upstlcam Ocxibk cylinders arc capablt.' of illlposil\~ an ac/dt/loIllll, IO\\'!'1 

modc of vi braiion li pOIl t hc dowllstrcall1 thi 1'<i ruw ('y 1 i"dcJ' tllI ollg!t n lIit! 1 Ol! pl inl!, 

At this velocity, the intclaetion bctweell the cylind<:'l's is still of low Illtlglli\'lltk. 

At U / fnd == 39, as shown il\ Figure 4.49, the fI('xll>l(, cylilldt'I's 1)('('01111' lIlI~t.ab'" 

alld vibrational accelcrati01l magllitudes close to 2 g ale ll·cord(·d :\:; ~t't'I\ III '1'.1 

ble ·U~, al! the cylinders oscillate at a frl'quelley of 11.8 Ih~. A 10\\,('1' alld .1 !tight'J' 

harmonie, I\amely f /2 = .5.9 Hz and 3J /2 = 1 ï. ï Hz IS also ()\'~('I \'('d ill ('ylllldl'I'~ 

2R and 318
• Il is <jllite intl'I'c~tillg that allhis \lu\\' \'t·loci\,y c)lilld"ls 1, '21. .llld (il' 

thc hcll'll1ollics are not considcred) 2IL ha\'e colllplt't(·ly "Io~t." t.1t(·il' III igill.d Il.tlll!'.t! 

fn'quclley of G.:ri.5 Hz. Th0ir motion is completl'\y ~yllt'hlt)llI:-l·d wit.h th.lI, III (ylill­

der :3. Titus, flexible l'ylillde!'s \Vith differellt inltitll fl('qllCII('j('~ dll' t'ctjd)l(' (1 !tIUII!!," 

Ouidelastic coupling) of alfecting and synclHonisill~ ('.Ich 01 h('ls I\lot.ioll 1·'ip,111 l' ·I.:l(), 

showing the variation of the major in- and cl'o~s-fluw fluid(·lastJC lIatlJléll f/('qll('1l1 i(·s 

of L'acb cylindcr with /loll-dillll'/Isional vdocity, illustra.tes titis puillt. Illil i.dly, tilt' 

natmal frc<jlH'IlCY of cylilldels l, 2L and 2R are qllite dist.illt t fl(J1I1 tlt.lt uf,) IlIld('1 :3; 

howcver, as the veloeity is i/leIl'c\sed the frequClll'i('s gltlducdly (lif('ct (',l( Il tJtllt'l' .tlle! 

synrhr\:misp al a lIon-dillll'IISiollal velocity of :3!)1'1, Fi~IIJ('s t..-») .I11c1 ,1.:)2 ")J(J\V tilt' 

1/1- a/ld ClOS~-Ouw vibration.JI tlccderation of ,dl tilt' cylilld('ls 1)('( 01111 Il!!, 1I11~1 011)1(· .11. 

U,j J"d ~ :~5. Foc\l.,lIlg un l') lindt'r :3, il is S('('II t !toit t.lti:-. ('ylilld"1 1)('1 (JIIW" 1I11,l.lhll·.d 

a llOlI-dimcnsional \,('Io( Ily ~ .1Oj{, hss thalJ wb'JI .dl tilt' fI'·xil)I,· (ylllllll'I'" .III' .tt, 1 Ill' 

saille initial natlll'al fr('quencyJU TII('\'(·forl', ill!f'1 cil 11011 1)('\'\\'('1'11 1 ylllllll'I" 1 ('"nlt '>, a;., 

di:,ul:-.s(·d abo\'(', in tl 1'( dlld/IJII of the instabiltty t III(':-huld fOI cl d(JWII\t /('.1111 (ylllltl('1 

lIlEIlI.'rgt'nce of harlllùllll ~ ,It 1II,>t.dnhty IS obs.'rvt'd III 1110,>1 "'\1" rllill III'> CI III rail), t hl~ (.1/1 

be t.d,ell ,L'> an IIIdlcator of lIoll-IIIll'MILlcl> 10 the cylllldl'r vllJr.lllOlI whll li oIf" IIl1purt .\111 ,tt Illf' 
lIl~t,\blllly lllllit 

19Cohercncc betweelt Cj hllder!> grt·.ll,'r th.lIl !JO% 
20Sllb~ectlOlI 4 :2 3, !>atllc COllllltion,> but ail cyltnders al 10 III. il (f1II('allloll-dllll( Il'lI<JII:d v( IIH Ity 

of ~ S9. 
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III Ul!' presellce (Jf upstl'cnrn cylinders with lower frcquencies (negative det,ul1Jng). 

The above Iwhaviour is l'cpcatable. Figure 4.53 shows the vibration al rcsponse of 

th(~ third row cylinder in a similar experiment, but with the upst.ream cylilldcrs (1, 

~L iLlld :lit) ,tt a slightly diffcl'cnt frl'qucncy of 6.5 Hz. The critieal non-dirncnsional 

vdo('ity fOI cylindc'r:3 is ~ 39, in aglt'cIllcnt with the above cxpcrimcnt. 

The Il<!xt qllc:;lioll tü be addrcssed, which is the rev('rse of the above, is the effcet 

thêlt upstH'dlll cylindt'rs with highcr frcquencies (po~itivcly detuned) will have on the 

t.hin! l'OW cylillder. \Vith ail otller conditions thc salllC, cylinders l, 2L and 2ft were 

t.ullI'd lo ail illil ial Ilatlll'ai flcqucney of 13.5 Hz, while cylinder 3 was retained at 

10 Il:r.. Tal)lc 4 9, bil~(·d on the accelclatioll powel slwctra of Figures L5·t and 4.55, 

~lllllll\al is('s the major vibl dtional modes of the fom flexIble cylinder configllrcltion at 

Iloll-dillll'Ilsiullai flow vdocities of :3:3 tlnd G5. For V/Incl = 33 ail the flexible cyllllders, 

low and high fn'tIIH'lIey OI1<'S, oscillate illdcp('l1dently of each other. i\o trace of 

COll pied IIlotiOJl is df'tectable21 . The highcr stiffncss of the upstleam flc'<ible eylinders 

illlpedl's ,illY IlItelélction with cithcr the surrounding fluid and/or with each other. 

At (1/ fnd = 6,5, coflespondillg to ~ 90% of the nitical non-dimensional velocity, 

:-'lIh:-.I<lII1.lal flllid('la!->lic cOllpling betwcen the flexIble cylindcrs exists. Cylinders 1, 2L 

and :m al{' ,drt'l tl'd hulc ily the motion of eylillclcr 3 But in contrast, cylinder 3 is 

-;llullgly affectl'lI by the Illotioll of t.he upstrc'am (ylindcrs. Cylindcr 21, at 11.6 Hz, 

cylilldt'l' 1 dt 12.8 Hz <llld cylindcls 11. and 2R at ]3.0 Hz indure high IIlclgnitude 

vibr,tI iOlls uf cyliJl(h-r :3 by fluiddastlc coupling. Sllch aIl effcct delay~ the lIlstability 

of cylilldl'I':! to <1 I\ol\-dillll'I\~l()nai "docity of ~ G9.3, as scen in Figures -l..5G and 4.5ï. 

Thil:', thl' 1>1 (,:-'l'IIC(' of higll(')' freCjllency cylinders (positive detuning) upstrcam of the 

t IlII'd J'U\\' t'ylilld,'r d,'ltlys the OIlSl't of instaoility by 18% relative 1.0 the ca:,e WhCIC 

.dl {'ylllld(,l~ I1d\,(' tIlt' :.allle initialnatural frequellcy 

Thl'J'do\'(', a thircl row cylinder located bellind three cylinders with Iower nat­

uJ',1I fJ'('<jlll'lIt'i('s l'xhihits ill:-.tability at li /ower non-dimcnsional velocity relalwe to 

~I \\'111'11 the up:,trt'dlll cyllnJt'rs \\'crc lIeg,üive!y detullcd by 36%, strong fluldrlastic coupltng 
lH'l\\t't'l\ lIl'xlblc t'ylllldl'rg WdS 1I1l'<lsurcd 



1 a cOllfigllJ'ation with ail cylindcrs at the saille Batllial fl'cqlll'ncy. \\'1\(,It'a~, IL thild 

ro\\! cylindcr located b<,hind tlllcc cylind<'fs with hightT nalmal fll'(l'l<'lIcil':; t")lIl.its 

instability at a hlgher 1l0n-dimpllsional vclocit,y relati"c to a COli fig Il li Il iOIl \Vit.h ,dl 

cylindcrs at t.he samc natural frcqut'llcy. 

1'0 fortify this observation a :,crics of cxperilllcllts with fOllr fll'xil,h' lylilldt'IS 10-

catcd in the thrcc npstream lOWS (cylindcrs l, 2L, 2R and :3) wa~ dOIl('. Ail tilt' 

flexible cylinders had fil. = 280 ,Uld 8 = 0.0I,t. Cylilldcr:1 \V,IS alw,Ly~ kt'pt wit.h ,\II 

initial néttural frcqucncy of 10Hz, while the init ial llalmal fn'qllt'lIry ur t hl' IIp:-.t 1 (',\lll 

cylinders (1, 2L and 2R) was varicd frolll eXperilll<'lIt 1.0 <,xpcriIl tellt. '1',,1>1(, ,LlO ~11I11-

rnarisc5 flome of the importaIlt initial prüpeJ ties (lIId J't·sIIlts. Ba~etl ult t Il!' d,lt.l ri li Il 1 

this table, the cfrect of frcqucncy detulling Oll the 1101l-dillH'IISioIlallllt i( al v('ltH'ity uf 

cylinder 3 is plottcd ill Figtll't~ :t..58. WhclI ail the cylillders havI' t.h!' :-.(111)(' fll'(I'It'flCY, 

cylindcr :J bccornes \lll~t(thle at il non-diml'lls1ullcd \'P}OClty of :"9. \Vl\l'II tll(' IIl1t I.ti 

natural frequcncy of the up~tre.tlll cylinders (1, 2L alld 2R) is iIlCl(·.l'-,t·d tu 11:17 Ilz 

the third row cylindcr cxperienc('s in~l.\bility at a nOI1-dill1ell~ioll(d \,(·1\)( 1\)' lil (lb \ 

1:3%higher titan the Ilon-Jetuncd Cdse. :-\ furt her illCll',lS(' in th(~ fI {'CI'It'IIt ) \Jl t Il(' "p­

stleam cylindcrs tü 1:U5 IIz, illlpcdcs the instclhility of cylinder:1 to " IlOIl-dilll(·n'-.\\llltd 

vclocity of ~ 70 At least in this range, the r!'latio/lship betw('('n f/('<JlI('Il(Y illl It'cI:-'C' 

(positive dctuning) and non-dimension al critical velocity 1$ n'(\:,ollill>l) }IIl('<lI, 

On the otl1(>r hand, wlte'} tlll' illltiai natulill fleqllcuey of tilt' IIp:-.t 1('''''1 (ylillc!<'I') 

(1, 2L and 2R) is lo\\,('r than that of cylinder :3. the instabdity UII(· ... llOld I~ I\J\\'('I 

relative to the Ilon-dctuncd ca~e. For example, \"ith tlle IJp~tl('(l/11 (ylllldC'I:' dt. !) IL~, 

cylindcr 3 bccolllcs unstable at a non-dirncnsiolléll velocity of ,18.,1, !.")~~) 1(':-,.., t Ilflll fOI 

the non-dctuned Ca' e. 

The abo\'c efTeds of Ilegative and positive detlll1ing Oll t.he in..,t .d,dlty \'('Iu( rly of 

cylioder 3 arc in agreement \Vith previous detailed disCll~~iollS. lIigbl!l-fl ('(IlH'llt Y IIp­

stream cy linders are capable, throllgh fluidclastic coupling, of l7lC1'UJ,,~l1t!J tll<! tfT, d lin 

fluldelastic nalural frcquency of the thild row cylillder relativ(! to th(! (,1!>C! WI.<!11 ait 

the cylindcrs are at the samc frcquellcy. The result of :iUch a colJplcd illtel tt( t.icill is, i" 
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il ~('Il"(', tllf' :,arne as havillg cylinder 3 tuned to a hlgher Inltzal natural fT'cqlleney than 

it adllidly i~. Such a flllidcla!:>tic mC1'case of sllffness dclays the unstable Lehaviour 

of cyllllll(>r :1 tü higher flow vclociti(~s. W!H'[I non-dimensionaliscd with rcsp~ct to 

tll<' .... tûl-alr tntllal nat /Lml fI cqucne)) of the third ro\\' cyliIH.ler:l2 , the r('~ult;ng 1l011-

dillu'lI"iollill critl< al v('lority is also higher relative to tbe case of l'quai frequcllcics. 

Du(' to ~d-up lilJlitdtiolls the fl('quency ratio [(JI = In = 121d/ hl could flot be 

iIlCI('ilS('d b(,yolld 1.:3.1, but it i~ Ilkcly that a furthcr increa.se in tllIS ratio \Vould tend 

1,0 i/lcwa~e the <'ff('dlv(' ~tiffne~~ of cylinder ~J, rcsulting in highcr critiCal vclocitics. 

EV('/ltllally with IIlCIt·.t~illg flcqllcncy ratio, cylinders l, 2L alld 2R would he rigid 

('1I01Igh Ilot to ,tfr(·ct 1 he lIIotlOn of cyllllder 3, which in turn will act as a single flex­

il,l!' ('ylinde\' in tlH' an ay. At this point there will he no fllIid<'la~tic lI1~tabtlity - a 

!'li Ilgl(· Ht'x i bit- cy 1 i ud('r docs Ilot L('come lInstable in this array [6]. 

011 t !t(. ol!ter !talld, in ca~c of negative d(·tlllling, upstrcam cylindcrs wit.h lo\\'cr 

nal lIraI fi ('qll('ll( i('~ t'tin ,lttain considt.'fable vibration al displacement at low flo\\' vcloc­

iti(·s. SUI il IIlOliullS 1)('[ tU[ b the' ~urrolll\ding fluid sufficicntly to couple with other lo\\'­

ff('qlJ(,!lcy f1t'xibl(' cyliIldt'rs. Then, the combined contrihution of thesc low-frequency 

flt·xil)I(· cylilld(·rs, flllid(·lcl~Licéllly affect the thild ro\\' 11lgh-frcqucIlcy cylllldt·r at a 

fJ'('(lI((,lIcy !o\\'er t hall its own. So cylmder 3, with incrcasing flo\\' vclocity, ullJelgocs 

vi I)ld "io/l,t! motioll bot II aL high frcC[ \IC'ncics relatcd to 1 ts own mi t ial flat ural fI cq uCllcy 

alld al lo\\' fll·(lIIt'IlCi(·s bccclll~e of LOupling with the up::.tr(·am flexIble tylJl1dclS The 

n'~lllt of such couplet! lIlotion is to redllce the effcctü'c ]lulde/astle 1/a/ural jn(jucney 

of tl\l' third lU\\' Cylllldt'i It'!,üi\'C' 1,0 the case wh en ail cyhlder~ arc al the '>,lllle frc­

qllt'llry. This, in il ~cnse, is e<juivalent lo hilviIlg cylindcr:3 lUIl('d to an Illcrt1llell/ally 

IOU'I/' IlIiti,d naturell fll'quelley thall it acluet!ly is Such a]luldela .... /lc (!Lcrea::iC of stlj]-

1/ fS,-; ad v,\IIces t he 1I11~ t cl bIc bcheLViour of cy lin der :3 to lo\\'er flo\\' vdoci tlI:S, as sccn i Il 

:!2For Jl'!lIl1ed Mrajb It IS (jlute ddficult to declde UpOIl the freqllcllcy to be usee! III 11011-

dlllll'Il~I()I1,lh"atlol1 III f,lft ,1.., dISClISM:d dhove, the major dfect of detul1l/lg 15 ta alter the f1uldcldStlC 
freqUt'IlC)' nf \ he 0\ her flexi ble cyhndcrs TI:e Ideally correct frequellcy of chOlce should he a lIatul al 

Jrtqllf1Il'Y al ... o COIll(lfl"lllg the elfccti> of dt'lUll1llg that will be mdllced by the burroundmg cyl1l1ders 
dur1l1~ !Iow coIIIl!IIOIlS ~,\turally tlu:'> IS out of the questIOn So the uutlal natmal frequency of the 
"IH'II-d"tlllll'(j" cylllldef wdl br l1~ed for lloll-dlmcnSIOnah1>atlOll 
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Figure 4 .. 58. 

Up to this point, the cI[<,Cl of frcquellcy dctUllillg UpOll nitic,d \'t'IOllly h.\:-. I>t't'Il 

analyscd from t.he perspective of tht' thil'li row n(',ible cylindt'r uf ,1 fUllr-ll(,\lhk 

cylinder configuration onl)'. The question of how tilt' Up:-.tl't'iUII cylindl'l''i of Lhl' (UII­

figuration (c)lindcrs 1, 2L and 2R) ({'spone! to ddullillg will bl' .uldll·:-:-t'd III':-'t. 

Table 4.5 5hows the lesults from four flcxibk-cylilld('IS in th" t lm'j' IIp ... III'.l1l1 WII'S 

(1,31., 2R and 3), ail the flexible cylindcls havillg Ih = ~80, b:=-.; n.Olt .\tlt! f'l -: 1:1.;) 

Hz. This non-dptuned configul'.üioll does Ilot bl'co\lw ullstahip IIp to t.11t' lilliit of tilt' 

wind tllllncl, which is U 1 fnd ~ 5; for this C<tM'. 

Table 4.10 sUll1mari~es the It~~\llts of anothl'r t'xl)('rilJwnt, will! ail (()lIditlOll:- 1111' 

same as t.he abo\'p, exccpt lliat cylillder 3 hil~ élll lIIitialll,tllIl .. d II'l'qlwlI(Y of III Ilz 

(ih = 280, 8 = 0.014, fi = hL = lm = 1:3 .. 5 IIz ,lIId fI = 10 IIz). 'l'lIb Wllfl!!,lll.tt,jUII, 

which has been dis(ussed pl'e\'iou~ly, becorncs III1~Llble al. ,i flu\\' \'('Iu( Ity (Jf 17.S0 

rn/s, corresponJing to Ulfnd = 52. Thus the exi~t(,l\(l' of il ... illl!.k lll\\'vt-ft('qll\'tll'Y 

cylindcr in a downsll'wlIllOW (row :3), affects tilt' higlwr-fn'qlll'lll y Il}>.'/1I (j/ll\ ylllid('I~ 

such that instability is induccd in an otherwisc stable al'my. This JI· ... ult. !l',uls tl) -'(11)(, 

important conclusions; 

- i Il the presencc of strong Il u idelastic COli pl i IIg, <let Il IIi "1-\ cffl'\ h (<III d 1 ... :-.1 p,iI (' 

rrom upstream to dowllstrt'am fl('xi bIc cyl i Ild('r~ <l~ \\,(,11 ,I~ fi (Jill d(J1\' Il', Ir ('drll 1 Il 

upstl'l'am flcxibll' cylindcls. 

- in a detuncd array the ('xchangc of frcqll(·II('j(·~ lH'tw('('lI 1 ylill<!'·I ... (l!' dtffl'j{'llt fil' 

quencies is l'Cc!]J/'ocal. While higher-flcqul'llty lylilld(,l~ illljllJ ... (' gll·.tl('1 11L',ldlly 

on lowcr-frc4ucllcy cylinders through flllidd,!,,>ti( ('ollJ,lilig, tll<' lu\\('( ll('/IIWII' y 

cylindcls in IctUIIl, illflict lowcr flcqllcncie~ 011 hlg}w/·f!cqlH'lI( y (ylllld('I'" 

This mutual exchange of frcquellcics strongly alters the jluzddll.,t/(· fW/IJIIL! lfll/lLf 1/cy 

of ail t.he cylinders. lIighe1'-frcqucllcy cylindcrs I)('corllc~ u/l~tilble ,II, il !lI)W v('lu( il.y 

lower than the case whcn aIl the cylindcrs have the Sùll1<! f!(!<jIlI'!H y, wllll(· loU't]­

frequency cylindC'l's becoI1lcs unstablc at a flow vdority }uglter tlt,tll thl! l',t!>(' Wh(;11 ail 
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the (ylillders have the same frcquency. This conclusion will be expanded on in the 

III!Xt ~ubsection. 

4.3.3 Further Effects of Frequency Detuning 

III this sllhsectioll, a. cOllfiguration of four flexible cylinders23 is once again locat.ed in 

t.he tbr('(! Ilpstrl'alll IOW5. This time, cylinders 1 and 3 arc tuned to tlte same frcquency 

whil(' cyliJld('I~ ~L alld :lR Me tuncd to a diffcrent one. The results obtained in 

VéU J()IJ<; ('xp('rillleTlt~ .trI' ~ulllmari~ed in Table 4.11. To illustrate the cffcct of frequency 

dt'lulIillg 011 dllTrrcnl cylinders, two figu[('s bas('d on the data of Tabic 4 Il will be 

pl c!->( 'nu,d. 

III Flglll ('<; -1 !)~) ilnd ·1 GU the non-di mensional cri tical vcloci ty of eath f1exi ble 

(ylilldl'I IS plotted agéiirJst the frequcncy ratio [(fI = h)/(J2L = !lH)]' In figure 

·1.5!) th., 1I01l-t!IIll('l!siol!,t1isdtioll is with respect to fi (or h) and in figure ·1.60 the 

lIoli-dilll<'JI~i\lllitli~dtillll is \VIth 1';:'pCct to fn (or 1211) \Vhcn [UI = h)/(f2L = hn)] 

is /css th,lIl llllity, <-yliJlder~ 1 dlld 3 ale al a lowpr flt'quelley than cylinders 2L and 

2H 'l'hl' hig,h-flt'qllt'!lcy, Illore 1 igid cyllllder~ (21. and 2R), transfer highcr fI"~qll(,IlCy 

'.'ihl,tll()ll~ 10 l'ylind('I"i 1 alld :l tlllOllgh flllidcldstlC coupling and d('lay Illstability to 

il il iglll'r lIow V( 'loci ty. \\'iIl'll th 15 flow vclocity is Ilon-d imensional ised \Vi th respect to 

t hl' inil J,II li ,li mal [[cqu('lley of cylllld('r~ 1 lIr 3 tlll' 11'~lllt is d highcr non Jllll('/I~ionai 

critilal \'('locit)' (,ullljJ<I[('d to the ca:'l' of !l0 dt'tuning, [(JI = rd/Un == hu)] = 1. 

.lS :'('1'/1 il! FIgllIt' ·1.5!J. For cxample, at [(fI = !J)/(flL = hR)] = D.G·t the average 

lIoll-dlJlh'lhiullal \doLit)' is :::::: 80, 29% Illghcr thMJ the avc:agc value of G2 for the 

nOlHkt \[[\('<1 ra.!:\{'. 

Agdill, ill thl' .~amf l't'glùn, [(fI = !J)/(f2L = hn)] < 1. the l'vents can be analysed 

flolJl thl' perspective of the highcr frequ('rlcy s('cond IOW cylindcrs as shown in figure 

1.60. These cyliIldcrs, while affccting the low·frequency cylillders (1 aIld 3) are in turn 

thf/IlSC/VfS affectcd by the lo\\' frcquency cylindcI's. Through fluidclastic coupling, 

2.IAIl cyhnder:, Wlt.h '" = 280 and 6 = 0 014. 



eyliud<.'fs 2L and 2R, rccrivc 10wcr frcqucncil's from lylindl'rs l ,tilt! :t This Il'dul'es 

the cffcctwc Jluldclastzc Ha/und jrCqUf7!CY of cylindcrs '2L and :.m and 11':-1111:- ill a lu\\'('!' 

critical vclocity. \Vhcn this f10w velocity is lloll-dillH'll:-ionalisl'd \Vit Il 1 (':-.p('( t Il) 1 lit' 

initial natural frequelle)' of e)'lindl'l's 2L or :2H, the \(':-1I1t 1:- a Il)\\'('r nOJl-dillll'lIsiull.L1 

cl'itlcal vclocity, comparcd to the ulse of lIon-dL'lullillg. Ail ('Xillllplt- of 1111':-'1' i:- WIt('1l 

[(JI = !J)/(J2L = f2ldl :::: 0.61, whl're the aVl'I\lg,t' nun-dilll('llsioll.d \'t'Iunll' 1:- .dMII 

.52, 16% lowcr than the itvt'Iilg,e valllc of 62 for tlw non-d,'l\lll('d C.I:,,', 

Such an cxehange of flcquencics Lctwcen the !l(',\ihk (ylindl'r:-. ,tlrerl ill~ ('cH II 111111'1:-' 

instability limit is also applicable in the rcgioll Wh('ll' [(fI = f2)/(f2L -- fw)] > J 

In a dctuned array, the higlwr fl(,({IWIlC)' lylilld('rs I)t'l'ollle 1I1l:-.t.lhk al ,1 IOl/'f /' 111111 

dilllen~iollai velocily ",ben 1l011-dilll<'ll~i(H1dii:-(·d \\'It Il «':-pl'I t tu II(('il IlIlt l,II Il,lt III ,LI 

rr(,'!ut'lIcy, as shown in FiguIt, ·1.5!). Similarly, tll!' lu\\'!'( f('('qll('111 y (ylllldl·l:' 1)('( (jIJll' 

1lllsLablc at a hlgher Tlon-dillll'llsio11al velocity wl((,11 lIo11·dlllll'll:.iulI.dl~l·d wllii 11'~IJI'( 1 

to thcir initial naturdl f[('qucney, as shown in Flp,lIrt' 1 (iO, 

Exchang,c of freqllcllCie;j bet\\'Ct'1l detulll'd cylindt'I:- di:-cu,,:-('d ,t1)()\'(., 1 clll III' 1111/') 

trated further through Figure ·1.61 When ti)(' critical v(·lo( Ity 1" lloll-cl!lIlt'II')llIll,tli"l'd 

with respect to the squal(' root of thl' 10\\,('1' alld Itigh('f n,dllral f(I'</III'11( II· ... , 1 c' 

Uc/(flfn)05d insteaJ of fI or f2L. tht'Il tilt' <lVC'ld!!,l' of tll<' IIUIl dillll·II"IClII.d (11tl 

cal V!'locities of each fn>quellcy 1 atio challge littl!' wil h f[('qlll'IH Y I.d lu Titi" ,,1 1 L'Y.(' " 1 :, 

that the affect of low- alld high-flcqucncy cylilld(,l~ 1)11 (',1( Il otllt'I i ... of Il'1,111\1'1) 1'(1'1,11 

impol tdllce. 

Table ·1.l2 sumlTlari~es !>ome otlJ('l' frequency cid 1111 i II~ l'X IH 'n 1111 'rJl:-, ~lto\\' /II)!, t /l'lId,, 

in agre('merlt wi th previoll!>ly pr('SCll ted Ob<;('fv,lIltl/l'" 

4.4 Static Displacement and Instability 

4.4.1 Two Flexible Cylinders 

In some thcûretieal studies [79, fi9, 55] it has been plOposed tiraI. If tlH' tol.al !>trfflll':-':-' 

of a eylinder vanishcs (aerodynamie plus l>tructural), thcn slIch a !>y~tt'''l (,tH )H'COIllC! 



-

51 

UlIsLtble by diwrgellcc (non-oscillatory static-instability). The actual cxistl'nrf' ùf 

thi~ illstahility rnechanislll has Iccently bccll vcrificd by Paidoussis, Priee and co­

work"ls ill an exp('rilllt'Iltai :,tudy 011 a rotatcd squarc array with P/el = 1.5 [GO]. 

Wlwll tIlt' datd for the single dnd multiple-cylindcr expcrimcnts of this study arc 

(,()ll~iCleled, a ~igllifi('ant (kcrea.:,c În the cros:,-fluw fluidelastic [requency of seconJ 

alld thild IOW cylillders is obi>clv(,d with incrc,tsillg flow vcloclty. Typical cXéllllples 

of !>lIch a behaviour can be found in Figures 4.5, 4.8 and 4 2·l, A sel ics of ~pccial 

exp('1 illlcllb for ('ylilldt'rs ill rows 2 and 3 wa.<; de~igncd to investigate, If this loss of 

total cylind('r !lt ilfnt'ss ('cUl eventually ICdd to static instabdity. A :,ch('mat IC ('\ample 

of tlll'sl' ('xpt'rilll(,llts, W!II'Il' two flexible cylllldel:' wlth 1h = 280, In =- 7 Ilz cllld 

rS = 001,1 die IO(élted IIlI)\\':2 (cylilldefs 2L dlld 2H), 15 shown in Figulc 1 G2 The 

III alld (rus~-flow vibrctl iOIl,t! re~pon!>e of th('s(' two cylinJen, (2L dlld 21{) ail' given 

III Figu!'es ,L6;J to ·l.G~. C('I talIl intercsting ObSCl vatlOns, mainly III the cross-flo\\' 

din'dioll of bot h cylinde!'!>, ('cUl be l'xtractcd flOrn th('se figures. 

III the uos:-.-flow dll'e< tion the llIain llittUI cd flequellcy exhibits a rcductlOll with 

lllClCc\:"illg f10w \'<,Iunty (Figures 4.6:J to 4.GS). This reductioll !Jecomes suostan 

lIed for flow \'('I()utl('~grc<lter than approxlInately 115111/5 (U/fud = 61.ï). 

E:-'JH'Cldlly ln the uo,,:-.-flo\\' direction of c)lindcr :2L, the iH'ccleratioll r!lagnitudc 

in tlll' prillla!')' lIlode is vcry lo\\'. (Jess thall 0.02 g as seen in Figulcs 4.G·t and 

.I.(j{j ) 

Both cyllllders 2H and ~L ('xhlbit cl statir <h:-.pldceillent III the cross-flo\\' d1l'(~c­

tioll. This di:-.plac(,lIlent sta!'b dt the sanH' vcloClty as that of tbe frl'queue)' 

l(·dudioll dlld 1ll0\'cs the cylindcls away frolll ('(leI! other. Figure '1.Gi <;!IO\\'S the 

illCI'('tlsillg magnitude of the ~,t(ttic du,placelllcllt \Vith How v('loclty for cyllllJcrs 

2L and 2R. 

- At a. tIow vclocity of ~ 15.3 mis (U / fnd = 86.1) cylinder 2L (and to a lesscr 

t'xtcnt, cylindt'I ~R) expcriences a sudden buckling type of motion in the cross­

Ho\\' direction as showil in Figure 4.67. The cylinder is displaced, very suddenly, 
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by a distallce of <lbollt G . .) mm rclati\(' tu tlll' (lll'\'101lS puilll .\lId ('\hdllt~ .\11 

incrt vibrational rL'SpUll"('. The major nll~s-IIU\\' It'~pOIl"t' .11 t hl" \1'101 it.\ 1'" 

faidy broadballd ilS :'('('11 in the acCt'kratioll pm\(' .. :-'(H'clllllll of Flglll!' \.(j~ .1l1d 

its lIIagnitude is less t.hall 0.01 g.2-I The ('('lItN of t his hro.ldll.lllI! II'''IHJIIM' '.III 

he takell to bl~ :,Iightly It·~:; thall -1 I1z which WIIL':-lhJlllb tl) ;:;:; ;1;1':1' ur 1 ht' illll I,d 

lldt Il léll fl'L'quelle)' valuL' in still-air EV{'II tholl)!;h tlll~ (IOSS titi\\' fll"PlI'llt) dm', 

Ilot go to zero, as it :,hollid in ,l cOlllpld,' stal il in:-t.lhiltty 1 tlS(', I():,~ \If ,Id,~t ,Ill 

tial l'igidity, highly reduced o:,cillatory motioll, :-'1g,nilic,tIIl ~(.II il' dt'\ll'II iUII ,Illd 

bllckling like motion ail slIggcst that cylilld('1' :!L h.ls Ulldt l'f/Ollt' li .... I(/Iu· 111 .... 1(/1111-

tly. '1'\\'0 ,l(ldillOlléll fdctol'S ""Id fllltlll'l' ~llppUlt to Ihl~ .11/!,1l111t'111. FII'.tl\, tll,' 

Jut,ltt'd :-.q11'\lC ,ilia)', bllt \Vith a ~mélllt'I J>/d = IJI [(iO]. St·, (llIdly. \'.I\t'Il tIlt' 

IUlIe é!\,pr,lgt'd-:-'("ady fOi ('l':; acting Oll tlll' :-t.llit' ('ylilldl'I~ of 1111:- .III.!!, (IOldlt'd 

~q\lale. JJ/d = :! 12) \V('l"l' IIW,iSlll{'d. it \\'.I~ dl'II'lllllllt'd (h.lI tIlt' \'<111,111<111 <II 

... t.üic Itft cuef!icit'Ill wlth C(,(hb-f\OW dif>p/;t(l'llll'Ilt (iH 'di}!)} 1'> p')'>11 1\" .\'> P"I 

the «tlélsi-steady lIlodel uf Pricl' and PaidulJ!:' ... i::. [i!)] t hi ... i~ .t 1/11 t ~,"III .'J t 011"1 t 1/)11 

fol' :.latic instahihty 25. Furtlwrmorc, I.h(' lllagllltlldl' t>f thl~ 1('/111 1:- ,1 111.lXI 

1I11l1ll for cylindl'Is in the sPcolld row, wlI('1'1' di\'('lgI'll('(' (J( ('1111I·d III t 1\1' Il,·\t!,II· 

()'Iindt'l'. dynaillic !'X(H'1 ilJ1(,lIts. 

21:;) 'l'Ill' I\l'ah of ~ !li Il,, ufigllI.lte., tWill th .. IlI-flow dll·.·. tll/U .L~ ,,1."\\11 III ll~tlr.· 1 t; 1 l,) 'II" 
bl'h:n tour of cyhllder :!H IS ~ollle\\'hal dtffert'llt EWll Ih(,ug;h .1 rl·du( lluli III Ir"'1I1' Il'} (:0;;: .\(J',{) 

.1IId il .,tatle deflectlOTl (~ 13.') IIllll III total) IS IllI',L.,IW·d, lllt' 111.1)!;llltlld,· (If tlll' .II'·'·!. r.III"1I .11 tlll' 

1ll.IJor mode 1:' bIll/ bub.talltl.\1 (~ 0 or> g) Id ... llly, III a 1"'lf,'ct "y.,I'·1I1. 1",lh 'jlllld. l' ,11"llld 
eX/li/lit Idenllc,1l bl'h:l\l<JHr wllt'II ,\IbJ"ct 10 th,' ... anw L'olldlll,m., Bill III" '11111" !th., Ij Ih.11 .1.,11)2,111 

llllpt>lfectlOlI III arr.l)' !;"olllt'try <Iur! .dlj!,IlIllt'Ut loulJ po ... .,r/ilj IrI)!,)!,'>r .lllel IUIII.L1'· "lfl, " """ 
25\\'b"11 tlt" UI'·,L..,ureJ (JeL/Dy lt'rlll 1., IIItroJucf'd IIlto tilt' l'fi'" .\Il,J 1'.lld')II~'>I'" 111·,,1.1,1 III00J,.r 

redulIlOli of rrt·'PI'·II<')'. :'IIUtlolr ta tlt.lt ot."erveJ III tilt' j·.\P' rlllit 111'>.1., ol,l.llI ... d ,11101 ,v,"III.dl} 11/1 

cyllllder hecollle::. 1>l,lllc.tlly llll~t.tbie .Il a !lo\\' vf'louty (jf \,'", H 111/:' Tlw, 1'" 11111)' ~ ,l';' dlJl. r' 1.1 

th.ll tlt.· .dlO\C repùrlt>d CXIH!"IIIlI'IlI.d \.l''Il' of 1:>:~ 1Il/", .. r Su. h .111 """,·11"111 ,l~r'" IIl1'lIt \,,·t,...,., Il tllI' 
I·xpcrl/Ilcllt.ll allJ the theort'llcal r('bult., glVl'!J further "llpl'"rt III tilt' j·XI.,t,·w,· I)f 'oLLII' 1I1·,1.dlllllY 
and \') dl::'CllS::.cJ III det,1l1 III C1wpter 6 
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4.4.2 Three Flexible Cylinders 

DUI illg I!lo:,t of the thrcc- and four-flexible cylinder cxperiments performcd ln the 

fil:'!' fl!w up~tn!.tlll rüw~ of the array, a. loss of stiffness was noted, prJur tu d!}llamlC 

1Il.\/alnlzly. III the plcviollS sllb~ection it. was ~('('n that this lo~s of rigidity for two 

n('xible cylindl'J's III the :'('(,(lIId row t!v(,llt.ually leMls to ~tailc t1l~lab!llly. The~e ob­

"oC/ vat ions kad tu the p()~:,ibIlity thilt t.he thre~holJ for dyncllllic and ~t.ltic Illstabdity 

C.lIl 1)(' ill t/I(' :,allle proxllllity, cl.t Icast for SOIl1C configurations '1'0 (!Jeck the validity 

of SIl! il (l hypotllt'~/~l a thr('('-fl('xJble cylInJ~'r configuration, known to lw dynclillically 

11I1:,l.d)II', \\',l~ tl" t(,d ulld"J' ddf"J('nt initial cOllditions. The objective lH'ing to sup-

pr(':-.:-. tll!' dYII.Lllli(' Imt;t!>!llty .wd If !Jo:,:,ible initiale cl ~tatic ill~tability. III ~lJl):-'l'ctlOn 

,1.:!.,1 il. \\'<1S :-.!rown th.t! il (ofllhindtioll of thrce flexible cylindcrs po:-itiollcd in thc 

"o('clIlld alld thitd W\\':-. (tylilldcrs 2L, '2R cl.lld :3) will! '-it =:: 280.f" = ï IL~ alld {) 

:.:: (J 01·1 ('XIH'tl<'lIu':-, dYII,ullic llI:-.tallility dt a 1I01l-JlIlIl'Il..,ional l'Iaical velùcity of:::::: 

Io.:i 'l'III' typll.t! IN·r1I.l1uIY te:-,pullse of d s('cUIId IO\\' cylllldt'r for !:luth ail experirllent 

('nd IlIg w i th \1 Ilslttblt· dYllamic lwl!cwiour is shown ln Figul e 4. G9. This configui ation 

",dl IH' I.lhl'll .t~ ,1 ,l'fI'I('IHe pOlllt, and the type of the llIstabillty \\'1111)(' alt.eleu by 

( Il,1l1p,illg t.lre lIIiti,d ft ('qW'IlCY dllt/for Jamping 

III tlj(' fir..,t ("':P('l irtll'!It tl) Le dl~CIIS:-,('d, the (} linder position. lllél!>S alld flequellcy 

an' kq)\ \ II!' S,1I1lt" 111 == :!80, In = Î Hl -, bUl tlw dampillg is illCrCil,!:l('d 1 1 tlll}(,~ to 

(~ == ():W FlglIl'!'s·1 iD to l. 71 dlu!'>trat<'s SOIllC IlIt('f('!:lting rrsllib of this t'xpCl'IrJlent, 

By IlIcl'<'it.Sing the damping, the dynamic instabitity IS suppre!:lsed2L as shown 

by tlll' t!rICI' dinH'mional (tnderatlOll power spcctrcl of Figure -1.70. (Compare 

titis with Figure ·1 69, showing the ullstable behaviollr of the ~alllC cylindcr at 

.\ 10\\'('[ dampillt, \'tlllll' of b = 0.014). 

'l'hl' motion of tht' rylinders is 1Illcouplecl. So the motion of caeh cylinder is 

21\11 ·,hould he relllclIllwrL'J th,tt the cnl.lcalnon-dimcnslOnal velot"ity of::::: 105 corre~ponds to t.he 
llllllllllg val'lc al.lalllable frolll lhe wlIIJ tunnel. Evcn though 111 tllls array the crrtlcal veloclty IS 

wl',tkly dl'pl'Ildl'nt 011 cyllllder dampll1g, a major change III dampm,~ seems 1.0 be suHiClcnt enough 
lU suppn'ss dyn.ulllc lll~t,dll!lty 

--------------------



similar to that of a ~illgl(\ cylindt'r, with littll' or Ill> cffl'rI fJulll Ih(' utlll'Is l'Ill" 

is in complC'te l'ont rd~t to tht' rcl~(\ wh('n' 0 :::; n.lH 1. 

'l'hl' maximum vibration amplitud(' al tht' Illdjùr n(}:-.s-f\u\\' Illlllll' IIt'\(,1 1"1 l'l'lb 

il valuf' of O.O:15 g dnd exhibi ts il dlOp aft<'r ,1 !lu\\' \'t'lucil y of Il.S 111/:-'. ({ ï )" d 

66..1) as ~ho\\'n in Figure .1. 70 and .1. n. 

- At a flow Vl'lorit.y of 16.9 mis (U/Inti = 9,1.1) t.ht' vibl.lti(lll .Il dll' 111.tjlll ,'l''''S 

flow mode becullll'!> broadband alld it is qllill' diflicllit III di~t illgllish .1 dUIiIIII.lI" 

peak in cither the in- or cro:-.s-flow directions c\s ~howlI by Figure \,'j'() A 1 1 Il "1' 1 

view of the accdL'ratioll power SP('ct 1 a at. th is !low VI·lo( il y, Figlll (' " ;.1. \'( '1 dil'~ 

this argulllent. The only viSIble IH'ak is ,1I111llld 1; lit, 1 OII('''P,)lIl''ll~ tu t 111' 

major in-flo\\' mode. Again, ,tt this flow \'('Iocity t Il(' (ylllldl'I ('\.1'1'111'111 (." .t 

IJtlckling type motioll in th(' cto:-.s-flow dill'dlOll ,U1d lllld('I~()('S .l III.1J,'I "I.tfll 

deflccliol1 of ~ ·1 lllm as "ho\\'11 by FiguJ(' ,l.7,1 

Ail ~hc abovc OUSC'IVdtioIlS puint to ,1 strong po:-.:-.dJility \JI ... 1.1111 illst.d,dtly, .d 

least ill the vicinity of a f10w vclocity of 16.9 llI/s (l ri fut! = !1.'),I). Till" (("·"dt h 

<tuite importétllt in tilt' hl'llhC that thlough t.he' (hang(' uf cl :-'lllg'" \'dll.d,k, -cldlllJ'llI.l', , 

dyn'lInic ill!>tability C<ln be sllpj>res~ed and replil(('d l,y él :-,1,111<' III"Ld'''11 \' SI II Il cl 

cohabitatiull of bulh dYll<lll1ic élnd stat.ic insltlbility 1111'( Il.1111''111'' III tll\' .... 11111· PI\)'llllIt." 

is being J'('portcd for the fir~t time. :\lIotll<'r "llIld,lI (':\01/111'1(' \\"11)(' (l1I".,1·IIII'd 11('\1 

.\gain a config1lration of thn'c flexible cylilld('I~ pU'">tlllJlll't! III III\' ,,1'1 und 0111.1 11111.1 

row:, with 111 = 2S0 is lak('11 as a 11'f('('(·!1ce. Ali t!1(' cylilld('I'" \\,(')1' ,,1'1 III .1 ddllll'lIll' 

valUt' of b = 0.1·1 (tell tiIllcs that of the c.t:-(' which W.,I!lt(·d in d~ 11<111111 ilJ"t.dJllltYJ 

('ylilldcrs :2L d.nd :m W('re tuncd to an lIIitial Il.ltlll.t1 1'1 ('(/111'111 Y 1,1 ï \II. (t III' .,.1111<' 

as Uw case which I('sltlted in dyIlalllic IIIstability) wll!'r<'a~ l'ylllld('1 :\ \\'01" t lllll'd tll 

1:3.5 IIz. The ubjeüivc of such an arrclng('Il1('lll i::. tu Illilllllli:-p fllli<!('ld"til (\lllfJlilll'. 

betwccn cylinders by increasing the d'lII1ping of ail I.}w cylillr!I'I~ .Ulr! tlil' ... ld!,J(".,~ 

of the most "encrgctic" cy:indcr27 to f'.~t,U'(1 ll1ultiph'-f1pxdl\!' (ylllldt'1 typt' <\)'11.\.11111 

2ilncreasing the rIuidclastic natural frequcncy of flexible cylllld(:r r('!;lllvf: 1o f>lllI'r.., 1.., II rllll d a,~ 
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III!-.t,dJiiJ ty to iJ iglJ('r flo\\' v('loci tics. Th U~ static i Ilstabi;i ty, if i t eXlsb. will r('\'c,t! i tsel f. 

'l'he 1't'~lIlts for LIli' b('haviour of él !-.ccolld ru\\' cylinder arl:' as ~ho\\'11 iu Fig,llre~ 4.75 

tu ,1.79. DYllillllic ill~tability is s\lpprcs~ed and the major cro:,s-flo\\ mode dcCT'cascs 

IlOth iu vibltltioll ,tlnplitudc and fl('qUCIICy with iIlclcasing fiow \'clority as shown in 

Figules 4.7.) to 4.77. At a nuw velocity of 16.1 mIs (U/fnd = 9l) the major cross­

(luw vIlJI,üiollallll<Jde lJ{'colllct> bwadband and a distinct pcak callIlOt be dctected, as 

sllOw/I ill Figure <1 78. Abo at titis flow vclocity a buckling type of motion, similar to 

t/w pl ('VJOUS OIJ('S, is uLscrved. The total !'tatic deflcction is as lIluch as a thil'(l of the 

(ylinder dialllt'ter, as shawn in Figmc 4.79. Ail these observations point to a st atie 

Jllstahility. 

Tll<'rdOI(', by \'cl.I)'llIg both the damping and/or frequency of the system it is 

p(J~sibh' to initiate static instability instead of a dynamic instability. Equdtion 2.5 of 

ApP('IHlix :2 shows tllat theoretical thteshold for statie instabiEty is g,i\en by 

(·1.3 ) 

wlwl"(' W" = initial cyelical fl'cqucllcy of the c}linder, d = diamctcr of the cylinder, ln 

:::: dillH'lIsiolll('ss cy!indl'r mass and DC/Dz = the vdriation of 11ft or drag coefficient 

with di!-oplacCIIll'lIt Th(· cffect of the~{' palamctL'rs upon statie instability thtcshold 

\\'('('(' ilJ\('stigatC'd by fi Il thl'r t'X!)!'I illlclltS. Inut'il!'ôillg the initial frcqucllcy of the 

cylilHJt.r I!'su!trd in llighcr crit.ical \'e!ocitit-'s. But for in > 9 .. j Hz, probably due 

to li!llit.tltions of the wind LUIII]('I, no c1car (,lSe of ~tatic in~tabdity \\'as dctcctcd 

Similady, l'xpL'rimcnts with high dUllcnsionless Illa5S (iil ~ ·HW), prevellted statie 

ills! .tbility ltnd r<'duccd the lo~s ~)f stitTtlCSS in the cross-flo\\' dilection. Finally, a~ will 

Ill' di!-ol'I\~SI'd in Chapter 6, the largest value of DCL/av was measured for a serond 

J'l)W cylind('f, eonfirming the critical Ilature of this row as dctcrmincd by dynarnic 

(vi br,üioll) cxperimenls. 

~p(l~ltn'f de/ullmg". ln section 4 3 positive dctuning is shown to rcduce fiUldelastlc couphng and 
fI'tard dynallllc instablhty tü higher cntiral fio\\' velocltles 



.. 

Chapter 5 

FORCE MEASUREMENT 
APPARATUS 

5.1 The Force Measurement Insert, the l'oree IJal­
ance and the Associated Instrlll11entatioll 

Allothcr objective of Ihis study \VilS to inve:-.tig.tte the tlllll' 'l\I'ld.L?,l'd tulll'.'> dl IIII,L\ ull 

,tat.IC cylindeu;; thi~ was dOliC as ,t fUllction of both the ~lll'IUlllldl1lg (Vlllldl'I'> dl~ 

placelllcnt alld the ReYIlolds llu/lllwr. Snell élll ill\'('stigdtiull (""tllk~ ,l IH'tin plly~l( ,d 

lllldcrstdIlding of the fluid dYII,Hnics in the ail a)' ,111d flllllislJ('~ d,t!.t fol' ,l '1"01'>1 ,,11,:tfly 

fIlultiple-dcglec-of-frccdoIll Illllllf'rical modcl pl('di< tin).!; t Il(' ill,>t.illlllily 1 hll':-.II(Jld 

th discusscd in section 12, the rigid portion of tl}(' all'cl.y \\',l:-' d(' .... lglll'd III .... 1'1 VI' III 

both t he vibration (Illd force rnl'aSUf('I1ll'lIt eXjh'lïllH'lll..,. By Il'pl,u III).', 1 lit' l,tllI tlll(1/1 

mC(l,~lll'Cmcllt l/IS[1·t with tbe jo/'('( I1lClli'ili/TTl/( III 1II"rd dlld ,L jO/I'1 l}ti/I/Ilt 1 1 lit' 01/1 

palatus is rOll\'crtcd illta il fOl III f,\(ïlilatillg tll(' Il)('t\'''111('11lt'111 IIf t 1/111' d\I'ld,!.',,'d Ililld 

[orces, 

The j'orce /IIUI.' 11/'('111( III i!l~('l't com,ist~ of (,Igbt ~.~) 1 11111\ (1- If 1. ) dIIlILWII'I, "l'Il 

mIl! (~:L25 in.) long, !>oliJ alulIIillum cylind<'I!> ,>all<lwi\ bed 111'1\\'1'1'11 1 \\'0 1'1I11,d ,>1<I1't! 

hexdgollal 10 mm (O.:~9 in.) plates, as shawn ill Figuw> ,) 1 <tlld .1,~, 'l'Ill' lIjJJWI dlili 

lowcr hexagonal plélt(·s of the force IJll'ahUl'Crncnt iW(!I't W('I'e caI'l'flIil} IIld( hflll't! tu fil. 

clascly into the similal' shaped holes in the alulllilllllll ba~(' plilL('~ uf IIJ(' Iigiri !)(Jlfiol1 

of the aI'my, as shown in Figurc 2.2, Titus, wll('fl il:-.~e!1lbl('d ilnd pl'l(('d lido Ilw 
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"gui /J()rlUJ1l of the i1JrttY, this insclt completes a P/d = 2.12, rotated squclrc ill'ray 

\Vil Il the eX( (!ptlOIl of a :-.illgle cylinder. This cylinder is the so-called "mstrumented 

('!J/lIl1h/''' which is bolted to the force balance, which in turn is attachcd to tlte wind 

t llllIW! t 111'(11).1;11 the arrangement, shown in Figure 5.3. Using a geaI' al rangement 

il i:-. po:-.:-.ihle to move the platfol'Ill housillg the force balance and the instl'llll1ented 

(ylilld(" ill the plalle Péllctllel ta the wind tunnel flao!'. The instl'umcnted cylindcr 

wllid Iw displaced to any desil'cd position within a circle of diameter 46 mm (1.81 

i Il. ). 

Tt> Sillllll,lte thc t'ffect of the surl'ounding cylinders motion on the instrurnented 

(ylillcll'I, 011(' of the ('ight cylindcrs in the in~crt is designed \Vith the capability of 

1H'llIg di:-.plac<,d alüng a straight ::;Iot as much as 25.4 111111 (l-in.). As the hexagonal 

:-.II'lJH'd ill:-'('1 t i:-. sYlIlIIletrical, thlOUgh consecutive turns of 60° each it is possible to 

locale titis cylind('r in diffcl'cllL rows and positions. 

'l'III' fol'(,(~ halann' is in:-.tl ul11pntpd by two Kistll'l' typc force transducers mounted 

01 thllgollally in the in - alld C1oss-flow dircctlOns to mcasure the fluid forces acting 

UII 1 ht' ill~t.nlllj{'llted cylillder. The fOl ce transduccrs are calibrated against known 

w('ig"l~ a~ :-.IIOWIl ill Figure 5.4. As observed from this figure, for a load of lcss than 

'2..1 lb the rd,tI iUIISlllj> bctwCt'n the force and the output vOltdgC of the trall~dllccr is 

lillt·al. TI\(' t'XIH'I illlt'uts in this study \\'Cl'e ail performed in this lillcar l'dngc. The 

i" .ll1d l'Io:-,s-flow directional force signais were dnalysed eithcr via a HP 3562A or a 

Il P 51:!O:\ dYlltllllic signal allaly~er. Data analysi~ is IWl'formed on a Hcwlett-Packard 

~lUllO :no rOlll!1I1l<'r system by utilisillg the software NE\VED, developed by ~\'lalk [89] 

.d ~Id :ill li Il 1 \"('(':-.ity 

5.2 l:'he Force Measurement Procedure 

'1'11\, l'mcp III t'<lsmellH'1l, performcd m this study can be dividcd into thrcc main 

groups. 
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1) l\'1easul'cment of the variation of the drag (.'oeflicicnt ( 'D, 1 \'l'l'SilS t hl' 

Reynolds Number [(<,2, III this experillwlI\ ail t Ill' cylilldl'I:;, ill ... t l'\1I1l1'lllt'd 

,llld SUI rUlllldillg, Wl'le locatt'd at lloll-di~pl.H'l'd posit 1()IlS d1ll'illp; t hl' llllli S(' 

llf tbe whole e:-,pl'rilllent. The t'xpcrillll'nt \Va!'> startell at t Ill' Il)\\('~t pU~~dllt-

~tl'ady upstl'eétm lIow \'elu~'ity of 3 mis and a lU sec. til\l(' t l'an' pi t hl' III Ilu\\' 

directioll,t! fluid force acting 011 the in~tnlllH'Ilkd cyliIldl'r \\',1:-' Il'(I,ldl'd Il)' tlll' 

dyIlalJlic sigIlal analyzcr to ccllculate an av('rage f()le('. OU( (' \ hi:-, ,',dllt' \\ ,\:-, 

stored for future data analysis, the velocity \Vas iIlCl'l'il'{('d br .111 illlll'lllI'lll uf 

~ 0.5 mis lo l'epeat the 1>itmc lIleaSUreIllClIt.. This plo('cdll\'t' of IIj('d~\11 illg t Ill\(' 

a\ PI aged forc(':-, al dilfcl pnt flow \'elocilil's \Vas )'('IH'.ltl'd 1111\ tl \ hl' lillli! IIlg 1101\' 

velocity of the lUllllcl was Jeacll('d, Such llj('ilSllll'IIl('lIh wc\(' j>l'rl'olll\('t! III l'o\\,:-, 

1,2,3,4 ane !) of an eight-/l)w array and in l'()\\' 7 or cl !t'II-!'OW .ll'IelY .\ ~d'lIpll' 

output from this exp('riment for a cylindcr in ['ow 1 (.Ill 1)(' CUlIlld ill 1''!,!!,III(' (i ~ 

in the fOrlll of t.he variation of the drag codficient., ('IJ wlI Il l{t'Ylluld:-, 111111\1)('1, 

Re. 

2) Lift and Drag Maps at constant Reynolds Number Ag.llll .III t.lw (ylin­

ders \Vere initially located al. non-displaccd p()sitioll~. Tite up .... ! J('.l1I1 llll\\' v('lu!­

ity was ~et tü a constant value throughülIl. tlll' ('XIH" illll'Id 'l'II<' ill~tlllllll'lll<'d 

l')'lindcr, at the center of the il1~crt, was systclllatically tld\(',~(·d ill el .\', (j 111111 

0)' 35.6 mm (lA il1. by 1.'1 in.) squclre. Titis ~qlléUC (',li 1 1)(' tltOllY,ltt ul cl.., ,\ 

matrix wilh 361 cqually spaCC'd llodes, cach of which i~ Il 1111'.1'-,(111'11\\'111. !Jlllllt 

The cylindcr \Vas displaccd tü every nodc éll1d tlll' (lllll· ... p'»ldlllg in dllt! ( 11)',,, 

now fluid fOlce~ acting on the cylindcr lllt'clSlll<'ll. Th(''''(' d.l1d !JUill\-" Wl'(I' I,d,'( 

-
1 Drag codfiClèllt is defincd dS Cu =- FI ~pU~fd whne Jo'...: FIIlI.! forl , .. H tl/I).!, 1,'1 III,' ,)'111111,1 III 

the directIon of the 1Ilhtreaill flow, Uoo == 'Up&treafII flow \plo( il)', fJ :: 1'/')\'1 dl 1I~liy, l' (';.lllld, r 
Length, d = CylJndcr Dlamcter In ca.se of the /tft codliclt'Ilt, ('f" Illl' fllllt! fur'" wU'>ldl fl'd 1'> 11(1' 
one actlllg on tlll' lj 11Ildt'r perpC'lIllJcular to flow directlOli Tite tYIl\(.1i .t\\'> ,>Y,>II'I1\ l', ;t. .... ..,11<1'\11 III 
Figure (3 8 

2H.eYliolds Numbers, Re, is the ratio ofl/JCrtHl to VISCOliS t'Ift'ct,> .lIld l~ d, (JIl' d ,L.'> /{t' -- ~"I \\111 JI' 

UOO = U pstream Flow VelocJty 1 P = Flow den~Jty 1 d = .h.tr,ictl'rl~tIC Il Ii~t Il (1 ylllld"r d Id 1111'11'1 J, Il 
== V1SCOSlty. 



1 Ilon-dimcnsionaliscd to forIll contour maps of lift élnd drag Cllt'flicil·llt:. ";"P"ll 

cnced by the instrumented cylindcf as shown in Figll(,('S li.~2 alld li.~:L 'l'lu' 

typical vclocity chosen for cOllst.ructÎ IIg su ch flu id forn' nwflici('11 t 1I1''1lS \\' as 

16.6 mis, but also some inwstigatioIlS \\'l'Ie ,arrietl out al Ih)\\' \'t'Iorit it·s of ~,:~ 

mis and 21.4 Ill/S. In two plObing t'xpl'rilll('nt:> il filH'r 1lH't1:'llrt'IIH'llt Ill,tllïX 

(grid) will! 1:W9 nodes \Vas Ilscd. The rcs\llts, \\'lwl\ rompan·d with tllU!W 1'1011\ 

a 361 node rnatl'ix, did not cxhibit sigllificallt differ('nel' tu W<llTiWt t.1t,· IlS" of il 

finer mcasurcmcnt matrix Icquiring nearly four tillles 1110("(' ('xp(·rilllclIt.al drul t.. 

The two expcfJmelltallllca~UrCJllCllts discllssed abov<" in it('lI\s 1 alld 2, sllpply 

data for the analysis of a single f!cxiblc cylindcl' illsid(' .lll ot.lt('l'WiM· 1 igid ,Ill'ay 

A mult.iplc-flexihle-cylindcl' allcllysis, flll'tht'I tt'<jllitcs I.lh' ('11'('('1. of SlillOllllClIlI1!, 

cylinder motion upon the flulu fOI ces acting OB tlw illSt.l'Il111l'IIt.l'd ('yliud('I', This 

meas~:tC'ment was donc in the t hini type of ('xpC'rillH'llt di:'/'lIss('<! \)('I()w. 

3) Measurement of the variations in lift and dl,.,g coeffidents of t.ht' 111-

strumented cylinder due to surrounding cylindel' displaccment. at l'Oll­

stant Reynolds Number. Again with etH the cylilldt'I:' al. thel!' t'C{lIdib!'illlll 

posi tions, a COllst aIlt flow veloci ly was chost'lI ,1JId 11'1 ai Il(·t! I.hl'Ollgholl t t III' ('x­

peIirnellt. One of the cylindcrs in the insert. previmlsly 1<'1 [lll'd t.lll' SUI IUUIHIIJlg 

cyli nder, was incrclIlcntally displaced ei ther i Il t. he i Il ur noss- flow di «'C(,JOJIS 

by as much as 25A mm (l-in.). At eaeh displdu~d po~itioll thl' flllid 1'01 ( ('S a( lillg 

on the instllltllcnted cylinder, which was kt'pt. dt. il:, uligilldl pusit.ion, WI'I('lll('(}­

s\lI'cd A typical vat i,ttion of t he dt ag col'f!l('i('nt uf dl(' in:,1.1 Il III ('II II'd l'ylilld('I, 

due to the displaccmcnt of cl ~1l11011n(hllg cylilld('1 h ~h(Jw/l III Figillf' (j.,11. By 

l'earranging the apparatus il. is possil,lc t,o nl<',t~\I\(' tht' (·Ir(·cl of di"p!.l( ill~ the' 

adjacent cylinclcrs, one at a time. 



Chapter 6 

FORCE MEASUREMENTS 

6.1 Variation of The Drag Coefficient, CD, with 
Reynolds N unlber 

t~.1.1 Variation of The Drag Coefficient, CD, with Reynolds 
NUluber for a Single Cylinder 

For é1 single cylinder in cross-f1ow, the variation of the steady drag coefficient versus 

t}J(' H<'yllolds 1I1l111ber is well documented. In the Reynolds number range of this study 

(G.:? x 103 < He < <15 X 10 1) the drag coefficient, CD, for a single cylilldcr - \Vith 

ail surrollllding cylinders rl'moved - is a constant al'oulld 1.1.5, with a variation of 

~ ± 10%, as ShOWil ill FigUIC 6.1. This figure also shows the drag coefficieilt values 

ddclllliIlPd ill the present study for a single cyl!nder, cxhibiting a good agreement 

wit.h olhers. 

6.1.2 Variation of the Drag Coefficient, CD, with Reynolds 
NUlnber for Cylinders in Different Rows of the Array 

Th(·s(· Il}(',ISurClI1<'lIts have' bccll performcd for cylindc1's in 1'OWS l, 2,3,4 and,) of an 

l'lgltt-l'\)W .lrray and JOW Î of iL kn row al'l'ay. During the course of thesc expcriments 

tilt' instl\lllwnted cylllldl'l' \Vas kcpt al a non-displaccd positIOn (i = 0, y = 0). 

Fol' il cylillder in the first l'OW, the dependcnce of drag coefficient, CD, upon 
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the Hcynolds Humber, He is vcry wcak as obser\'cd in FiguJ'(' G.:!. 'l'hr()II~llllllt t II\' 

Reynolds number range considcrcd (6.1 x 103 .:::::: Re < 4.5 x 10'1) 1 lit' dra/!, ('1H'lIi( il'1I1 

is constant, fluctuating arOlilld a value of ~ '2.1. 

The results for the second, thinl and fomtll lOW cylinders art' r,Hlir,dly dilrp! ('111 

lhilll ihai of the first l'OW cylinder. The drag Clll'!fiLi('Jlt for cylindl'!s IOl',lIcd ill t.1\l':w 

rows l'xhibits a major dccrease with increasillg Hl.'ynolcb tltlln!H'I', as sho\\'11 in 1·'ig,lIll· 

G.3. For an upstream flow vclocity l'auge of;:;;; :W mIs, t.he drag nwfllric·nt. l'X\Wril'lI( cs 

a l'cduction of appl'Oximatcly 2-2,5 times, d('pellding UpOIl cylillder pusit.i\)J\ in LIt(· 

array, This is in grcai contras!' to the bchaviour of a single cylilllb', ilS w('11 as lu 

the I)('haviour of the fir~t IOW cylindC'l' of the d! ray, which are slIhj('( t. 10 a ('o/l . .,llllll 

d/'CLg cocfficil:'nt in this Reynolds number range of inl(·j'(\·,l. 'l'hl\s it l'illl he sll/!,~\·st.(·d 

lhai thc vclocity dcpcndcncc of the drag coeffiLi\'nt in the rows 1-,1 is .Ill a/'l'(/!J-uII!IJI'f ri 

cvent. This can either be due to a macro change in the f10w pattern t.Il\ol1)!.h the array 

and/or due to a viscous boundary layer change elf('ding ihe ~i\'parat jOli point, .\Ild 

thus, the size of thc wakc. Ilcsults that will he illt.roduc('J laL('I! do Ilot suppurt. t.!\(' 

possibility of a major macro lcvcl change in the surrollnding Blc,În f10w with H('Y/lolds 

number. Thus, it is qllitc likely that a vi~(,olls bOllnda! y lay(·r eV('nt is tri!!:,!!,('! iJl/!, 

changes in the wakc, éwd hcncc, in the drag (·o(·lficient. 

The drag coefficient for the fifth and sC\'enth IOW cylindels ('xhil,its a III1H:1t IIlddl'l 

dcpcndencc upon Reynolds number as shown in Figu!l' GA. \t, is abo of int('I't'"t th,lI, 

the scvcuth row shows a strikillg sirnilarity to the firth !()w, in 1,('1111:> of titi' V<lli,d,ioll 

of the dlag coefficient with Reynold~ l1u!1l1H'l'. Sllcb a w..,lllt. ~l1/!,)!.(·~t~ I.IJ(' pu:-."il,ilit.y 01 

onlya limitcJ change in flow pattern arouild the cylilldels ollce 1.11<' Ilp~tJ'l'allJ c·ld,l.llJl (' 

ro\\'s ,uc tIclvl'r::.ed. 111 fad, t his O!J:-'l'l \"tti,H1 (ail iH' illu:-.II',d(·t! fUI \.11<'1 by Idell ill/!, tu 

FiglllC lJ.0 which ~hows the \'éuiatioll of drag cudfJCi('nl \Vith po~it iOIl ill thl' ,LI Iily ,d, 

a flow vclocity of IG.G lI1/s. As Se('Il, after the IOllrth IOW, thf' dld).!; ('()('ffi( ieu!.,.., ullly 

qn subsectlOn 6 211ft. and Jrdg ln,\PS arc obtalllf'd by di<.p!.t<.mg the lll..,t rllllH'ut,·d <.ylllld'·r lB<'r(:­

IIlcntally 111 a 1 4 III X 1 1 Ill. afca al ddf/'f/'lIt flow ... elOCI! leS The ddf/'fl'II!'I' bclw/'I'II 1111' I/III}JC (A 
Sil eh maps at three dlfferent .... CloCltlCs, [Too = 83 III/S, J(j fi JII/~ and :Il 1 rll/~, 1<; ollly IflllI(Jf TIll'> 
sllcigcsts only il hllllted ch auge JI) the flow ~tfUctUfC 
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\v('akly rd,ü('rI 1,0 position in the array. To sum up, il, is possiblc to distinguish duce 

ddr('J(!llt ;',oncs in this array: 

tirst row whcre CD is indcpcndcnt of Re, 

-- second, third alld fOUlth rows whcre CD is a strollg function of both row position 

alld Re, 

fifth to seventh rows wh cre CD is a [unction of Re, but very wCél.kly rclatcd to 

positioll in the array. 

Figllrt'~ 6.G illld G.7 display again the valÎation of the drag coelTicient wit!. Dow vclocity 

for cylinder!> in Vill ious rows, but in a log-log format. For each row the relat.ionship 

bc,t \Veen drag Cüpfficient and f10w vclocity can be exprcsscd approximately, as 

CD = a Ref3 (6.1 ) 

where ()' and f3 arc empirical constants. Table 6.1 gives the value of these mefllciem,; 

for differcnt row cylinders and illustrates the strong effect of Reynolds number and 

position in the éllTay upon the drag coefficient. 

6.2 Lift and Drag Maps 

6.2.1 Lift and Drag Maps for a Third Row Cylinder 

Once t11l' t'fred of HI'Yllülds number on the magTlltude of the drag cocffkient was 

ddt'I /Ililwd, t ht'/1I,\.t !>lt'p Wél::' to rc::,olve the efre'ct of cyll1lrler di . .,plllCClIU:llt on t.he force 

nH'Hicit'nts. :\ !>('rics of drag cOlltüurs, composed of the fluid fùlecS actlllg Oll a third 

I"l>W cylind('1 ill <l :WI delta point, (1..1 in. x lA in ) rnCél::'UICll1C'llt grid for llp~trcam 

\'duC/t.ics of s.a Ill/S, 1 G.G m/s and 21.4 mis arc glvcn, r('~pcdi\'c1y, in FIgures 6.8, 

li.!> éllld (i.IO. III gL'IH'lal, al ail flow vclocitIL>S, whcn t.he cylmder is llIoved either 

l:j)St.H'<llll or dowllst l'l'am thl' drag coefficient inCfeascs. Also, cylinder di!:>plaecment 

i/l t h(' cross flo\\' dirL'ct.io/l, i e. llIoving the cylinder more into the challl1e1 flow also 

initi,lft>s ail illC/("I~{, in the drag coefficient of a t.hird 10W cylinde!'. Even thollgh some 
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impo\ tant variations ,U'e obHrrvcd bctwccn drag contou\':- at dt/rClellt. !lu\\' \'('lucit ie:-, 

sllch differeI'ces are mainly confined ta the p:..)riplH'ric's of the 1lI.lpS. 'l'hl' 8hllfJI' of 

{'ach conto\ll's' center region is quite :.imilar, cvell if the 1I/(/!/llIlllt!C or thc (UII!llIlrs 

are diffcrcnt. 

The lift coefficient mars for a thircl row cylinder, at th .. , :-.11111' t.hlC(· Ho\\' ,·(·Ioc­

ities, are givcn in Figures 6.11, 6.12 and 6.13. Ali t.llt'Ht' lIlaps Ml' qllik simil.ll ill 

contour shapcs and exhibit a reasonùbly gaad sylllllH'try (lWIlJld t1w!Ï == 0 t1\i,2 Al\y 

displacemcllt from the fi = 0 symmctry axis gctl<.'l'tl.t.es il, subst.allti,\.1 lift fOi 1'1' \lll t\H' 

cylinder. 

Figures 6.14, 6.15 and 6.16 arc the force n)l~mcil'lIt Vl·ltor plots obt.til)('d flOIll tllI' 

vcetor addition of the lift and drag coefficient maps at e,\(:h vi'locity. FuI' Silliplil ity 

such plots will be terrned as the vu'lor plots. A rompal i:,oll of the V('ctor plob rur 

Uoo = 16.6 mis and UOJ = 21.4 mis (Figures 6.15 <tJld G,16) ShOWH é\. St.I'()II~ :-illldtllit.y 

bath in magnitude alld direction. Figure 6.1 /1, t.lle vector plot for (l,v =- K:! 111/:' 

exhibits both similarities and diffc\(~I\(,(,s relative /uO the \'l'dol' pluts at t 11<' ot \)('1 t,wo 

flow velocities. To better asscss thcsc similarities étlld diffl'\CIlCC'S, tll(' force' (1!l'llici(·II!. 

vcctors for Uoo = 21.4 mis arc multiplied by a factor of 1.653 . Theil, t1w:·)(' 1/0/'/111///.',( fi 

force coefficicnt vectors fol' Uoo = 21.4 111 1 sand t Ile 1'01 ('(' ('odIr.;ic·lJ t Vl'l'tol'> fOl (l,,, -= 

8.3 mis arc ploLted togethcr in Figure 0.17, Titi:, fig,lI1'c cali he divid('d 11110 t \\'0 

zones, shawn in the figure, by a gl'ccn·lille. DOWIl:-tl'''dlll (J[ tlll~ lilw, III dll dl('d 

lCfrcspontling ta 2;:3 of the mea:Jmclllcnt gnd, thl' v('do"s fol' \)(Jt.1t fI()w v('l{J( It 1(''' df(' 

of similar ll1é\gfll~tlde and direction. Upstrcarn of t.hl~ lilH', lIeit ht'r thi' IIlil)2)lit IId,"., 1101 

the l!irections are cOIllparable. Tlwl'efore, for Cl ('Ore If'gioll ill t.lw vlcinit.y I)f.r - (J 

and f) = 0, providcd t1lat thc variation of the (hag c()I'ffic il'Ilt. wit h flow v(·lo, ity flJI d 

cylinde[' at ,r = 0 ,\110 Y = 0 is kIlOWIl, force Il){'it..,lllC·lllt'lI!:-, ,d. d .... IIl!J/r jlOIl: l'IIIIII/Y 

:lx aXIs IS in the 1I1-flow alld y aXlf> lb 1!1 the cro'is-flow dlfl'LlIOIi 

3'fhe dlffcrencc III drag coeffic1I'nt, for a cyltnder at i = () alld fi = (J, l)I'tl\1 ('11 Ih,t! ffll·.",llrl·d .d. 

a veloclty of 8 3 111/& and dt Ucv ::: 214 111/-" IS ~ 165. So Ifi\lltlplylflg 1 1 If' drag Il)I'Hf( Il fil V,dlll' 

at x ::: 0, ij ::: 0 for U 00 ::: 21 4 ml;, by a factor of 1 ()b cali he (()1I~lder(·d il.'> "JJlJnJl;.! 1',,11 I(JII" wli h 
respect lo Uoo = 83 mis Such a 1l(H111ali'>,llIOll can be l'xpl'Clpd tü Le r(:,I.,>ollal,ly ..,11'" ',,,1\11 III Ill\' 
central core of the vcctor plolb 



d J (' Sil flici('/1 Land n'fH eSi'nt,üi ve enough to fonn a d;tLa. hase for Illodcll i llg pll rpOtlCs. 

/)lJring the di!'.C\l~~ion of the dynarnic results in Chapter ,l, a loss of cylinder 

l'igidity in the C/oss-f1ow direction for second, third and fourth row flexible cylinders 

wa:, J<'(>orted. Bulh the lift codlkil'llt and vedor plots for the third row cylinder 

flJl t.IlCr SUIJstillJtiatcs t/)(' findillgs of the dYIldl11ic experimcnl5. At ail flow vclocitics, 

t.h!' ~l(,éLdy fllJid fu/ce!'. tend to pmh the rylindcr ilway flüll1 illS equililniull1 po::.ition 

ill the cross-now dir('ction, as shown in Figulcs 6.14, 6.15 a'l'd 6.16. ln this case 

t.he f1uid forces arc acting in an oppo!>ing direct ion to th<, strudural rcstoring force 

<tlld will r('ducc the ollem// jluldcl(l.~t~c stiffncss of the cylindcr. If the steady lluid 

slirrlJ(,~~(,s (iJCL / û[j) ilre l,LI ge (,llough ta excccd the :,tructural rcstoring stiffness, 

t.!a('l\ t.he sysll'I\l will ad Mi if il hùs il lIc!]atwc ovcl'ull jl1Lldclastic ::;.hffncss and slatie 

inst.ability (diVt'lgt'J}ce) will oecur. 

Works of Priee and Paidollssis [79, 60J alld a simple derivation 111 Appendix 2 

sbows that loss of cro~s-n()W stiffncss can be exprc:,scd by 

2/ 2 ü2 D CL tu tu =1-----o ')- â- , _m y 
(6.2) 

\\'1)('('(' lL'o = initial cydical frcqueney of the cylinder, w = in-flow cyclical frequelley 

of the (ylinde!', [r = 1l0n-diIllclIsional flow vclocity, rh = dimcnsionless cylindeI' mass 

ilnd ;)( '1) () .If = vilI'i dtioll of t he li ft cocffkjent wi th cross- flow displdc(,lllcnt al i = O. 

St,\t,ic illst,dJility will U(CliI' whCII the LIIS of cquation (6.2) cquab zero. Titi::; will 

t.akt' pl,let' only if D('L/DÛ is positive and [l is sufflciCIltly large. 

F\l)lll t Il<' lift codfici<'lIt maps of Figures 6.11, 6 12 and G. I:3 the val iation of CL 

wit h !} ,tt, j' = 0 C,1I1 1)(' dL'tc!'mi!ll'd <,tlsdy. FlgUICS 6.18. 6.19 and 6.20 show this 

\.lriatlOlI fur (J,,-, = ~:~ Ill/S, lCî.G 1lI/'::> ,\lit! 21.·1 Ill/S In aIl CiI'>t'S (ÎCL/âfj is positive 

IIp to .1 displan'Illt'llt of lÏ = 0 ·1, satisfYllIg the COIHlItion for sLttic 11l,>tctbiiIty at 

'::>lIl1iCivlllly hig,h flo\\' \'ch:itics. The slope, dC'L/ÜV, cÜ the ceUtlill pOSItion U.i = 0) IS 

not st'!1siti\'t' Lo flo\\' \ e!()city. :\ \',due bctwccll 3-3 5 is ITlcclsurcd in ail Cil:'CS. But whell 

t hl' c.\'ilndpl· is d(,ne( ted from the c('nt l'al position in the y-direction a general drop 

in !IH' IlItlp,nÎtud(' ,)f the :,;Jopc, incrcasing with flow vclocity, is obscrvcd. This can be 
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M'l'II l'karly from tht' liglllt'::> wherc the Iltllllbt'IS 011 (',Hh ti~IIII·. :-.hll\\'ill~ thl' ,,1\1(>l's .It 

fj inCll'tn('llts nf 0.1 for parh vl·lority, art' élllalysl'd. For ('X,llllplt', .lt !J :.:: ll.:\ tilt, !-lIIlPI' 

iJGt,/D!Ï for Uoo = 8.3 mis, 16.6 m/s ,Illd 2tA 11\/~ is :!.2:i, 1.\1 ,litt! I.O!), 1(·:-(lt'di\'('ly 

(Figmes fUS, 6.19 and 6.20). This variation in si ope hl'l'l>Il\l'~ llll)lt'~ip,ll!lit ,\Ilt ,1\ I.II~t· 

displacL'lllcnts alld high vclocitics. For Uoo = 21..t llI/S aud y =-~ O.ti ('\'1'11 tilt' :-i)!,11 ul tilt' 

slope challgcs tü Ilcglllwc, Snch a challg(' indicatps <ln wcru/."c ill the' fn'qw'lll y ,Illd tilt' 

possibility of a ~illgle dcgrce-of-frcedOIll f1uid-d'llllping lOlItrollt'd dYllcllllic iu"t ,Ihdity 1 

The sk,pcs dC'l.<'I/llined at 5 different j) v,t1ues for cach of tlltt,t, Il(l~t\('dlll \'t·IOl'itit·" 

wcre inscrtcd iuto cquation (6.2), tü altaill the fr('qtH'IH'Y ratio, I/)lj1l';L ,II, dilft·!t·IlL 

llon-dillH'll!-lional 110\\' vclocities and st(üic di~pla('('II1(·lIt:./), Figllll' ().~1 !-l1l11l11l.lIi:-.(·:-, 

the lc~\llts for 11} = 2S0. The contour lilws show how li1/' fn>qtlt'Jlcy liltio \'dl]('S with 

respect to the non-dimcllsiollal flow vclocity ,1Ild displan·1I1<'1l1. of tilt· cylilldt'I III t II<' 

cross-flow direction. In fact t.his is a map of ,:hat lIlay hc\ppt>!\ to il :-'11I~\t' fll'XI!>II' 

cylindcr at certain velocitics and displaccIn('nts (Th = ~KO). Thl('(' di"t Illet ZOIlI':' 

are idcntifiable in this contour lIIctp. The fir~t /,:011(" in the lu\\'('r I(·ft- !t.llld (O!!WI. 

is envcloped by the contour line w2 /w5 = O. Imiide this [('gioll tlte cylilldl'I Il( ts iL:-' 

if it has Ilf'gati\e o\'('[all stiffl1f'sS and suffcrs a div('rg('l1c(' So, ;d, :-.lIffit i('ld,ly hi!!;!! 

vclocities it is also possible to have slatic instability in t.he third !ow. 'l'III' :-'('(oJld 

zone, in the lower right-hand COI II<'I , t'xhibits ail t'lltil(·ly dtff('II'lIt !H'!J.lvio1\f, III 

Lhis zone of high Dow vclocity and large ClOS:,-llow dil ('('tioll,t! (ylilld('1 di:-.pLlc(·IIII·1I1. 

the frcqucncy ratio, w2/w6, is greatcr titan \luit)', :-'I\gg(·:-.tillg tilt' ()(),>.,ibility uf :-.illpJI· 

degl'cf'-of-frct'dom dYI\(\I11ic in:,t.\bililli al, slIffiri!'lItly high Vt'\ll( .tiC':,. 

III the l'cmainillg dlld major zonc (0 < 102 / l/J~ < 1), tlw cylilld('r ('XjWI (('III (':' 

a redurtion in ils fIVql\t'IlCy, to an cxlt'Ilt f('!,ltpd 1,0 lb dl~pl,\I ('III(·IIt. illId t II<' tlow 

4PdldOIl%IS allLI Priee [;\.IJ ,>hon'cd th<it for a l>lllgle dq~rpe of fn'I'd'IIII "y.,I'·1I1 dyu.lIl1l" IIh!.ll.tlll) 

occurs whclI Der,/Dy 18 Ileg,;.tl\c 
5The f,ta tiC dl~placeIllelit lIIent lOued 111 thl~ contcxt I~ il p' uir1111111T/fd v.t! Ill' 1I1'>"rtc'd 1111 () "'1I1.a1 1,,11 

6 '1 allJ IS JlfrclI:nt thall thc lIIcasu1Ld t>t,lIIC dl~plact'llIf'lIt dl'>l "".,pc! III Chapt"r 1\ 
6111bpectlO1l of CqU.ltlOlI G 2 rCH,lb th,lt w2 /w6 ean IJI' gr",ltpf th,tJ1 \lrllty nllly \\'IIf'/I ;)Cr./iJ.'I Il> 

IIcgîli' e Pnee d.nu PaldOlI'>blS ll<l"c l'>hoWII titiS to Lp a l\I~I(''''',lry, h\lt I1l)t l>\I!li( wuL, 10/1,1111011 f.)r 

dynamÎc lTl:>tabdlty 
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v('lc)( iLy IL i!i qllilc' (J!Jvio!l!> thal a tbird row cylilldcr will expeli(~ncc il loss uf rigidlty 

IJét!->I'd 011 t hi!> :.tatic iLllalysis. 

6.2.2 Lift and Drag Maps for a Second Row Cylinder 

'1'1)(' dr<1g iUld lin ('ul'il!( Il'nt maps and vcctor plut for a sccond raw cylinder arc élS 

.. !l{Jwn ill Figul'C':" 6.:2:!, G.2:3 éllld 6 21 rcspl'ctivdy. In gl>neral the drag coclfici('nl 

IIt'n (',[:"('S with cylllldcr di:oplèlc('llll'nt in tllf' up:.,trc'c\1l1 and cruss-flow dircctions alld 

iIlC'lC',l!>(>:" with disp!.[(I'lIH'1l1. in thc downstrealll direction. The lift cudlici('lIt is highly 

:"f'll!->il iv(> to di:.,pl.t( ('1I1<'1It in tlte (ross-flaw directioll and shows thc tendeney to diverge 

i Il t II i s d lJ'(>cLiun. 

'l'Ill' Vdl'irlt.ion of t he lift coeffici('lll versus cross-flow displaccment aL j' = 0 fol' 

cL :"('( Ollel 10W lyllllckr 1:' as !'>hown in Figure 6.2.5. In a blOad 1 ange of eylindcr 

displ,\( (,11l(>nt the (1V('J age value of DeL/Dy can be takcn as 2.9, a po:.,itivc and a high 

valll(' t hat IH'l'mits stclLil' illstability at sufficicntly largc \'C'lacitics. 

SIlIJstit.\l1 illg DCt/Dy = 2 9, 1Î2 = 280, ln = Î Hz into cquation 6.2, thc fluidl'lastic 

llit!.UI al frl'quelle)' in tll<' cross-flow direction for a flexible cylindcr at dlffcrent vclaci­

tic's (',III \)(' c(l\clliatee!. The rcsulting cross-flow frcqucncy variation with How vclocity 

js a:-. :-.hown in Figul(' (i 26. At slightly lcss thèlD lG rn/s, the cylinder totally l()~cs its 

stilrlll'SS and lH'colJlcs \I11:.,tabll'. It is interesting to rl'call the vibrational bcha\ wU!' of 

t.wo fl,'xihlc> l'J'lllIder:. ill tlte ~ecoJJd row \\ith nl ~ 280, ln = 7 JIz élnd b = O.OH a~ 

1>1(""(>111('<1 in SlIIIS('CtIOIl ·1..1.1. This configuration, which has idcntical pwpelties to 

tll<' aho\'t' (',dt ulatcd (.t~(" l)('('omes unstable at a flow vdocity of ~ 1.1:3 Ill/S. The 

rro:-.:.,-I\()\\, fl<'q lll'I 1\) \ cl 1 Id t 1011 wi th flow vC'loci t)' fOl this experi mcnt is abo plotted in 

Figll1C (i ~(;, fur ((lllll'dl i"()ll with the calculatcd I('!:>ults Thc dlffcH'Il< e IJ('I\\,('(>11 t.he 

('XIH'lillll'lllcd dlld tlll' l',tlculc\ted critical vclocity is ollly 5%, stlongly ~llppOILillg the 

l':-.i:.,lt'IICt, of stàt]C ill:.,lclbihty in the second row of t.he P/d = 2.12, lOtdted squale 

,l! ra)' . 
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6.2.3 Lift and Drag Maps for a First Row Cylindel' 

In cUlltra!>t to the bt'ha\'iour Oh~l'I\'ed in rows :? illld :l, tilt' lift cul'!!in('lIl of.L 1 ylllldl'I 

in IuW l IS ill\'ctriant wlth displacclllt'Ilt IInkss tl\(' t ylintlt'r is lIIu\'t,d ill!\) t ht' \ il Illlly 

of cylindf'l's 2L and 2R a.1i shawn by Figure G,~7 This is in lint' \\llh tilt' d)IIo111111 

(f'slIlt::; ~ho\Villg no IOSR in the cross-dil'l'cllOnalllgidity of ,\ fir!>t 1 u,," tll',\lbll' I) lintl('1 

The (hag coefficient exhibits a d('crea~l' \VIth tylindl'r di~pI.\l·I'II\('nl in Ihl' 111'..,11".1111 

direction and ,\B illcl'casL' \vith di~plaCl'nwnt in t IH' )'t'\'('fSt' diH't t ioll 01:- ... hO\\'11 l,) 

Figure G.28. As the cylillder lIlo\'es up~tJ('é11I1 (Jf Ihe ,llldY, 11I1\! Illt' fll'('-..,tll·<lIII, 

the lliag coefficient shollid indl'cd dec!cas(' d\l(' 10 th(' It·dllcillg l'Irt't (:.. uf titi' .\11.\)' 

EV('lItllally at a dIstance sulfil'il'lllly fdT IIpstn'.lll1, Ihe t'If('lb of tlll' al Id,'.' will lit' 

minilllal on the cylind'T illld the dl ag coefficit'nt will <IP!>IU,l! h 1 Il,LI. u!' d "'11I!!,II' 1) lindl'l 

Comparing FiglHf' (j 2~), tht' \'l'l'tOI plot for d fi!:-t lU\\' (ylintl('!", Wlth tlld..,(' fUI tIlt' 

::,ccolld and tbild IOWS (FiguI(' 6,~1 and li,14) d('dtly illthtl<lt('~ tilt' gl(',d Vdli,diull III 

the fIow structure flOm IOW tn ruw in the fil ~t ft,W \Ip~t fi ',1 III rt)w~ lif t 1)(' 'lJ'ftl)' 

6.2.4 Lift and Drag Maps for Fourth, Fifth and Scvcuth 
Rov/ Cylinders 

When i the lift wefIici('lIt lIlaps (Figures 6,;W, fi:ll alld G,:3:.!) illld 1111' dUt)!, (t)('ffi, !l'Ilt 

maps (FigUlt'S G,:t~. G :lt <tHe! G.:!:») for fOllfth, nrth alld :-,cvl'Illh Il>W 1 ylilldt'I'> ,lt ,11\\1\\' 

velocity of Uoo = Hi,6 mis are cOlllp,t!ed .... tl'lkillg ..,illlil,lliti('~ dl(' ol,"'t'I\'('d TlJ(' Idl 

and Cltdg cocfflcil'nt maps, Cl::' weil it!\ the vcetor plot~ (Fig\llt,~ (j :Hi, (i :~7 ,Llld (i :~,"i) [III 

Ct fîllding 1 Illplil's t.!Jdt, ()1lC('IM~t tll(' f('w up~lI('.t1ll ('111 1 <lIlU' 10\\'.." t 111' 1"111/ [(JII {'''' ,lIId 

hence the no\\' ::.tluctllll' Il<'LOllH'S llll'a/'/lllli with I(JW po..,ilioll III~id(' tlll' dlldy '1IIf' 

re~lIlts of PI ic(' ct a/ ill thl' ~,IIIll' clildy [Gj, ~h()\\'illg t !J,LI Imt!J IIIIt'I..,t It l,d V{'!'}! JI)' "III! 

turbulence intl'Ilsity (('main !<'<l,',olla!Jly ('O/l,..,tallt 1H')'olld tlJ(' f011l t li 10\\' 1"lld" !'''Il IWI 

support to this flnding, Tbis i,.., ill "hal P (Olltl <ht to tll!' IH'l!tlvl()llr (JI;.."'1 \'l'cl III t!1f' 

7For tills eXpeflJIICllt two morc ro\\'~ Ln-c [weil ad(kd 10 tbe 1J~IJ.d "1gb!' r(,11 Mf'l) \Vllh Il,,, 
objective of protccllng the l'>C\'I'lIt h roI\' ('yllllder frorn end (.'Xlt) t'ff,'ct<, 
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fir..,!. t IIn'(' ('lItril!l( (' rem!'>, \V11I're i.he> now struet Ilf(' L'xhilJits a major \,élri,ll ion from 

1 (JW t () IOW 

Tlj(' l,('IId('IICy to diVl'lg(' ill th,~ 1T0s!>-f1ow dil('clion is rcducpd in ca:,,(' uf rows ·1, 

!) dlld 7. EV('II tllOllgh ;)('t/DO is still positiv(" a Il('f('s:--ary condition for di\(~lgellce, 

it:, lll.tgllit udf' IS ~ .5 - :1 tillwS IO\\'er than that Iccorded in rO\vs 2 and 3. So, loss of 

stilflH':-'!'> Hlld div('rg('lIu' dH' dddyed to high(~r velocitics, which <lrc outl>ide the lilllits 

of t.h(· wint! tUIIIlI'\. 

'/'IH' fI':-'Idt:, ()f tlw dYllellllic expel imcnts arc in ('xll'lJellt agrC<'ll1ent with this ob­

:-.('rv.t! iOIl .• '\0 l>u!J..,t.1fI1 iet! lo:-.s of :"tiffne5s or divergL'lllc was obs('! vcd for the flexible 

(ylilll/('I'" in I()\\,S '1.:) (JI' 7. III <lCCOrd,lfl(, with 1 ()\\. 1. ~ or:i ()Iim!('rs, the cylilldcls 

ill I()W~ ,1, ~ ,1I1e! 7 <If 1 , db:) IlOt plOllC tü d,Hllplllg u>I\trollcd dyneUl\iC ill~t.\I)jlity .• \~ 

:-.howlI ill T,d)ll' {j.~, Imtll i)(',)iJYJ=:'u'" afld aC/JjDiy=o arc po~iti\'(' for all rO\\'b, 1',Ll'IllIg 

siflgl(' d('gll'('-of-fl('('duIIl d<lllll)illg coutrollet! dYllillllic Iflstabilit.y but allo\\'illg static 

ill~t 'Ibility .ll ~lllIici('lltly high now \'('locitics. 

6.3 Effect of the Surrounding Cylinders' Motion 

6.3.1 The Effect of Surrounding Cylinder Motion Upon a 
First Row Cylinder 

Tu dt'lt'lllllllt' tlll' t'lfe( 1 th,tt motion of the sunolll1Jillg c}lind(,ls havc lljWll the Ouid 

fOI< t':-' <IcI Iflg un Il fil:-.t Ill\\' lylll[(lcr. cylllldcrs 1 L, 1 H. ~L, 2R cllld :3 <lIC ('U/l,,>('clfti\cly 

diSple\t't'd III tilt· ill ,lfId (Jo.,..,-flo,," llIrectiolls. ~\luti()1l of cylJl1d('rc, 1 R alld 1 L, both 

i/1 th!' 1/1 dflt! IIO:-.:-.-t!()\\, dll!'l liofl~. h,t\c 110 ",r(·ct un the dr,lg 01 !Jft ((Jt'fficiellt" of 

tht' fin,t 10\\' 1 ~ 1I1Idt'l' .• 1.., :-.II\I\\'II III .FIgUl(,'" G.:~~I ,ll\d G 10" ~1otioll of C) liflt!<'J!:,:!L cllld 

"'l',lhl.- li '2 ... IH)\\'''> \h.l\ ">\'IIH lIl~t.dJlltt) l~ Il pu ...... J1J1III) III \11<' 111-110\\ dm'cllOlI as wdl d .. " III Ihe 

crtJ ... ~-Jh)\\' dlrt'! 11011 l:qll,lllt)1I li 2, wllt'II iiCdDfj 1-. n'pl.w'.! Il) ()('IJ/DJ', "llI be Iht:d lu l'.deul.!t .. 

tilt' l" ... :. of flgl.!ll) III thl' 11I-llm\' dm'l'lI011 Sdtlltg In = ï III .IIIJ 111 = 280. <lud t)Cv/ilJ: =- 0 GU (tlw 

IlI)!,h" ... t \.dUt' 11l".l. ... tJrl'd III Ih,' .trr.I)) 1111' (rltlcal v .. lout) fur lu .. Jlo\\' dlrt,ctlOllal ~t.ltlC llI"t.lhdlt) I!> 

f'HIlI.! tu 1)(':::::: .1'2 111/1' A ... tlll:' nu\\' \t'Iut Ily I!> 50'7r grl'alc'r Ih,\11 that a\,1l1.1ble from the \\111.1 Il1l1l1t'l. 

It h Ilnt :.lIrpn .... llIg that 1II-1I1l1\' ,t.ltle IIhLlbdllws Wl'rt' llül t'lI,ollllkred tlllflllg th .. C\jlllllllt'Ilt" 

~IThl:' l' ",,'f\ ,II 1011 ,.111 b .. ~t'lIt'r,d"t'd to CO\t'r t'Xpt'rllllt'lIlt. 111 .dl ro\\'!> l'ur t'\llt'rllllellb III the 
r,)\\o., 1 1') ï Ih .. 11111.1 f,)ret':- .Itlllig 011 the IlIstWIllt'lIted t~ 1 III dt'r are fUlllld to be lII.!t pcndent of 

11t'lghllt)lIrJlIg .. ~ IllId"r IIhllltHI III tll<' 'lime row 



1 2H in t ht' ClO:'S-f1ow d;ll'Ctioll haH' a IlIllikd l'fred Il ()()I 1 t Ill' drtl!-', cOl'ffi( 11'111 lIf 1 III' 

ill::-.trllll\l'Iltl'd lylindl'r. But li:' :'t'l'Il in Figure GAl tllls t'Ife( t IS .d::-.o Illtllglll.d. \Iotll'll 

of cylinde!' :3 ln tlH' in-flow dl!el'tioll hds a l'cl.\ti\'l'Iy Illon' illlpolt.ull t'lr(,( 1 Oll IIIt' 

dr.tg, codfkil'lll of the ill:.t 1 UllIt'llkd cylilldl'r a. .. ::-.hU\\'1l in Fig\lll'::-' (;.1'2 

III g('llclcl! the fil!>t IOW cylillt!cl' is in::-'l'lI::-.itivc to llIotiO!i of tht' ::-'1l1IUl\lIdlllg (yhll 

ders. OtlH'r thall a lilllitt.'J etfl'd from tl\(' do\\'lIhl!('.llll cyltlld<'l' in ils \\'.d~(·, it I)t'h.\\(·s 

indepl'ndelltly of thl' l'IOtioll of th(' "IIIIOlllldillg cylilldt·I::-'. Tlti::-. IS ill b\!ut! .lgl",'IIIl'1I1 

\Vith vlbratioll (dynamic) test l(,~\llts. [li ::'Ilch eX[)('1 illll'Ilh iL f1('xihl(' cj'lilldl'!' ill tht' 

fir.,t-row alwcly& ('xhibitt·d il ::'Ilb::.tlllllially lowl'r amplitude vibl.tl.ioll.llll\ll!IOII Il'1.111\(' 

to lll!' othc! fll'xiblc cylinders and t'xhibitl'd COllplt'·! motiolJ \Vil h tlll' lI('\r\,!t· () 111101('1 

in lb wakc unly dt Itigh flow \'elüt il il':'. 

6.3.2 The Effect of Surrounding Cylinder Motion UpOll a 
Second Row Cylinder 

Th(' cylilJd"1 S hllrrolluding il second IOW cylind<'l' can be (.11 ('g()II~('d ilJlo 1 hl"(' gll)llp~ 

as, 

-- the upstrcam cylilldcrs (cylindt'rs IL and l H), 

- the sidc cylinders (cylinders 2L and 2R), 

- the JU\'.'l\slleélm l'yll\d(·l's (l'ylillders :3L. :m illld 1). 

~lotion of the sille ,·ylindl'ls. IJ.W(· :'C'!1sihly !I0 t'Cfcel (ll\ tllC' ill~tlllllll'lllt'd (ylllld('r 

'l'hi .. is lIIost likcly dlle tu the (,(lIl"lt!t'l alll(' di::-.I .ilI( l' Iwl \'.,'('11 t Ij(' ill:-,llllllwlIl (·rI oIlld 

thl' ::-.id(' cylilldcl::'. 

Tite displ.l(·lI11'llt of the IIp,,II('dlll (ylind(~r~ (tylllld('I~ IL dlltl IH) III 1 lit' III !I()\\, 

directilill dbo has little afft'ct on pitlwr the lift .1I1d drag t ()l'Hit i('lIb (jf t lit' Il)\\' ~ 

cylinder. In contI ast, as shawn in Figllre (i.-1:3 dl<' 1 IO..;:-,-flow lllo1 lOTI of t111'~I' (ylilld('I'> 

inducc a major elfect (>li the fluit! foru's acting lIpOll t1l!' ill<,tl'lll1wllted (ylllldt·l. FIJI 

cxalllple, a 0.'1 d. displaCCIIl<'llt of cylinder 1 L or lIt in t!H' lr()~.,-fl{Jw dill'( 1 HlII t /rdll,!!,('" 

the lift coefficient from 0 ta 1.0 ami the drag ('(Wlfill<'llt flOIll '2,G"') 10 '2:! LJI' clll 
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III"tllllll('/ltl'd (ylilld(" III t II<' M'cond row. Anot,her major ('[[ccl is indllccd by tlll' 

ill-f1ow c1in'( t i(lIlit! lIlut ion ()f cylinders :U.J, :lR and ·1 in the in-flow directioll, as showll 

III j"lglllc (j.H. 

'l'Iw/('fon', t/te !'I('«J1ld raw cylindcr is strongly a[[ccted hy motion of the up~tlcalll 

( y IllIcI," S él/lCl tu il 1('~!'Ier, bu t still important, exten t by motion of the downstl C,llll 

(ylilldt')s. Titis filldillg is in good agrccrnellt with two important re!'lults obtclincd 

durillg 1Il1l1ti-f1c'xiblc ('ylind('r vibration cxpcrirncllts. 

J. Whcn two fir!'lt row flexible cylinders are located in front of a second row flcx­

Ible t'ylinder, thp t.hrC'e flexible cyhllders t'xpericllce c1ynamic in~tability after a 

highly cOllpl(·d vibr,ttioIl,!1 motion. If the t\\'o Ilpstream flexible cylinders are 

1 t'pl'H ('d by 1 igid cylinders, the second ra\\' flexible cylinder stabilises. Thu~, 

t he Ilp~tI<'all1 fl('xible (ylillders have a major e[[eet on the second ro\\' flexible 

cylinder as VCI ifi('d by the force measurerncllts. 

~. If two fh'xible cylinders are located in the second row, cll sufficit>ntly high nOI1-

dilllellsionai f10w \('Iocities static instabllity occurs. Forée measulcments \'crify 

the: Cliticéll velo( ity for ~tatic instabillty obtained fIOm vibration cxpcrtlncuts 

with a dilfcn'lIce' of .t')%. Also, forcc mCal>uremcnts show that flexible cylillders 

ill the ~étlIH' ru\\' du Ilot affect each other Thelcfore, duc tü Iclck of couplcd 

Illotion dYII,II11i( 1/I~tilIJllit,y Cdnllot d,!velop. 

6.3.3 The Effcct of Surrounding Cylinder Motion Upon a 
Third Row Cylinder 

OIIU' dg,lill, t ht' ~ll)l\JlllIdillg C) 11Ildt'rs will be catC'goriscd into 1 hrcc group:,; the IIp­

~t\l·t\lI1l·ylilldt'l:' (cylind,'r 1. ~L alld 2H), ~ide cylinders (:lL and :31{) élnd dowl1strcarn 

C) lilldt'rs (cylindt'I's ·1 L, 1H alld .5) Up to this point th(' ('[[l'ct of the Sil/ rounding 

c)'lilldt'r:-. IIpOIl t hl' ill~tlllllH'nlt'd C) lin(\r>r V,·,t:-. lIIonÎtored al il flow veloclty of 16.G 

Ill/S olll)'. III thi:. 10\\', to ob~l'I'\'e Ihe effcct of thc ~llrrollndIng cyllIlders at dl[[crent 

I{t') lIold·, 1IlIlIlIwI:-., ('Xpelllllt'l1ts \\C1'e also perfolJlwd al a flO\\ \clocity of 8.3 mis. 
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The cffect of the upstream cylindcl's is critieally il!1port.ant alld ('aeh wlli lH' dis 

cus~,ed separatcly. It should be lloter1 that cylindt'I's 1, 21. and :m, tl'l~d \l1'! \Vil Il 

the tlli rd raw instruIllC'Ilted cy !inder. reprcsl'Ill the typical four fkx 1 hIe t'y Ilndt'l' ('UII­

figUI atioll used in many vibration cxpcriment.s. Cylilldcl' l, t\w U)):.IlI.11ll 1 Y li Ildl'r 

of the four flexible cylindel' configuration in t.he vibriüion eXIH'rilll('nts, 1:, IIH' Ullt' 

with the gl'catest influence on the dowllstream inst.rul11ent.<'d l'ylintl(·r. 'l'Ill' IW>( i'>l\ 

of this cylindcr in the cross-flow direction crcates ,t major changt' in hol h (hl' dl <1]1, 

and lift coefficients of the third raw cylinder - bath at Uoo = 8.~l mis and {l,v::"': \{i.(i 

mis, as shown in Figure 6.45. For example, the lift coefficient of the JOW :l (ylilld('1 

varies betwccn 1.7 and -1.7 wbcn cylindel' l is dispIaccd ± O.,) d. ahllll\. i(~ lliigill.d 

po~ition. In addition, thcse figures display t.he variation of the flllid forn' (ol'!lil \t'liI 

versus displacement at Uoo = 8.:3 mis, normalised lO with re~J>(,(·t to t.he plOpl'll i(':, dl 

Uoo = 16.6 mis. Normalisation is rea~onably sllcCl'ssflll in t.1H' !I = ± 0.2;) d illt.en"ll 

and will be used in the remaillder of this subscction. 

Bascd on the above rncasurcment.s, it is to be cxpccted t.h.il a fltoxibk (ylilldl'I' 

in row 1 will have a substantial effeet on a flexible <--ylinder in row :l in <t vlbl'.tI,ioll 

experiment. In fact, the experiment, with two flexible cylindcrs introdllc('d ill stlll,('(­

tion 4.2.2, (Figures 4.6 ta 4.12) tC5tifies to such an intimate rclatio/lship bdw('('11 !.Il(' 

motion of flexible cylillders in thcse locales. Tite vibr,ttiollal lIlotiOIl of t/(('..,(. (ylill­

cIers is highly coupled, and coherences as bigh as 90% are !l1Ulli tOi cc! b<'lw('('11 (ylilldl'f 

vibration signais. 

The next cchelon of upst.rearn cylind{'rs, 2L and 2R, aIso illcit.(· d 'iignilic'Llll d!'(·( 1, 

on the forces acting upon the row:3 cyIinJcr. Agaill, the cro~!>-f1ow lIlotioll of 1 ylllldt·(.., 

2L and 2H IIlduces ,t gl'(',Ücr change 111 the fluit! fOI ce Cf)('flicienb of the IU\\':~ tylllld('1 

compaled to that illduccu by the in-flow motioIl, a~ !>ltoWII in FigllJ('~ (j I(j ,L1It! () ,1 Î 

Finallyll t.he cffect of displacing the downstI<',Ull cyl1l1d('rs (IlL, 'II{ .int!.1) is ..,!tIJ\v1l 

in Figures G,48 to 6.50; this cffccl is llluch IC5s thétll litaI. illdllu·d !J'y \'Ilt' /II()\'iu!J o! 

lOThe norlllalisatlon technique IS Identical tü that IIscd III l,u!J.,I·ClIOIl (j L 1 
11Side cylinders have no effcct as usual. 

-------------------_._---



the ups!,rc[tll1 cylinders. Thcrefore, the four flexible cylinder array utilised in the 

vJlmüioll (~xperirne/lts ine/udes the flexible cylimlers that will have the major impact 

011 the ()~cillatory behaviour of a raw 3 cylinder-if ('ascading effects are not included. 

Abo, ill lIlost ca~es discussed abovc, normalisationl2 has becn 4uit(' tlucccssfui in 

a bload 1 dIlg<' of sLatic dispbccrncnts. Thus sllflounding cylindcr data dcquircd at 

a siIlgle Reynolds lIumber can be used in theorcLical ll1odels, if Ilorrnaliscd through 

utilisatio!l (Jf curves hke Figures 6.2 to 6.4. 

6.3.4 The Effect of Surrounding Cylinder Motion Upon Fourth, 
Fifth and Seventh Row Cylinders 

A g('nelal illspection of the data (Figures 4.51 to 4..53), shows that the motion of the 

Slil/Oll/Hlillg cylinders hcl,Ve a very lirnited effeet lIpon the fluid forces acting upon 

fomth, fifth and sevent.h 13 
IOW cylinders. This bccomes more ohvious when the SUl'­

rOlilldi!Jg cylilldcr effl'ct for a third and fifth row cylinder are compared as shown 

in Figures 6.54 1,0 ô.56. The differenccs betwcen the third and fifth 14 raw cylinder 

responsc to surroundlllg cylindcr motion is indced striking. The row 5 cylinders' drag 

alld lift coefficients ,lIC virtually independent of the surrounding cylinder motion, in 

sLl'ollg COlltl'élst to what has LeCH observed in row 3. This is in excellent agreement 

with vibration cxpel irnent results prcsented in Chapter 4. \VIdIe a set of four flexible 

cylilldcrs expcri(,llced dynamic lIlstability in the cntrance rows with highly couplee! 

motion, the same aITc1.y wa~ quite stable deep insiJe the array. \Vhell insidc the alray, 

the IIldividu,d flexible cylllldcrs of the four flexible cylindcr configuration acted like 

12 111 ~lIb"""lltlll 62 lIt h<l.-. Iwell detcrllllned that the ilha(ic of Ill<' !tfl and drag cO!ltour~) "spcuully 
III 11lt' l'url' rq!;IOll, \i1ry \l'ry 111111' wlth Reynolds Ilumber, FIgures 68 to (j Hi Thercfolc, If the 
\'.\r1,111()1l ut th,' dr.tg codlicll'lIl \'er~us the Reynolds Humber at i = a .lIld [j == 0 h ~IIO\\'n (FIgure 
li:! lu \i 1), then a llortll.dl~allOn fador C.1Il be obtamcd frolll tills dat.l to prc,llct the IJ!l!g711l11dc of 
1 h(' lOlllllll\'~ al dlfrl'rl'Ilt Hp) nold~ 11llll1bers, l'vell if only the colltours al a -;lllgle HeYllold~ numlH'l' 
1;, av.llb!>I" 

EWll (huugh, 1 here 1" only 111\11led Ju,,1 Ificatloll, the samc approarh bas bel.n useL! to /Io1111alise the 
,·Ifl'cl (hal '>lIrroundtllg cyllllder;, havc UpOIl alllnstrumentcd cylinder at dttfL'rcllt RCYllOld" Illllllbers 
The rt'~l1lt, as ~(,"11 III FIgures 6 15 to 6 fla, 18 8urpClslllgly good 

1.11·',)r (lllS experlll\{,lll t.WO 1lIore rows have bccn added to the IIsual eight row array 
I1TIIl' fl';'Pllll;'(' of 1 hl' fift.h ro\\' cyhndcr to surrounJllIg cyllllder motIon IS ;,cnsibly tlte same as 

th.11 exp,·rtt·lIced b) the fourth and scvcnth row cylmders 
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single flexihle cylinders, withollt any interaction with cadI ot hl'r. 

Thcrefore, both vibration and force meaSllrl'llll'nts indicatt' that Lht' instabdit.y, in 

this array is due to a rnllltipic-flexiblc-cylinder, "tifflll'ss-cont rolkd lIlt.'challIslll. Lack 

of interaction betwccn cylindcrs in~ide the array IH{'V('I1ts cllllpled llloliUII lH'twt't'n 

cylinders, - a nccessary condition for the existencc of this type' of inst..lbility ll\t'c1lil­

nism. Thus, in thi8 array, instabilit.y i8 cOllfin(·d to the entrance l"OWS I5 . 

lSU should be once aga.in recalled that singlc-cylindcr, dalllplflg-colltrolled rnt;chaJlI~/fII~ IIwffl'{ tlVI' 
in this array 
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Chapter 7 

THEORETICAL MODEL 

7.1 Introduction 

ln Chapter l, the mcrits and disadvantages of vanous theoretical rnodelling ap­

))l'Oachcs, taken by different researchers, were discussed. A modified quasi-steady 

model, developed by Priee and Paidoussis [74-80], was shown to delivci an excel­

lcnt ulldcl'standing (If the instability mechanisms, while only rCCfuiring a reasonable 

al11011llt of experirnental data. This model, as mentioned in section 1.5, has the ca­

pability Lü predict dynarnic instability in both single dcgree-of-frccdom [74, 75] and 

1I\1lItipl(· d<',(?,l'c('-of-frc<,uom systems [76-80], in contrast to sornc other models [61, 63, 

0,1, 65]. Using this Illoucl, Pricc and Paidoussis analysed systems with as many 

as lwelve flexible cylindcrs 1 (twenty-four degrees-of-freedom) [76]. Later, to reduce 

the magnitude of the computational work, they introduccd a so-called "constraincd­

llIocle" Ilwthod, wlH'rc a spccifie pattern of motion2 is prescribed for the eyliIld~rs in 

t.he .lrray [ii-80]. This hclped to reduce the analysis for an array of flexible cylinders 

tü four-degl('('s of frcedolll. Comparison of the critical flow vclocitics obtained using 

the "Iong-row" <lIld "collstraiIlcd mode" solutions, for the sarne gcornetry, showed a 

1 Later the)' n.llned t his approach, dcvelopcd for a two-row array, as the "long-row" solutIOn. 
2111 a rtù'nt study [80] the sa me au thon-, introdu('ed a varzable phase diffcren('c bctween the 

llIol ion of adjacent cy lindcrs 
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good agrccment for 10 < 1'h8 < 105 [771 . 

In thc present study, to investigatc the cffccts of vanolls par,ullt'tt'I"S UpOIl tilt' 

instability threshold of the rotated square array, an approach similar ln litt' "long­

IOW" I11cthod of Priee and Paido\lssis is adoptedJ
• The heat t'xchallgt'r tu IH' b.lllk 

is Illodel1C'd by up to four flexible cylindcrs (cight degr<'cs-of-fn'('dolll) i Il il Il an ay of 

otherwise rigid cylinders. The objective of such an approdCh is to test t!w tl\('ol'dicnl 

model against the various ll1ultiplc-flexible-cylinder vihl,tl.ioll expl'I illlcllts dist'I\!'o~(·d 

in previous chapters. It should be strcssed that the four fl('xiblc cylill(krs d\<' lIoi 

thought to be reprcsentative of a complete array of flexible cylinders. 

7.2 Equations of Motion 

Assuming equal mechanical damping in aIl modes and no lIIcchauical muplillg, th(' 

cquations of motion of the four flexible cylinders, sec Figure 7.1 (a), cali be Wl'i I.t,C·11 as 

F = [E]z + [C]z + [M]z , (7.1 ) 

wherej 

F = the fluid force vcctor; 

[E] = [k], the mcchanical stiffness matrix with kl} == 0 for ali tel/liS 

other than l = J, (the diagollal terrJl~, kit, can be di fr('1'{!llt fIOlI1 

cach other to intl'od uce dIffer('Ilcc:; bet ween the mcchall i( al 

stiffncss of adjacent flexible cylilldels) ; 

3The "construlllcd-mode" mcthod i\.,>!>urnes tlte patl('rll of cyliner motIOn tü bl! fCJm.t:tllt. t.ltrough­
out the array Such an approach. Imposes an additlOnallrlltlal rN.trlcllOlI to the !>olut 1011 Tlwrl'flJrP 
ln thls case, whcre a maXlInUn1 of elght degrec:,-of-freedom lS de&lred, tlte "Ioug rOWn tJ pl' of I>CJIIIIICJIl 
il' computationally fcru.lble and IS expected tü bl' more accurate 

~ 
1 

1 
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[Cl = b[/sJt:s], thc mcchallical damping matrix, b being an llquivalcnt 

viscous damping coefficient; 

[M] = mlf/axa], the mass matrix, m heing the mass per unit length 

of the cylinder and e the cylinder lcngth. 

In thc following sections the expressions for the fluid force vector, F, will be obtained. 

7.3 Fluid Forcf!s 

As secn in Figure 7.1(b), due to the vibrational motion of a flexible cylindcl' the 

rcsultant velücity vedor for cylindcr ~ is at an induced incidence, QI, tü the upstrcam 

vclocity. Ncglccting higher order terms, the angle of induœd incidence QI and the 

resultan1. velocity vector Ur can he defined as 

(7.2) 

and 

Ur ~ Ua - x, (7.3) 

Whcrc Ua is the so-called "reference gap velocity". This velocity can be obtained 

fWIII continuity to be 

UG = Uooa , (7.4) 

wl\('1"C Il = '1'/(1' - O.5d) and Uoo is the upstream velocity. 

Using quasi·stcady acrodynamics the fluid forces on cylinder i in the x- and y--

dilCct.iolls cali bc exprC'ssed as 

(7.5) 



l 
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whcrc th and ë D are lift and drag coefficients, non-dimensionaliset! wi t Il ICspcct t 0 

the local approach velocity. However, the measnred force c()t'fficient.s 'U'l' b.ISl'd un 

the upstream velocity Uoo and not Ue. Realising that U,!CIJ = {lAC!., Wl!t'Il' Cl, IH 

now based on the upst.ream vclocity, cnables CI, t.o be written as 

(7.G) 

and similarly for the drag coefficient. 

By non-dimensioualising the displaccment vedor with respect to the cylilldl'r di­

ametcr and combining ('quations (7.2) ta (7.6), the resulting (!xpressioll fOi thl' Illlid 

forces can then be written as 

(7,7) 

For a flexible cylinder in the first row of the array Uc in ettUatioll (7, 7) i~ n'plilC(~d 

by Uoo • In this analysis CL and CD arc functions of both the Reynolds nllmbdl .1IId 

cylindcr displacements. Assuming that they can be expressed in a Itl)(·;tr fOl Ill, CI, 

and Cv can be written as 

(7 ~) 

where the derivîtion of the Reynolds IlIl111bcr Jef)('ndcnt Lellll ... , i!> giVI'11 in Appl'Ildix 

3. ç and 17, respectively, arc directions JMt<tllel alld Ilorlllal to gap f!o\\' de. e.hO\\'JI III 

Figure 7.2. Ncxt, various time clelay terms introdllC<'cl into thi~ illlalysis, ale di ... ul..,.,('r! 

-
4In prevlOUS unalysls, due to lack (jf data, thl:' dcvplopprs of the llIod,·1 upgll!(·t,.d th" ,.fr,·tt, 01 

ReynoJds nurnbcr on CD and CL 
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7.4 Time Delays and .A.pparent Displaceluents 

ft i~ a~~llllled that the fluid forees acting on a flexible cylinder (i.e. cylinder 4) are 

affeded by its OWIl motion and that of its three othcr neigbbouring fl'~xible cylinders 

(i.e. cylillders l, 2 and a). IIowcver, the cffect induccd by the neighbouring flexible 

Ljlillcl(~rs will not be IIlSlalltancous and will involvc a time delay, TI) necessary for the 

disturbance to t.raVCIS(· the distance bctwcen the cylinders. Thus, following Simpson 

and Flower [91], Priee and Paidoussis (76J stated that the apparent displacclllcnt of 

cylindcrs l, 2 or 3 in tlle in-flow (x) direction, as viewed [rom cylinder 4, will be 

(7.9) 

wherc z = l to 3 in this casè. The corrcsponding displacement of cylinder 4 will be 

only 

(7.10) 

The exact magnitude of the time delay T" is as yet unknown6 , but following the work 

of PI icc and Paidoussis it can be approximated as 

(7.11) 

whf'l'e 5', is the distance betwcen the center of cylinder 4 and the three other flexible 

cylilldl'rs. Ue, the so-called "gap velocity", has already been defined by equation 

(7.·1) 111 S(·ct.IOIl 73. 

:\notl\\'1" t'fred of cylindf'f mollon is to producc a change in the angle or incidence 

of tht' ollcollling f1ow, as secn in Figure 7.1. Assurnillg Î and il ~ Ueld and ncgleding 

~l'COlld 01 d('1' tl'I'IIlS, the induccd angles of incidence, al) fol' cylindcrs l, 2 al' :3 are 

5Thl' ,lIlal)'~ls will he de"-t'lopcd a:; vlewcd frorn cylindcr 4 and later generahscd 
li A l'\lm'lIt r"~l'.lfdl progc,ull III ~lcGdl is auned at havlIIg a bt'ttcr understandll1g of thts lime 

lkt!)' 



1 givcn by 

(ï l:!) 

and for cylinder 4 by 

(7.1 ;l) 

The rcsult of this illdllccd incid<'llcc is to rcorganize the diu'clion of tht' illlt'l!'ItltÎ.tI 

gap vclocity and prodllce apparent displaC('mellts of cylilld('rs l, 1 alld :~ as vÎt'wt'd 

from cylindcr 4. The apparent rlisplacemcnt.s-parallel alld lIurIIlcd 1.0 !.I\(' Il·.dlglH'd 

gap velocity, ç, and 1', - can he dctermincd frolll Figure 7.2 as 

.11Jl = -2LCtll .1ÇI = 0, 

tl1J2 = - L02, tlô = 'l'o.'), 

.1'Tl3 == -L0:3, ~Ç3 = -'1'03' (ï 14) 

In order to express the variables in equatlOn (7.14) in tenlls of t.illle l ill~tc·;\C1 uf l - T, 

the cylinder motion is assumed to be harmonie, such that 

where x,o and y,o are dlC amplitude of oscillation of cylinder i III tll(' ill .l/ld (!o...,...,-!Iuw 

directions, and À is an eigenvalue of the final solutioll. Tlwrcforc, varial)I(·~ .ll 1 -- T. 

can be expressed at time t as 

wherc gl == exp( -TIÀ). 

.l.,(t - ri) = x,(t)exp( -T,À) =..: 9 •. f.(t) , 

.i·l(t - rI) = gli-.(l) == g).x,(l) , (Î Hi) 

In addition to above diseussed time dday terms, Simpson (wc! Flu\\('r [~Hl dd\"­

mined that another delay tcrm, duc to t.he flow retardation df(·( t (li (Jll (HI tlJI' ...,Llg-
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llatioJ) regioll of the cylillder is irnport.ult in arrays where large changes in the fluid 

furee wdficiellb !lI(Iy occur as a rcsult of sma11 cylinder displacell1<'nts. This Lcrlll 

is <'sp<,cially importallt as It Citll lead tü fluid-dynamic damping forces which cali be 

l'it IHor ~taIHb~lllg or d('st(lbtli~;ing. lf the flow retardation is ignolt'd. th('1l the time fol' 

éL flilid Pi!JlH I(~ to traverse florn x = Xl to R+ 6.R is t = [Xl - (R+ 6.R)l!U, whcre R 

is t11C' (ylillder l.tdius amI U the constant flow velùcity. But, as the flow approclches 

t.be rylillder, it slows dowll. Thcrefore, the approach velocity has to be taken as a 

vcLriablc to hdve iL rcalistic (o:-.timate of the time rcquired to traverse the distallcc from 

:1'1 to Il + 6. Il. This time can be cxprcssed as 

(7.17) 

whel'l'Ua is the variable approach vclocity. As a first approximation this velocity can 

he Laken to be Ua = U (1 - R2f X2), as that gi VCll by potential flow thcory 7 for flow 

<ll'ound a single cylinder to yicld 

6.t = Ji [en (XI - R) _ (,~ ( 6.R )]. 
2U Xl + R 2R + t:. R 

(7.18) 

Takillg Il as large compared to 6.R simplifies the above equation further, to the form 

R [2R] 
:3.t = 2UI!n 6.R . (7.19) 

t\ typÎcal \'alue of 6./i is yet unknown, but Simpson and Flower [91] by véuying, ~H. 

l'rom 0.1 H to a.OIR calclllateù ~t == O.7.5(djU) ,tnd 6.t = l.:32(dfU), le~pectively. 

Thl'l'C'foIC 1111 t'qllatioll of the fOl rn 

6.t = pd , 
U 

( 7.:W) 

Whl'fl' Il is of order unit y can be taken to be an acceptable reprcs~ntation of the dclay 

;'Pnn' i!Jl(\ Pal\IOllSSII> pô] rcwglliseo tlus Ilot be totally correct, but 1fI view of other assUlIlptlOIlS, 
did Ilot purl>llt! a lIJore l'x.wt CXprl'SSIOIl 
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induced by ilow rctardatioll until furthcr understanding of the plObll'1lI is gclilll·ds. 

Assuming harmonie motion, Priee and Paidollssis [76] stated that this lIow rc· 

tardation wlÎl induce a y-dircctional apparellt displaccllH'l\t of th(' cylilld('r III t h(· 

fonn 

~y = y(t)[l - .il] , (7.11 ) 

whcre 

li = exp(-À6t). ( ~ ')')) 1 __ 

The final apparent displaccmcnt of cylindcrs 1 to 4, as viewed from cylilld('r ·1 at 

time t can be obtamcd by substituting <,quations (7.12), (7.1:!) and (7.Hi) illt.o (7 III) 

and multiplying the outcome by equat.ion (7.22). The r('sult.s are giVl'1l \w!ow, 

6 = 9G9'l [.T2(1 + T'l'\) + T'\Y2/ UG}, 7]l = 9(;9l!J2( 1 - ).,L/Ur;), 

6 = 9G93[X3(1 + T3'\) - TÀY3/ UG] , 7]3 = 9C93!J3(l - ,\L/UG ), 

(7.1:Q 

Based on the apparent displaccIllcntsshown in FigllI'l'S 7.2 and Il:-.illg tl)(' plO(·duI'e 

detailcd above, the final apparcnt displacemcnts, as vi(·wed from the f)('r:-.pcctive of cdl 

other cylindcrs can abo be detcrmined. Thus the appmellt displau'I!I('l\ts of ('Y)I1I<I('IS 

1,2, :3 clnd ,l, as vicwl'd from cyliJl()er l, at time l éUt' dt'l('lIllill('d tu l)(~ 

6 = 9G92.T2(1 + ,\T2) + 7"\Yl/Ur;o, 112 = 9G92Yl. + LÀYI/l f, •• " 

Ç3 = 9G93.T3(l + ÀTj) - TÀyt!Uoo , 113 = 9G91!J3 + LÀ,IJJ/(fr.J , 

(Î 2,1) 

Similarly, the appan'lIt displacclllcllts of cylillde/s l, 2, :J illld '1. él,> Vl!'w(·d l'will 

8Pnce, Paidous~l~ and co-workers arc prt'sently pur&UlIIg <L1l lllvoived /·xlwrlllll·lIl.d :-tudy tu h.lV(· 

a deeper llllderstanding of the lime del.lyS lllvolved 
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cylillc!(!r 2, al time tare 

(7.25) 

Fi/lally, tll(' apparent displacements of cylinders 1,2,3 and 4 as vicwcd from cylinder 

.1, al time l (t,rc, 

Çl = 9oo!JIXJ(1 + Àrd - !Joo9I TÀ yI/Uoc» 'TJI = goo91YI - 9oo91 LÀyJ/Uoo 

6 = 9C;!J2 X 2(l + Àr2) - ga92T ÀY2/ Ua, 7]2 = gag2Y~, 
(7.26) 

Ça = 9C X 3 7]3 = geY3, 

Ç4 = 9C!J4X'I(l + "\T4) - gaT ÀY3/UC, 114 = geg .. Y4 + ge L),Y3/UG. 

Bcfore substituting the apparent displacements given by equations (7.23) tü (7.26), 

iuto equdtion (7.8), it is possible ta introduce certain simplifications arising [rom ge­

üllwtrÏ<' symmetry of the present a.rray. The force measurements discusscd in chapter 

ü have' subs!.antiatcd the validity of these simplifications, shown below 

(7.27) 
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By sub~titut.ing cquations (7.23) to (7.27) iuto equation (7.S) 1 lit' lift alld III ,\~ (l) 

efficients for each flexible cylindcr as a function of the R('Yllolds 11111 Il I)t'I', Ils u\\'11 

motion and the motion of the othcr fl('xiblc cylind<'rs cali be obt.\illt'd. TitI' 1(':-.,,11:-. 

arc presentee! in Appcndix 4. Once the lift and drag codIicil'nls arc Ikll'lïllilH'd, \ hl') 

in tlll'll can be slIbstitutcd into cquation (7.7) to obtain li\(' fluid fnl'(,('s ad illg Ull 1'.11 It 

cylindC'r in the x- and y-directions. The complete s('l of f1uid fnIC<'S <Il t.illg 011 tlll' 1'11111' 

flexible cylinclers can be written as 

F = [I<]z + [B]i 

whcre 

[[(] = thc fluid-stiffness matrixj 

[B] = thc fluid-damping matrix. 

Finally, equations (7.1) and (7.28) arc combilled tu furlll t,}w (llllIph-tl·l'qll.dll}lI:-' 

of motion as 

[M]z + {[Cl - [B]} i + {[eJ - [/\']} Z = 0 . 

Substituting the cxpandccl form of the malricies 

[M] = mf[Isxsl , 

[CJ = ndwob[/SxMJ, 
r. 

[/~'J = w;mf[lt] , 

[/3J = pdfU [BJ , 
2a 

[[(J = pRU2[I?J , 
2 

(7 :!'J) 

(7 :W) 
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lllto cquation (7.29) yiclds 

J" {mewoé( J PdfU(BJ} , {2 ( peu
2

[_]} me(/axa z + 'If' faxa -~ Z + womf h] - -2- J( z = 0 . (7.31 ) 

Introducing a non-dirncnsional displacement vector, z = ~, and a non-dimensional 

time, t = woi, into the equation of motion lcads to 

.. { () Ü -}. { Ü
2 

_ } (faxsJz + ;[IsxaJ - 2ma (BJ z + [hl - 2m (KJ z = 0 

- U m 
where U = - and m = - . 

wod pd'}. 
(7.32) 

The individual terrns in [R] and [B] are as given in Appendix 5 and 6. 

In this allalysis a solution of the form z = zoexp(..\t) is assumed, where ..\ is é' 

cornplex cigenvalue. At the dynarnic instability boundary ..\ will be purely imaginary, 

indicating zero damping. The eigenvalues and eigenvectors are obtained through 

st.a.ndard nurncrical procedures. 
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Chapter 8 

THEORETICAL RESULTS 

8.1 Multiple-Flexible Cylinder Fluidelastic Insta-

8.1.1 

bility 

Four Flexible Cylinders and The Instabililit.y Thrcsh­

old 

The stability of a P/d = 2.12 rotated square array housing a four-f1c'xibk-cylind('r 

configuration was investigated using the fluid force coefficients and their Viti j,d,jon 

with displacement, presented in AppeIlJlx 1 '1'0 compare with the cxp('rilllt'iltai 

results discussed in section 4.2, the fl{'xlble cylinder cOllfiguralloll was local (·d ill 

different rows of the array. Figure 8.1 shows the variation of the IIOIl-dIlIlC'IlSlOllcd 

Cl i tical veloci ty, Uc / ln d, versus the di llI(,lI~ionle~s mass, 1il, for four f1('xl bl(· ( Y 1 Il)d(~! 

configuratiolls with the upstrcam of the four cylilldcrs locafcd in (',tel! (jf t.lw nl.,t. ftV(' 

1'ows of the anay. The Jamping paramctcr, ~, was kept al 0014 alld \lO fn'<I))('I)( y 

dctuning between the cylinders was iIltloduC<'d. The le~ults of FiguJ(' 8.1 .,h()w t bt. 

the four- ftexi ble-cyli nder configuration hds t.he low('st i IIstabi 1 i ly tlll ('!>I!old w 1 !l'Il i b 

upslream cylinder is in the second lOW
1

• Then configulatiom Wlt Ir t11t'11' 11 p..,1. 1 ('dlll 

1 An exceptIOn to thl5 15 in < 75, where the four fiexlblc-cylllloer COUfigUf.LtHJII Il Ill. If'> IJjJ") fi alll 
cyhnder III the thlrd row has the lowcst crltlcdl vclocity. 
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cylinders in rows l, 3, 4 and 5, respectively, have increasing instability thresholds. 

This trend is in agreement with the experimental results of section 4.2. 

Experimental results of Chapter 4 showed that, an equation of the form 

Uc / /nd a (m)13 ... 8 = constant (8.1) 

was flot applicable for the P/d = 2.12, rotated square array. Even, in a relatively 

lIarrow range of dilllcnsioniess mass, 195 ~ 111 ~ 980, the exponent in equation (8.1) 

(3, exhibited a substantial variation from 0.38 to 1.55. For the same configuration 

and the "ame range of dirnensionless rnass, the theoretical calculatiolls resulted in a 

fJ value va.rying bctwecn 0.19 and 0.27. This low value lcads to the conclusion that 

t.he tll(,01 ctical mode! utiliscd, fazls to predict the experimentally determined strong 

dq)ell<h'ncc of critical vclocity upon the dimensionlcss mass. 

1\\so in Chapter 4, it was experimentally detcrmined that the critical velodty is 

ollly wrakly rclatcd to the initial damping of the cylinder, O. For 0.014 < 0 < 0.25, 

the rdationship betweell the two variables was proposcd to be in the form 

(8.2) 

whcre a = 0.06 and 0.07, respectively for m = 280 and 490. Figure 8.2 shows the 

tJ)('oretically deterrnined effect of initial cylinder damping upon the critical velocity 

for rh = 75, 280 and 1500. For 0.014 < 8 < 0.35, the theoretically determined 

relatiollship between critical vclocity and darnping cau be approximated by equation 

(8.2), wll<'re cr vdrics bctwccn 0.10 and 0.39, depending upon the value of the di­

IllclI~ioIlI('ss mass. Thcl'eforc, the theoretical model predicts a greater depcndcnce of 

crit.ical velocity upon the cylinder damping th an the experimentally detcrmined one. 

1\gain in Chapter 4, for a four-flexible cylinder configuration (m = 280 and 0 = 
0.01·1), Lh(' variation of the stability threshold with position in the array had been 
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discussed. Figure 8.3 compares both the experimcntal and t1H.'ordicaI 2 1t':'IIItS for 

the variation of the nondimensional critical velocity with cylilldcr posit.ioll in t.he 

array at rh = 280 and 8 = 0.014. Both the expl'l'imelltal and tht'Oldical CIII Vl'S .ln' 

quite similar in shape. In bot.h cases the entrancc IOWS arc f\)\llld to \)(' the !e,I."t, 

stable, whereas the rows dccper in the array, are found to he 1lI0l (' sLthlc dut' to 

lack of cou pIed motion between flcxihle cylind(·l's. Figure 8.3 Ids\) shows a Illajor 

shortcoming of the rrlOdel, which is a differcnce of ail Oldt'r of Illagnit.udt· !H't,WI'('1I Ul<' 

experimental and theorctical critical velocities. Thel dOle, the pr{,~t'llt. lIlodt'l, allt'dst 

for the rotated square array, is more likcly to dcliv!.\r a genelal physicalulldl'J'sLllldiJlg 

of ftuidelastic instability rather than predicting illstability threshold wit.h plt'cisioIl3
. 

8.1.2 Sensitivity of Four Flexible Cylinder Motion to "Un­

steady Effects" 

The '\msteady ('ffeets" included in this modcl are: the time deld,y Iflow retardatioll 

effeet, aecounted for by equation (7.20): thc dclay betwccn the lIIotioll of cylilld('rs, 

aeeounted for by equation (7.11); the wake inclinatioll dfcct, aCCollllted for by ('(pm-

tions (7.12) and (7.13). 

In a rt'œnt study [79] Paidoussis and Priec showed that. tbe tilllc (kl,lY ClcLo!", Il, 

dei/ned by equation (7.20) has a major cffcct in the stability b('l!d.viollr {Jf slllgle 11('xihl(! 

cylinder models, cspecially in the lowcr mS range whcrc the fhlld-dalllpl!\).!; C oll\.I!J!1ct1 

instabili ty mechan ism aUains importance. To asse:-,s i ts im portance i Il tllls cl Il ily, the 

time dclay factor, Jl, has becn varied bctween :l.O and 0 O. As showlI in j·'iglll(· SA, 

for m > 7400 (m8 > 104), thc value of Jl has no dfect 011 the /Ioll-dilllCII:-,io!\,t! (1 iticitl 

veloeity. However, for in < 740 Cino < 10), thc t'f[ed of Chitllgillg IL md/Ll·c' . .., <t (It,LlIp,e 

in the non-dimcnsional critical velocity. For rh == 74 (l'id) = 1), at Il = 0 illld Il = a 

the non-dimcIlsional critieal vclocities are approxirn(!tely .10% less illld 75 % g,lc,tler, 

respceti vely, than thc value at JI. = 1. Thcrefore, the n \Iid-dam pi Ilg t.er IIIS gellC'l"il!.(:d 

,----------
2These rcsults can be obtamcd frorn Figure 8 1 at 111 = 280 for each pO!>ltlOlI III tlte array 
3There IS, as yet, no such mode! 
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by Il are stabilising4
, rather than destabilising in t.he region of m < 740 (rhô < 10). 

This is in general agreement with the rcsults of Pricc and Paidoussis [76J obtained 

through their "Iong row" solution for a different array. 

The effect of the lime dclay lerm, TI, and the wake inclination terms, 0'1 and 

(}"I. are Jetel mil)(~d to be negligible in this array. Setting these terms equal to zero 

gCIlcratcs no ~cnsible chilnge in the instability thrcshold. 

Thercforc the inscnsitivity of the critical flow vclocity to both time delays 6t and 

TI, ddincd by equatioIlS (7.20) (7.11), and to the wake inclindation terms, QI and Qot, 

d('fill(~d by equations (7.12) and (7.13) allows major simplifications in the t.hcoretical 

l110dcl adopted. 

'l'he effcct of the variation of drag coefllcient \Vith Reynolds numbcr5
, has been 

illcluo(·d in the model as per equation (7.8). Numerical investigations revealed that 

inclusion of this factor has sensibly no effect6 on the non-dimensional critical velocity. 

This 1 cSlIlt is not surprising when it is noted that the Reynolds number dependent 

tenus an' a part of the fluid damping matrix7 which ha.c; practically no contribution to 

the instability mechanism prevailing in this array. Omission of the Reynolds number 

depenoent tcrms introduces further simplification into the mode!. 

8.1.3 Sensitivity of Four Flexible Cylinder Motion to Fluid 
Force Coefficients 

'1'0 asscss the sCl\sitivity of the instability threshold ta variations ln the fluid force 

('oefficic'I!ts\ a series of calculations have becn pcrformed with modified coefficients, 

specific.tlly, reduced by 50% and increased by 50%. Tables 8.1 and 8.2 summarize 

t.lrc CI'iticd.l vt'locitics obtaillcd \Vith inclcased and dccreased ftuid coefficients as weil 

4Tlw: Il> Ilot ~urpf1Slllg ln the light of the flUld force coefficients presellted 1Il Chapter 6. For 
1Ilst,flllllt'lIlt'd t')linders ill rows 2, 3,4,5 and 7. {)CL/8fj and aCv!ai are both pOSitIVe. advocatl/lg 
stabllislIIg Ihlld-dampl/lg tenns 

:'oThis dppmach ollly conslders the change in the v.tlue of the drag coefficient of each flexible 
cylindl'r wlth He. [n Chaptl'r 6 It is shown thal the variatIOn of fiUld force coefficients wlth respect 
to displaCl'lIll'lIt 18 only weakly dependent upon velocity and such an efrect IS neglected in titis mode!. 

6 For Iii ~ 750 the critlcal veloclty Îs unchanged, howcver, for m < 350 a change le&s than 5% has 
bcen noted. 

7 AppClldlx 6 
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as with the original force coefficients. As cxpccted, reducing t.he forn' Cl)('fIi("it'Ilt.~ 

generates an increase in the critical vclocity :tlld vice versa. III ,tH ("aM'~ t.1lt' ch,U1gl' 

in the critical vclocity is less than the change in t.he fluid codTkit·nts. This ~igllili('~ 

the critical vclocity for this array not to bc oVt'r ~('nsitivc to tht' :'imall ch(lJIg('~ in t.11t' 

fluid force coefficients. 

8.1.4 Multiple Instability Boundaries 

Multiple instability boundarics at low inD values have bCt'n CIlCOUll!.C!"('J III Vilnoll!'i 

theoretical modds [63-6.5] and [74-80] as weil as in a f('CC>J1t cxpel"illl('lIl,d !'illldy [M)]. 

Inspection of Figure S.l, for the case of upstreilm cylinder of the' four-fl(·xibl(·-cylindcl" 

configuration located in rows 3 alld 4, cxhilJlts a sllddcll cllOp ill t.he CI itic;d 11011-

dimensional velocity for m < 300 that could pos~ibly be' dll(' to l'xist('ncc of Illult.iple 

instability boundaries. Figure 8.5 5uml11aris('s a "lIull1clical sC'arch" for SUell Illlllt.ipl!' 

instability bùundaries at low values of m. Ii is seen that for 111 .=;: 1 and IG as tilt' 

velocity is decreased, the cigcnvalue of the solution changes sigll at {I '::: ::!.:l alld 

the array bccome:; st.able. If the eigenvaluc is rnonitorcd at lowcr non-diIlWl1:-.ioll,t! 

velocitics it is obscrved t.hat at Ü ::: 0.2 the cig('llvaluc c1lilngt's its sigIl 011('(' ll10re 

and the system becomes unstable again. Evcnt.uétlly furl,hcr rt'dllctioll of (j r('st.aIJlis(·s 

the system. A similar display of instability bands has also !}('CII d('u·( kd for il [(JIll 

flexible cylinder configuration with iLs upstream cylindcr in IOW '1. 

Existence of multiple instability band for this élITay is, sOlllcwhat. 1l1l<'XfW( tccl, 

as the damping controlled mechanism is stabilJ~iIlg r,ltlwr thilll d(·..,t.tbilisingl!. Â'i 

suggested by Priee et al. [80J cv en at sUlh low ùlb valu('"" tht' lIuiri-..,tifl"lws·, (olltt(JII .. c! 

mechanisrn can be dominant cnough to g('I1erdte III..,tahility h(lI1d~ t1l1ollgh Ut<' dlecl 

of fluid stilTncss tcrms osctllating harmonical1y. 

The results presentcd in this section strongly ~lIggest that, by far, dl(' dominant 

instability mechanism in a rotatcd square array with Pjd = ~.12 i~ the lIIultiple· 

8Even though stablhslng, It IS still oscillatory 
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flexible-eylindcr, fluid-stiffness eontrolled one. As shown by the magnitude of the 

nOll-dimensional critieal velocity for instability to occur, the fluid-stiffncss cffccts 

are most dominant in the first fcw upstrcam rows-relative to downstream positions. 

'rime delay tcrms, associatcd with flow retardation and adjacent eylinder rcsponse 

Jag, have IWL'n fOllnd to have no effect on the stability threshold of the array and ean 

be negl(·cted. 

8.1.5 TInee Flexible Cylinders and The Instability Thresh­

old 

ThcoJ'etieal results for the stability threshold of a three- and four-flcxible-eylinder 

configt\['éltioll dJ'e cornpared in Figure 8.6. The three-flexible cylinder configuration has 

cylinders in positions 2L, 2R and 3, whereas the four-flexible-cylinder configuration 

has cylinders in positions l, 2L, 2R and 3. The only difference between the two 

collfigurations is an additional flexible cylinder in the row 1. As expected the tluee­

cylindcr configuration is more stable in the range 75 ~ m ~ 750,000 (h = 0.014) when 

thc thrcc-flexible-cylinder configuration is placed deeper in the array, the stability 

thtcshold increases further, as shown in Figure 8.7. For example, the non-dimensional 

critieal vclocity for a configuration with upstream eylinders in row 5 is approximately 

two (mlers of magnitude higher than that of the same configuration with upstream 

cylinders in IOW 1. 

8.2 The Effect of Frequency detuning Upon the 

Instability Threshold 

8.2.1 The Effect of the Mass-Damping Parameter 

ln Chaptcr 4 it \Vas shown that frequency detuning belween the eylinders of a Pjd = 

2.12 rotatcd square array incites substantial variations in the instability threshold. 
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In a nurnerical study, frequency dctuning can he rralisC'd by int.roducing dilfl·!t·!lCt>s 

between the diagonal tenus of the mechanical stiffness matrix d(·fill(·d hy (·qll.ltion 

(7.1 ). 

To enable comparison with experimcntal rcsults. il. four fh'xible rylind('r cOllfigu­

ration is located in the threc upstrcam rows of the aIra)' (cylinJers 1,21" :m and :l). 

The initial natural frequcncy of the row 3 cylindcr is k('pt. collsLmt, whil(· t h.ll of t.he 

other cylindcrs, collcctivcly, arc varicd. 

Typical rcsults, for r"n89 = 3.92 and rhb = 10500, are as shown in Fig,lll'('S 8.8 

and Figure 8.9. A quick inspection of these figures suggest.s that cffed of [n'qlleney 

detuning upon the non-dimcnsional critical velocity is not only il. fllHct.inll of 11/b, 

but of band nl scparately. This observation is pSj)('Cially pronouBced in 1.11(' po~it.ive 

detuning l'egion Ul,2L,2H/ h > 1). 

The numcrical results for rn = 280 and 8 = 0 014 shown hy él solid line ill FigllJ'<' 

8.8 can be compared with Figure 4.58 displaying the expcrirrH'lltal r('slIlt.s for tilt· ~'llll(· 

conditions. Both results lO , reproduced in Figul'e 8.10, shows il. gellf'ral agI ('('IIH'II1. in 

the region /1,2L.2R/ /3 > 1. However, for 0.8 < !1,2L.2n/ h. th<, Il li lIWI H (II snlutioll 

exhibits a sharp illcreasc in the instability thl'cl>hold, in contl'ast to the exp('1 /I1)('IIt.al 

results. Finally for fl,2L.2R/ h < 0.8 both CXpCI imelltal alld nUlIwricéll tl('wls Me 

the same, but a magnitude diffcrcnce still exist, pl'Obably Jue to the ShM\l 11t( r(,d~(' 

experienccd in the prcvious zonc. In gCIt('1 al thc <lgl'cclllcllL betwccll <'X(WI illH'/lt.al 

and numel ical detuning results arc not satisfactory. 

8.2.2 The Effect of Cylinder Darnping 

ln this section the effect of detulli/lg on the llon-dirrl<'llsio/lal critical v<·lo('it.y al th,,'(! 

damping values, -8 = 0.14, 0.011 and 0.0014 --, if> prcscllted. 'l'Il<' otlH'1' i/lit.ial 

9In Chapter 4, It has been shawn that lumplng rh and El togethcr III forlll of a .,illglc JIIJI('II~I()IIIt'h'> 
parame ter is Ilot applicable in tills array SOit should hl' ~trc~~l'd that. tlll., :1l'prO:l( 1. 1'> .1I!opt,·d 

here just tü bhow that It docs not give satlsfactory rcsults 
lOThe physlcal unde;standing attallled frorn thlS curvc has beNI dl.,cu~.,ed ln Chapter " aud will 

Ilot be repeated ln tlus context 
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conditions are idcntical ta thosc of the previous subsection. As obscrved bath in 

Figure S.11 (rn = 2S0) and Figure 8.12 (in = 750000) changing damping by two­

orders of magnitude has no sigmficant efTect on the non-dimensional critical velacity 

in the positive detuning regian, fl.2L.2R/ h > 1. Whereas in the ncgativc d 'tuning 

rpgioll, !l.n.ud h < l, cspcciaIly far the highcr dimcl13ionless mass, m = 750000, a 

su bst.illlt.iai cfred of darnping on the stability thrcshold is observed. In gcneral, it can 

be pl'Oposed that, in the operational range of actual heat exchangers lJ the instability 

thrcshold of a detuncd rotatcd square array with P/d = 2.12 is wcakly related t.a the 

initial darnping of the cylinders, especially in the positive detuning region. A similar 

inscnsitivity of instability threshold of detuned arrays ta initial cylinder damping has 

also bc('n reportcd by Priee et. al. [77]. 

8.2.3 The Effect of Dimensionless-Cylinder Mass 

Agaill, for a four-flexiblc-cylinder configuration, located in the three upstream rows 

of the array, the initial natural frequency of the row 3 cylinder is kept constant 

while that of the others is varied. Figures 8.13 to 8.15 very clearly show that, at 

aIl damping values, changing the dimensionless cylinder mass has a large effect on 

thc non-dimcnsional eritieal vclocity across the whole detuning range. This result is 

not surpl'ising iu light of the experimental findings presented in Chapter 4, showing 

the dominant effeet of cylinder mass upon t.he instability threshold. Therefore the 

Ilunwl'ic,t! l'csults verify the critical velocity of this array to be more sensitive to 

dinH'l\siolll('~s mass than damping. 

8.2.4 The Effect of Flexible Cylinder Position 

III Chapter 4, it \Vas shown experimentally that the effect of frequency detuning, on 

tlw instability threshold deCl'cases if a flexible cylinder configuration is located in the 

11 A d.\I11plllg value of 00014 IS an order of magnitude lower and a dmlenslOnless mass of 750000 
IS at h~;\.~t tWO orders of magnitude highcr than that of an actua\ heat-exchanger. Sueh extreme 
\ allies arc IIsed to IlSSCSS the effect of t,hese vaflables 111 the broadest range possible 
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inner rows of the array rathcr than the lIpstrCéllJ1 row:-;. Dynéllllic test.s hl'\,(, 1 ('\"('akd 

this 1.0 he due 1.0 a major dcficit of COli pied motion inside tl\(' arra)'. 

In this context a four-flcxihle-cylindcr configuration (In = 280,6 = 0.011) is 1111-

mcrically first located in positions 1,21., 2R and 3 and tJa'll in positions -i, 51. [)i{ 

and 6. The Ilumcrical reslIlts, shown in Figure 8.16, are in agrc(,IlI('IlL with vibratioll 

expcrirnent results. Inside the array the effed of dctulIillg, ('~p('cially in t.!\(' H('g.\ti\'l' 

dctuning range, is Jess relative to the upstrealll rows. 



Chapter 9 

A GENERAL DISCUSSION & 
CONCLUSIONS 

In this th<:'sis, the flow-induced vibrational behaviour of a rotated-square array, with 

P/d = 2.12, was invcstigated both cxperimentally and theoretically to introduce 

fUl'thcr insight into t.he nd.ture of fluidelastic instability mechanisms. 

The expcrirn<:'ntal studies were comprised of extensive dynarnic (vibration) and 

:;,tatic (fluid force) mcasurcments, whereas the theoretical studies focused on intro­

ducing limitcd changes into an existing quasi-steady model and applying it for com­

parison with experirnclltal results. 

9.1 Single and Two Flexible Cylinders 

lu the dynamic experirnents, a single flexible cylinder retained its stability throughout 

the ('lItin' nOIl-dimcllsional vclocity range, in agreement with previous rcsults [6]. 

Wlll'll tll(' fllliJ forces acting on sllch a cylindcr, both at equilibrium and displaced 

posit ions, \\'(,Il' !ll('a:-ulcd and introduced iuto the quasi-steady model, the stability 

of .\ :-illgle flexible cylind('r \vas also verified theorctically. Therefore, it was firmly 

cOllduded that, a singlc-dcgrec-of-frcedom1, galloping type instability mechanism, is 

incapable of inducing dynamic instabiIity in this array. 

lin ail eXpertlllcnts, the in- and cross-flow vibrational motIon of a single flexible cylmder was 
round to b,~ ullcoupled 
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Dynamic experimcnts lI'lth lwo jlcl'lb/E cy/indtT8, itlthouglt stabl,' for .dl ('XPl'll­

mental conditiollS2, revealcd that the vibratiollalll1otioll of olle cylind('r cOllld alr(,ct 

and synchronise the motion of the oLher cylind('1 throllgh fluid,·litsl i( \'1)\lplillg. 'l'hl' 

strcngth of such intC'radion bC'lwcclI cylindl'r~ W.tS lktt'llllilWd ln he.l fllllrtiun of po­

sition in the array clIlJ relcltiv(' location of tilt' fl('xible lylilld('r~ wll Il I('~(ll'l 1 10 ('dl Ir 

othcr. The 111ghl'~t IC\'t'1 of cohe!('llcc was llH'dSlIlCd IH'I \\,('('11 tW\) /l('\.!1,!t- l') 111I(h'l's, <1\'­

rangcd in taud('1ll in the lIpstn:am IOWS of the arl'ily. \VIH'II po~iI iOllt'd ill ro\\'~ d('('I)('1 

inside the array, or with a diffcrcnt rdativc position, tlte coupllllg 11l'l\\'('('11 IIH' llH,tiulI 

of the flcxible cylindl'rs rcduccù dramatically and cach !)('h.lWd as il SIII).!,II' Ikxihk 

cylindcr. III support of these observations, the tllllt' a \'('1 dg('d flllid fUI ((' III1'tl:.III('­

ments reVl'dled that dbplacing the cylindt'r~ in the l'III 1 étJl«' l'o\\'s ~harply ,dl'{'('\,(·d tIlt' 

fluid forccs acting on the SllIrOUIl<lillg cylindt'Is, eS(H'(ially WIt{'11 tlll' l'ylind('ls Wt'Il' 

placcd in tandem. Dcepcr inside the array, di~plctcl'Illcllt of rylind('r~ 1r,1I1 pl 'lctically 

no effect on the fluid fmecs of ncighbouring cylindels. 

9.2 Three and Four Flexible Cylinders 

Oynamic experiments with thl'ce and four flexible cylilldcr configurations, firsl. plO­

duced a highly couplcd and synchronised motion, and eventuéllly jillidd(l.~tl(· w ... /Ilbd­

ity, This Ic~ult has a grcat importancc, in the sense 1 hat arrays .~/(lblt· wlwlI hOll..,illg 

a single flexible cylinder can bcwlIle fiuidelastically llTl,";/llblc in tilt' Pll'~('IIU' ullllllltl­

pic flexible cylinders. For the fir~t time, titIS fllmi~l!('s l'XpCl illl('nUd ('\ Id('I1( l', fUI tl)l' 

existence of ct ll1ultiple-flcxible-cylindcr type Iluidd,tstlc in:-.tübiltty 111('( Ildlll"llI, Ij('( C':-'­

sitating fluidelastically couplcd motion bctwc('11 ctdjM'('/It \:ylilldc'I~. 'l'lte ill~t.d)J!lty 

threshold for tllIS rnechanislll \Vas found to be J('),tted tu tlle 1111111})('r (Jf f11!xlble tylill­

ders. For the samc mcchanical PlOpcrties, four flexible cy!tlld('r~ \)('Cdtl\C' IItI"t ,lbl!! ilL 

a 40% lower non-dirnensional velocity than that of tlll'CC fleXIble cylllldel~. 

\Vhen the four flexiblc cylindcr configuration was moved d('(>fH!r i IIt.O the ail ft y, 

2StatJC IIlstablltty excluded 
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the illstability tJm'shold incrcased in association with re:duccd fluidelastic coupling. 

Beyond the fourth row, in~tabjlity would not dcvclop within the velocity range of the 

wind tunnel. Aiso the motion of the flexible cylindels wel'e totally independellt of the 

otlwr, (,itch I)('having as a smgle flexible cylindcr. 

F{)/ ct' 1Il(!,li>lIr<'llwnLs ~IIPlJlied sirnilar resuIts. Displaccment of cyJindcrs located 

in the t1l1e(~ up~trcalll rows affed .. d the flllid forces acting on adjacent cylindcrs to 

a sigllificdnt cxtent. E:,pecially the motion of upstream cylinJcrs in the first and 

s('colld rows, indllc('d major changes in the flow field around the third row cylinder 

alld tlw fluid forces acting on it. In contrast, the motion of downstleam cylinders was 

d('Lcl'lllill('d to have no significant effcct on the Ilpstream cylindcrs fluid forœs. Fluid 

fol'l'('s ading on cylindcls in thc fOlll th to scventh rows wcre relatively inscnsitive to 

tbe displa( ('IlICllt of ncighbouring cylinders. Both dynamic and statie rcsult.s dctectcd 

two major Icgions in the array. 

1. The upstream rows of the array, where flexible cylinders were capable of gen­

erating major changes in the flow field, through their vibrational motion and 

so to affecting the magnitude and direction of fluid forces acting upon neigh­

bouring flexible cylinders. At sufficiently high flow vclocities, the motion of 

the cylinders was synchroniscd through strong fluidelastic coupling, which sub­

seqlJt'lItly, mduced violent unstable motion. The instability threshold for this 

lI1ultiple-fiexibl(' cylinder, stiffncss-controlled instabi!ity mcchanism rcquiring 

coupl('d motion, was experimentally detcrmined to be a strong functioll of the 

Ilumber of flexible cylindcrs and the extcnt of coupling betwecll the cylinders. 

2. Th t' 111111'/'-1'011'." of the array, whcre flexible cylinders \Vere sensibly ullalTccted 

b)' (·.tell others motion and actcd as single isoldtcd cylinders. Thus, a multlple­

Ik·xibl(·-cylillder type instability could Ilot OCCUl' in this rcgion. Sill111arly, the 

single degrcc-of-frccdolll fluiJ-damping wntrolled instability mechanism by Jt­

self, as show Il in the plesent and previous studies, \Vas insuffieient to induce 

IIl1id<,lastic instability in this rcgion of the array. Thcrcfore stability prevailed 



in the inncr rows of the rotalcd square arra)' with P/d = 2 1:2 

Another intcrcsting l'l'suIt, obtaincd from the st.ttic IlwaSllrt'llwllls, W,\:'; t hl' \'.\1 i.l­

tion of the Ouid force coefficients of cylindcrs in the arr,tY \Vith the }{e)'lIolds 1l1l1lJ!H'I. 

In il &imilar rangc (6 x 103 < Re < 4.5 x 104) the drag; cocflil it'Ilt of ,l .'lI/yi!' ('!Jill/dl'/' 

\Vas dctcrmincd ta be virtually constant, CD = 1.2 ± .5%. Tllf'l t'fOI t', th!' VcUlcltlOIl 

of the fluid fotee co('fficit'Ills for the cylind('l's in t.1lt' <uray IS mt/lied by tht' /)1'1 M'litt 

of the Cl/TUy ilsdf. In g<,neral, the fluid for('('s \VCf(' fouml t.n ht' fUIl( \.1011:-' of IlOt li 

position alld Rt') !lolds Ilurnbcr. 

The tlwOletical rt'slIlts fOI Huidelastic illstahility wpr(' III qu,tlitat iVt' dgll'('IIlt'lll 

with t he t"\jh~rim{'ntal Ones. Three and foll[' flexible cylilld('r configurations \)1'1-.111)(' 

1I11 ... t"IJII', wilde sill!!,l!' (wd two flexible cylindcr cOllfigul ùtiUIIS l('ttlilled t \ICil' :-.l.dJility. 

T;1(' major ... hortcolllillg of the thcoletical /lIotlt·1 was ail oHlc'r of 11I,lgllit.Ilt1(· difl'('I('IICt' 

LctWCl'll t ht' ('xIH'rinH'lItal and theoretical (l'Itl( al w·lo( it.il'~. Th(·l'I.fol'e, Ull' 11I1'~(·IIt. 

t!\('orf'tlccll mode!. is mOle bhely to dt'Iiver a gt'Ilt'ral physical lllld(·l'stalldill).'; of 111-

st abIllty lll('chanisllls l'ùthcr than Pledicting the instdbiliLy tllll'!>hold of tilt' (>11':-'('111. 

array wlth precision Even with such a shortcollllng, the LI\('orl'tlccll IlltHkl d(·liv(·('(·d 

impoltant IC!:lulb, in aglcC'!l1ent wlth the dynalllic clnd sLltlC C·XIH·lilIH'IIt. .... 

1. The instability thrt'shold for d tlnec and a fuur flexil)le lylililb' U>lIfig,III,ttloll 

inclcased sharply whcn the cylindcrs were locatcd ill th!' ilHwr l'OWS of t 1«' clll ay. 

For example, the instability thre:.hold of a four flexible ('ylinder cOllfigllr,t!,ioll l 

\Vas an order-of-magnitude lowcr when located at l, 'lH, 21., :3 l',ülwr tlrall ,LI, .ri, 

6R, 2L, :3. 

2. The variation of tht' fluid force coefficients \Vith RCYllOld" IIlllllb('r, di:-'C1I'ist:d 

above, was induded in the Lhcoreticallllodcl. In fat L, t hi:'> wa:'> olle of the maill 

changes to the quasi-~teady modC'l, already dcveloped by Priee and Paidou:'>sic.;. 

3The vanatlOn ln the in:-.tablltty thrc'lholJ of a tlu'ce flexible cyll1lJ( r coufigur,d.IQI\ wII.II r'· ... p':rt 

to position was even grcatcr The cntlcal vcloclty dIfT('rclIce bptwc('!1 the pO~ltIOIl:-' l, :1H, :11. ,lIle! 5, 

6R, 6L was two ordcrs-of-rnagrll t ude 
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COI1:'ld('ring sllch an effect, illtrodllced addit.ional fluid-damping tenns into the 

till'owtical mode!. 'l'hcsc additional terrns had no sensible effect on the numer-

ically dctcrmillC'd CI itical vclocity. This is in excellent agreement with the ex­

perilw~lItal reslllts wlllch showed a singlc-d('grcc-of- frccdom, dampillg-controlled 

IIlcchanislll to he' illdfectivc in tbis array. It shollld be stresscd that evcn though 

lI11impOi tant in thi~ Cél~e, ReYIlolds number depcndcnt terms can be very impor­

tant ill arrays wherc a ~illgle dcgrcc-of-frccdom, damping-controlled mechanism 

is th(' main contriblltor to dynamic instability. 

:L III a rl'ccnt publication [7!J], Paidollssis and Priee showcd that if the lime delay 

factor, Il, was ncgl<,ctcd (i.e. JI. = 0), then the destabilising/stabilising fluid­

dalllping tcrrns wOllld be suppressed. In the present st.udy, solutions with JI. = 0 

['(~sult('d in a small change in the critical vclocity, once again substantiating the 

Illlimportancc of the Iluid-damping controllcd mechanism in this array. 

9.3 Applicability of a "Connors' type" Instability 

Criterion 

DYlléllllic \t'sults with Illultiple-ftexiblc-cylinders showcd that a "Connor's type" m-

stabilit.y Cl iterion, 

Üc = [((m8)/3 

or a /Ilodifit'd fOl'1I1 of it, 

rouit! lIot be applicablt, in the rotated square array, with Pjd = 2.12. 

1. 0 l, the exponcnt of dimensionless mass, was det~rmined tü be a function of 

dinwlIsionkss tnétSS itself. The al values al l'il == 195 and 980 was 0.38 and 

1.!i5, Il'specti\"cly. It l'houIcl be apprcciated that this substantial variation was 

rct"oldet! in a limitccl lange of dimcnsiünless mass and can be expected to be 
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more pronounced in a wider range. 

2. A value of QI, as high as 1.55, was rccord('J for lhe fll'::;!. t.inH'. TIIl'I(' is a 

likelyhood that such a strong dependence of critical vdocily IIpOIl rylindt'I' 111,\:-;:-; 

is a generic property of arrays for which fluidclast.ic instahility i:-; indllc('d I)y tl\(' 

multiple-flexible cylinder, stilTness conlrollcd nwchanislll. 

3. The instability thrcshold for a rnuHiple-Oexible-cylillder c(jldigl\l'at.ion wa:-; <1(.­

tcrmined to be only margina/ly affectcd by chc\llg,l's ill t,ll\' 1lH'( h,lIIical d'lIl1ping 

of the cylinders. In a relatively broad range of Illcchallicill d,ulIpIlIg, (0.UI35 < 

b < 0.2.5), the value of (12 was determincd to be ollly 0.06. Such .l, 1011' 0l V.dUl' 

is being rcportcd for the first time and maywell hl' a chal ac\,eris\.ic of arrays 

where multiple-flexible cylinder type instdbilily IJl('chani:-;llI i!-> dOlllill<lIlt.. 

9.4 

In the light of the above findings it is obviolls that neit.hel' ('Cjllatioll (I.:J) 1101' 

equation (1..5) can be tJ!>cd to predict the instahility thrcshold of tllIS itl'l'éty. 

'YVhether this conclusion can be gcncraliscc\ for ail other ,u r.tys, ill which Lht' 

instability is induccd by a multiple-flexible cylinder, st.iffll(·ss-colltroll<'d mecha­

nism, is yet to be dctermincd through fUI thcr studics .. 

Frequency Detuning 

In actual hcat exchangel's, variations bctwcen the lIatural frequ(·Il<.:ie:-; uf tlll)('s, tCrllwd 

as jl'equency dctunmg or simply detllning, is a cornIllon phenOfll<'lIol1. The' lllf(ll'lllatioll 

available on the effccts of th is phc!loll1enon is i llcollclll~i ve alld i 11 sorlle' cas('s (()rt t f"(t. 

dicto!'y. Tlwrcfo!'c an extclIsi YC exper i men t,t1 work \Vas \lll deI (,dk('11 to !->/H'd fil rLl 1<'[ 

insight into the instability bcl!<lviollf of detlll1e'd (li l'ays. 

Various forms of fl'cqllency variation \Vere introduccd betwcI:1l tlw Lylillder~ of a 

four-flexible cylinder configuratiol1 and SOIlle importallt r('slIlts ,ue it('mised Iwlnw. 

1. Cylinders with diffelellt Tlatural frcqIH'ncies, are capable of irnposillg on cacb 

other, different modes of vibrations through fluid couplillg at fI()w VC'locitie~ 
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which ean he a.r., low as ,50% of the critieal velocity To cmphasize the strong 

interaction bctwecn the vibrational motion of such cylindcrs, it should be men­

tioncd that in some e..:pcriments as many as eleven frcquencies common to at 

\casl lwo eylinders were mûnitored. In the vieinity of the critieal vclocity, the 

cffect of fluid coupling was dctermined to be domineering cnough to synchronise 

the motion of ail the eylindcn; at a single frequency (and possibly its harmon­

ies). T!'l'reforc, some of the eylinders - in rnany cases all- complctely "lost" 

or "forgot" tlwir original natural frequencics. 

2. SlIclt aIl cxchangc of frcqucllcies bctwcen detuned eylinders was reciprocal. \Vhile, 

tl:rough fluidelastic coupling, higher-frequcncy cylinders imposed grealer rigid­

ity Oll lowcr-fl'equcney eylinders, the lower-frequency cylinders in return, in­

fiiele-cl lower frcquencies on high-frequency cylinders. This mutual exchange of 

frcqllcncies altered the fluzdelaslic nalural jrequency of ail the cylinders in such 

a fashion tltat lowcr frcquency cylinders acted as if they \Vere tuned to a higher 

ù/llial nalural jrcqueucy than they actually were and higher frequene,)' eylinders 

rcspondcd as if thcy were tuned to a lower initial natural jrequency. 

3. Thercfore, if one or more flexible cylinders of an array are tuned to a higher­

jnqlIflu:y than the others, then the whole array will beeome unstable at a critieal 

\'clocit.y, grea/cl' than that experienced when aIl the eylinders were at the same 

freqll(,lIey. Sirnil,trly, if one or more flexible eylinders of an array are tuncd to 

a lowa-jnquclIcy than the others, then the whole array will become unstable 

cit a crit.ical W'locity, lcss than lhat experienced when ail the eylindcls \Vere at 

t IH' S,lIlle freqllellly. This simple criterion can be expected be applicable for aIl 

,llTays in which the multiple' Ilexible-cylindcr type instabilily ITlech,ll1ism is the 

dOIll i lIeU1t OIlC. 

'l'Il(' qllantitative agreement betwecn the experimcntal and theoretical detuning 

1l'~lIlts \\'as ul1sat.isfactol)', espccially in the negative dctuning region 4 • Still, the theo-

4 A~ defillt'd 111 sectlOll 4 J 
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retieal results showed the eritieal veloeity of detuned arrays t.o he il. strong fllnctioll of 

dimensionless mass and a 'weak funetion of damping. EVCIl thollgh the diJ\lt'llsionkss 

mass had bccn dctcrmincd to be the variable with the greai('st (,(f(,ct. 011 tlw Cl'itical 

velocity of non-detuncd arrays, due 1.0 set-up limitations, lhe magnitude of ils dft'd. 

in detuned arrays eould not be a,"scssed cxpcrimelltally. This, still !('lIlclins, t,o he 

verified through further cxperimcnts. 

9.5 Static Displacement and Instability. 

In most of the dynamie expcriments with multiple llexible-cylinders, il. fluiddastic 

Joss of stiffncss in the cross-flow direction had bccn ohs(,l'veù in tlw secolld and lhil'd 

rows. Special dynamic experirnents with two flexible cylindC'l's in the st'colld row 

determinedj 

- a loss of cross-flow stiffness, that in sorne cases, eould be as lI11Jch as 50%, 

a major reduetion in the eross-flow vibrational motion, cO!1'('!al('d lo 1I\{~ 

10ss of stiffncss, 

a statie displacemcnt of the cylinder in the cross-llow dilection increasillg 

with flow veloeity and finally taking t.he form of a "bllekling" type mot.ioll. 

The above givc support 1.0 the possibility of a slatic instability (divel'gcllt(!) in t.his 

array. 

On the other hand, sLatie cxpclimenl,s found fluiJ force coefficient.s f<LVutllillg static 

instability (DCL/Dy > 0 and large) in the secoIld ,utd thild row:,. W}WlI t!tl':,e coefli­

cients \Vere introduced into il. simple equatioll of /llotion, it was pO!-lsiblc f,o \'('1 if y tll<' 

second row slatie instability thrcshold rnca!>ured in thc dj'Il,tluic j'XperillleJtts wit.h il 

deviation of ollly ,5%. 5uch an agreement bctween dynarllic, :,tatic cllld t!wolC:tical 

results solidly v~rified the existence of statie instilbility ill this array TllI'Il'fol(! the 

present IOLated squdle array, with P/d == 2.12 is tbe ollly array so far, in which !JolI! 
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rlIl1ltiplc-f1cxiblc-cylindcr, stiffncss-colltrolled dynamic instability and static instabil­

ity exist with critical flow vclocitics of the same order of magnitude. In [ad, by 

altering the mechanical propcrties (i.e. frequency and/or damping) of a three-ftexible 

('ylindcr cou figuration locatcd in thc second and third rows of the array it has been 

possible tü suppress dynamic instability and initiate static instability. 
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1 

Reference K a 

Blevins et al. [13J 2.5 0.5 
Ci bert et al. [40J 2.7 0.34 
Heilker and Vincent [41 ) 5.0 0.5 
Chen and Jendrezjczyk [42J 2.43-6.03 0.20-1.08 
Soper [43] 1.25-1. 78 0.5 
Grover and Weaver [44) 7.1 0.21 
Tanaka and Takahara [45] 3.0 0.75 

Table 1.1: Empirical Values of the Constants in Equation (1.3) 

Reference K QI Q2 
~ 

Tanaka & Takahara [45J - 0.33-0.5 0.2-0.5 
Weaver & El-Kashlan [46] ·1.6 0.29 0.21 
Priee & I\tidollssis [Il] 0.68-15.4 0.19-0.57 0.1.5-0.57 
Grover & Weaver [4·1 J - 0.5 < 0.5 -

Table 1.2: Empirical Values of the Constants in Equation (1.5) 
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1 

Cylinder Cylinder Dimcnsionlcss Cylindcr 
Type Material Cylindcr Mass (1h = ml peP) 

----
1 Steel 980 ± 7 
2 Aluminurn 490 ± 5 
3 Drafting paperjepoxy 280 ± 3 
4 Drafting paperjepoxy 195 ± 3 

Table 3.1: Certain Charactcristics of Flexible Cylindcrs Useo. 

A ccelerometer Change Charge Amp 
! ... fodel Sensitivity (pCjg) Model C . ,apant, 'lnce 

Endevco 2229C 3.196 27218 36.5 
Endevco 2229C 3.207 27218 :392 
Endevco 2229C 3.260 27218 :384 
Endevco 2229C 2.785 27218 :356 
Endcvco 22210 17.2 2ï21S ;jS·1 
Endevco 22210 17.7 27218 S·15 -------

Table 3.2: Charactcristics of Accclerometers Uscd. 

.. 
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~Ï' . ~xpcnment Flexible 
Reference Cylinder m fn[Hzj 6 Uc/ fn d PlI 

Position 
S -1 1 280 10 0.014 stable for Ue/ fnd :5 83 
S -2 3 280 10 0.014 stable for Ue/ fnd :5 83 
S -3 3 280 7 0.014 stable for Uc/ fnd :5 118 
S -4 3 195 7.4 0.014 stable for Uc/ f~d :5 112 

Table 4.1: Summary of the Dynamic Response of a Single Flexible Cylinder in Dif­
fel'l'nt Raws of the Array 

Experiment Flexible 
1 

Reference Cylinder m fn[Hzj 6 Uc/ fn d prP 
Position 

T -1 1.3 280 10.0 0.014 stable for Ue/ fnd :5 80 
T -2 4,.5 280 10.0 0.014 stab!e for Uc/ fnd :5 77 
T -3 2L,2Rl 280 7.0 0.014 stable for Uc/ fnd :5 87 
T -5 1,2L 280 10.0 0014 stable for Uc/ fnd :5 80 
T -6 5,6V 280 10.0 0.014 stable for [je/ fnd :5 ïï 
T -·1 2L,2Rl 195 5.0 0.014 stable for Ue! fnd :5 16.5 
T -7 ,1,6 280 10.0 o 01,1 stable for Uc/ fnd :5 77 - -

l'.lhlc ·1.2: SUlIlll1ary of the Dynamlc Response of Twa Flexible Cylindcrs for Different 
PO"iitions in the Array. Notes: (1) Thi~ arrangement is stable in tenns of dynamic 
illstability, but unstablc in terms of static instability. (2) An extra row of cylinders 
\\'ilS added to the array in this cxperiment. 

Il 

" 
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IdHz] h[H:) h[liz] /4[H ZI '5[11:) '6 [li :1 ,-:_-

in·flo\\' - - - - 123 1261 130 15 f, 

Cylinder 1 
cr·flow - - - 115 - 12 (jl 156 

in-flow - - - 115 123 1261 128 15 C 
Cylinder 2L 

cr·flow - - 93 115 - 1261 

io·flow - - - - - 1261 

Cylinder 2R 
155 

+-----4--------

cr·fiow - - 9.3 - - 1261 156 -

in·flow - - - - 122 1261 

Cylinder 3 - -- ----~---- -----

cr-fla\\' 57 68 93 - 123 12 il 
----

Table -1.3: Major Pcaks in The In-- and Cross-flow Accch'Ia.tiull Power SpccLra of Four 
FlexIble Cylinders Locatcd in the Thrce Upsticam PI)WS for L'cl !nd ;::::: 57.5. :.iuLe: 

(1) This peak, observcd in ail cylindcrs, is a periodicity . urr(,~pulldillg tü Su ~ 0 on 
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Expcriment Flexible 
Reference Cylinder m !n[H z] 8 Uc/fn d 

-P1.i 
Position 

A -1 2L, 2R, 3 280 7.0 0.014 2L = 2R = 105; 3 = 97 
A -2 2L, 2R, 3 280 10.0 0.014 stable for Uc/ !nd 5 79 
A -3 2L, 2R 31 280 7.00 0.200 stable fol' Uc/ !nd 5 112 

1 A -4 2L, 2R, 3 280 10.8 0.014 stable for Uc/ !nd :S 73 

Table 4.4: Summary of the Oynamic Response of Three Flexible Cylinders Positioned 
in the Second and the Third Rows. Note: (1 ~ /. statie instability possibly occurred 
in this cxpcriment. 

Expcriment Flexible 
Reference Cylinder m fn[Hz] fJ Uc/ !nd ptP 

Position 
Z -1 l, 2L, 2R, 3 280 13.5 0.014 stable for Ucl !nd :S 57 
Z -2 l, 2L, 2R, 3 280 13.0 0.014 stable for Uc/ !nd ~ 65 
Z -3 l, 2L 2R, 3 280 12.5 0.014 1 = 2L = 2R = 65; 3 = f3 
Z -4 l, 2L 2R, 3 280 10.0 0.014 1 = 2L = 2R = 62; 3 = 59 
Z -5 2, 3L, 3R. 4 280 10.0 0.014 2 = 52; 3L = 3R = 53; 4 = 52 
Z·6 3, 4L, 4R, ,) 280 10.0 0.014 stable for Uc/ !nd :::; 83 
Z .. i 3, 4L, 4R, 5 280 7.0 0.014 3 = 67; 4L = 74; 4R = 70; 5 = 82 
Z -8 3, 4L, 4R, 51 280 8.25 0.014 3 = iD; 4R = 74; 
Z-9 4, 5L, 5R, 62 280 7.00 O.OH stable for Uc/!nd:S 110 

-- ----

Table ·1.5: Surnmary of the Oynamic Rcsponsc of Four Flcxible Cylindels Positioncd 
In Different Row!:> of the Array [Th == 280, <5 = O.OH]. :'\otcs: (1) cylindcrs -tL and 5 
did Ilot go umtablc. (2) An extra ro\V of cylindcrs \Vas r.dded to the array to c1iminate 
downstrl'am dfects. 

--
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Experiment Flexible 
Reference Cylinder m 

p;p 
Position 

Z -10 1, 2L, 2R, 3 19.5 
Z-ll 1, 2L, 2R, 3 195 
Z -1 1, 2L, 2R, 3 280 
Z -2 1, 2L, 2R, 3 280 
Z -3 1, 2L, 2R, 3 280 
Z -4 l, 2L, 2R, 3 280 
Z -12 l, 2L, 2R, 3 490 
Z -13 l, ~L, 2R, 3 490 
Z -14 l, 2L, 2R, 3 980 
Z -15 l, 2L, 2R, 31 980 

Jn[ll z] h 

13.5 0.014 
6.75 0.014 
13.5 0.014 
13.0 0.014 
12.5 0.014 
10.0 0.014 
5.00 0.014 
7.00 0.014 
4_88 0014 
3.40 0.014 

1 :::: 2L = 5 
1 :::: 21. == 'lI 

3; 2R ::: 3 :::: 51 
l ::: 53; 3 ::: 52 

-f Jfld ~ 57 stable for U< 
stable for U cl Jfld ~ 65 
1 :::: 2L :-= 2 R:::: 65; 3 =---: G3 

t :::: 62; 3 ::: 59 1 :::: 2L = 21 

121 

l :::: 77; 2L ::: 90; 2R ::: 79; 3 ::: 87 
-= 2R ::: 3 :-= 91 1 :::: 93; 2L -

stable for U cl Jlld ~ 16;) 
1 :::: 2L ::: '2 R::: 3:::: 23G 

--

Table 4.6: The Effect of Dimcnsionlcss Cylindcr Mass on the DYlléllilic Ikspollse of 
Four Flexible Cylindcfs Positioned in the First Tillee Rows of the Array [6 ::: 0.0141. 
Note: (1) In this expcriment it is not clcar if instability has ulcurred or if It is jusl 

impending. 

Experiment Flexible 
Reference Cylinder m 

;li 
Position 

Z -4 1, 2L, 2R, 3 280 
Z -16 1, 2L, 2R, 3 280 
Z -17 1, 2L, 2R, 31 280 
Z -18 1 'JI 2R 32 

J. 1 - J, , 280 
Z -1 1, 2L, 2R, 3 280 
Z -2 1, 2L, 2R, 3 280 
Z -3 l, 2L, 2R, 3 280 
Z -12 1. 2L, ~R, 3 490 
Z -13 1. 2L, 2R. :3 490 
Z -19 l, 2L, 2R, 3 490 
Z -20 l ')L ')R 33 

,- ,'" " 490 
-

Jn[H z] 0 

10.0 0.014 
10.0 0.10 
10.0 0.20 
10.0 0..15 
13.5 oot.! 
1:3.0 0014 
12.5 0.014 
.5.00 o 01·1 
700 o 01·1 
ï 00 0.2·1 
7.00 O.Oï 

U,/ Jlld 

1 :::: 'lL ::: 2R :..; 62; 3 == 
1 = 2L = 2R = 67; 3 == 
2L ::: 'lR == ï2; 3 = G9 
~table for Uel Jfld ~ 76 
stable fur Ue/ J"d ~ .57 
stable for Uc/ Jnd ~ CS 
1 = 21.. = :m = G.5; :3 ::: 
1 = 77; 2L ::::: 90, 2R 0= 

1 =~ 9:J, :!L ::: ~R :.:: :3 :.:: 

59 
6·1 

6:3 
1 ~9, :3 == ~7 

~1 

1 = 21. = :m ::=; :3 :-c: 10ô 
1 = 2L ::: ~I{ = :3 =c 10.') 
------ -- ---- - -- --- -

Table -1.7: The EITect of InitIal Cylll1d<'r D,unping 011 the DYllii.lllic !t('SI)()m,{' uf Four 
Flexible Cylinders PO:'ltiollCd in the Fil~t Three H.uw~ of tbe Al I.ty [TIL = 280 ;trld .1~)01· 
i":otcs: (1) Cylinder 1 was not instrurnent<:'d in thi., eXjJcI iIl1<'lIt, (~) il ..,talle lll,>t.lbdity 
posslbly occurrcd in th('sc cxpcriments; (:3) no cktalit.'d llWd!>\llCIlI<'IIl'> llIt1d(' in tllls 

expcrimcnt, Uc bascd on vi~llal observations only. 
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--
ft h h 14 15 16 h 

[Hz} [Hz] [Hz} [Hz} [Hz] [Hz} [Hz} 

in-flow - - - 6.87 - - -

Cylinder 1 
cr-flow 6.03 - 6.75 - - - -

in-flow - - - 6.87 - - ---
Uc/lnd = 18 Cylinder 2L 

cr-flow - 6.44 - - - - -

in-flow - 6.44 - 6.87 7.5 - -
Cylindcr 2R 

cr-flow - - 6.87 - - -

in-flow - - 6.87 - - 9.56 
Cylinder 3 

cr-flow - 6.44 -- - - 9.31 -

Il 12 13 14 15 16 Ir 
1-. 

[Hz] [Hz] [Hz} [Hz] [Hz] [Hz] [Hz] 
in-flow - 11.81 - - - - -

Cylinder 1 
cr-flow - 11.81 - - - - -

in-flow - 11.81 - - - - -
U./fnd = 39 Cylinder 2L 

--

cr-flow 5.9 Il.81 - - - - -

in-flow 5.9 11.81 17.72 - - - -
Cylinder 2R 

cr-flow 5.9 11.81 - - - -

in-flow 5.9 11.81 17.72 - - - -
-

Cylinder 3 
cr-flow 5.9 11.81 17.72 - - - -

Table -1.8: ~lajor PC'aks in the In-- and Cross-Flow Acceleration Power Spcctra of a 
-36% D(,tulIl'J Four Flexible Cylinder Configuration Located in The Three Upstream 
Rows, rh = 280,6 = 0.014. fI = hR = ln = 6.375 Hz and f3 = 10 Hz. 
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ft h h /. /~ /6 h 
IlIz] IlIz] 1Hz] 1Hz] [lIz] [Ill] [Hz} 

--~ 

in·fiow - - - - 13.56 - -----
Cylinder 1 

----

cr·fiow - - - - 13.56 - -
- --- ----

in·fiow - - - - - 13.i5 -
Uc11nd = 33 Cylinder 2L 

cr·f}ow - - 12.91 - - -- -
- ._-

in-flow - - - - - - 13.8·j 
Cylinder 2R 

cr-ftow - - - 13.40 - - -
--f----- -----

in-flow 9.40 10.47 - - - - ---Cylinder 3 
cr-flow 9.40 - - - - - -

----

11 12 h /4 hl /6 h 
1Hz] 1Hz} 1Hz] 1Hz] [Hz} fl'zJ Illzl ~ 

m-flow - - - - 1280 - 145 
Cyhnder 1 

--_.- ---

cr-flow - - - - - - -
- -

in·flow - - - - - 1300 - 14 !JO 
UclJnd = 65 Cylinder 2L 

--

cr·flow - - II 60 - - 1300 
_.- ---- ------ --~-- ----- --

m·flow - - - - - 13 (If) - 1; ID 1 
-- --------- ----f--- -- ------ - - -- -------

Cyhnder 2R 
cr·flow - - - 1260 -- - - ---- -- - --

L~'3 
m·flow -- 725 - - 1280 1300 -

.- ---- f----- --- ---

cr·flow 587 725 1160 1300 
----- ---- - --~-----

Table 4.9: Major Pcaks in the In-- and Cross-Flow Accclerati(j/l PO\\'(·r Spedra of il. 

+35% Dctuncd l'-our Flexible Cylinder Configuration Located in The Three U/J~t[(~itrn 
Rows, m = 280,6 = 0.014, fI -;:: f2R = hL = 13.5 Hz and h~1O H~. 

17 '(] 
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EXPPf fI hL hR /3 (fl=!n Ule Une U2R. U3. U3.1 U3c(dtt)1 
Iter (Hz) (Hz) (Hz) (Hz) = hR)//J (mIs) (mIs) (mIs) (mis) hd 
D-l 13.5 13.5 135 10.00 1 ~5 na. n.a. n.a. 17.65 695 
D-2 135 135 13.5 10.00 1.35 17.80. 17.80 1780 17.80 70.0 
0·3 1237 1237 1237 1000 1 237 na. n.a. na. 16.90 6650 
D-4 Il 44 11.44 Il 44 10 00 1.444 na. na na 1625 640 
D·5 1080 10.80 1080 1000 1080 na. na na. 15.65 61 5 
0·6 la 00 1000 10.00 10.00 1.00 na. na. na. 1500 590 
D-7 900 900 900 10.00 0.90 n.a. n.a. n.a. 12.35 48.5 

La 
8 12 8 12 8 12 1000 0.812 n.a. na. n.a. 10.15 40 0 

0-9 637 637 637 10.00 0.637 n.a. n.a. n.a. 9.80 385 
0·10 600 600 600 1000 0.600 9.90 950 875 8.40 330 

Table 4.10: Initial Natural Frequency (fi), Natural Frequency Ratio (fl/ f3), Critical 
Velocity (Ule ) and Non·dimcnsional Critical Vclocity of Cylinder 3 U3UC(d~ for Various 

3e 

Detulling Exp('riments with Four Flexible Cylinders Located in The Three Upstream 
Rows of the Array (l, 2L, 2R and 3), ni = 280,<5 = 0.014. Note: (1) n.a. = nat 
â.vailable (not rneasured). 

Exprriment 1 fI fn f2R h Ulc Une U2Rc U3c 

Reference (Hz) (Hz) (Hz) (Hz) (mis) (mis) (mis) (mis) 
D-11 10.00 10.00 10.00 10.00 15.8 15.8 15.8 15.80 
D-12 8.00 8.00 8.00 8.00 11.5 11.5 11.5 11.5 
D·13 12.50 12.,50 12.50 12.50 20.4 20.4 20.4 20.4 
D·1-t 1000 12.50 12.50 JO.OO 17.6 16.1 15.0 17.90 
D·15 8.00 1250 12.50 8.00 1 17.1 16.5 17.5 14.00 
D·l G 12.50 800 S.OO 12.50 1 18.0 18.7 18.7 18.5 
D-l ï 13.00 8.50 S.50 16.0 16.0 16.0 16.0 13.00 _. -

Table ·LIl: Il1ltial Nat\1ral Frcqucncy (fl) and Critical Flow Velocity (Ut) for Various 
Dt'tUlllllg Experimellls \Vith Four Flexible Cylindcl's Located ln the Tinee Upstrcam 
How:> of thE' Alray (1, 2L. 2R and 3), ln == 280,<5 == 0.014. 

U3e 
1.18 
1 19 
1.13 
108 
104 
l.00 
0.82 
0.68 
0.65 
0.56 
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Expcr. Flexible 
Ref. Cylinder Il 12 h 1 .. VIer V7,er V 3et' V .. cr 

Position (Hz) (Hz) (Hz) (lIz) (m/s) (m/s) (n lis) (m/s) 

----- ---
D-17 l, 2L, 2R, 3 8.00 9.50 Il.00 12.50 18.60 18.00 14 .00 J6.50 
D-18 1, 2L, 2R, 3 12.[)0 11.00 9.50 8.00 13.20 13.00 1 O.GO 10.40 
D-20 2, 3L, 3R, 4 JO.OO 10.00 lO.OO 10.00 13.45 13,45 l' 3.45 13.45 
0-21 2, 3L, 3R, 4 8.50 13.00 13.00 8.50 18.50 1.5.,50 2 0.72 :W.72 
0-22 2, 3L, 3R, 4 8.50 8.50 8.50 13.50 13.50 15.20 1 
0-23 

--f------ ----~----~ >--
3, 4L, 4R, 5 10.00 10.00 10.00 10.00 stbl 8tbl 

4.20 15.20 
8thl 5tbl 

0-24 3, 4L, 4R, 5 7.00 10.00 10.00 10.00 12.20 12.45 1 2.45 13.20 
D-25 3, 4L, 4R, 5 8.15 8.15 8.15 10.00 16.50 18.05 1 8.30 17.50 
0-26 3, 4L, 4R, 5 8.25 8.25 8.25 8.25 14.65 15.50 ?'?? 'ri? 

D-27 3, 4L, 4R, 5 13.00 13.00 13.00 8 00 stbl &tbl stbl stbl 
0-28 3, 4L, 4R, 5 7.00 7.00 7.00 7.00 11.90 12.35 3.1,5 14.50 1. 
0-29 3, 4L, 4R, 5 13.00 7.00 7.00 7.00 17.95 19.00 1. 

_L-_ 
9.00 ~tb! 

Table 4.12: Further Oetuning Experimcnts \Vith Four FlexIble Cylillden; (1Ït -

280 , 6 = 0.014) 



1 

( 

126 

Cylinder 
Position Q f3 
(Row) 

1 2.1 0 
2 300 ~0.46 

3 400 -0.55 
4 130 -0.46 
5 90 -0.45 
7 38 -0.38 

Table 6.1: The Values of Constants in the Equation CD - aRe,o for a Cylinder 
Locatcd in the Different Rows of the Array 

Cylinder 
Position âCL/ÔYi=O âCD/ôxy:o 
(Row) 

1 ~O 0.40 
2 2.90 0.43 
3 2.75 ~O 

4 1.35 0.45 
f---

5 1.15 0.41 
7 1.04 0.69 

Table 6.2: Variation of the Lift and Drag Coefficients With Displacernent at a Flow 
Velocity of 16.63 rn/s. 

• 
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---
Non-dimensional 
Critical Velocity (Ü) 

m Case A CaseB CaseC 
50 380 3.50 4.30 
280 4.60 4.10 5.60 
1500 6.80 6.00 9.00 
7500 12.40 10.40 16.75 
75000 34.00 28.00 47.50 
750000 103.00 84.00 145.00 

Table 8.1: The Effect of Varying the fluid Force Coefficicpts on the Non-ùimensional 
Critical Velocity of the Array. Case A is for the Coefficients Given in Appendix 1. 
CétSe B is for the Same Coefficients Incrcased by 50% and Case C is for the Same 
Coefficients Decreased by 50% (5 = 0.014). 

Non-dimensional 
Cr;tical Velocity (Ü) 

b Case A CaseB Casee 
0.0014 5.70 .).00 7.20 
0.014 12.40 10.40 16.75 --
0.14 34 .50 -L 28 . .5~ 47.00 

Table 8.2: The Effect of Varying the Fluid Force Coefficients on the Non-dimensional 
Critical Yclocity of the Array. Case A Îs for the Coefficients Givcn in Appendix 1. 
Case B is for the Same Coefficients lncreased by 50% and Case C is for the Same 
Coefficients Decreased by 50% (m = 7500). 
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FIgure 2.1: Schematic or tb! \~ind tunnel 
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Figure 2.2. The rigid portion of the array (the upper plate is removed for a better 

vlew) 
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FIgure 3.1: The vibration insert (Tbe rigid portion of the arra)' bas been removed in 
thls instance for a better view) 
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Flgurr 3.2: llpper portlOn of the \'Ibration insert. 
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FIgure 3 3· Lo ..... cr portion of the vibration insert. 
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Figure 3.4: The lower platform with sliders. 
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Figure 3.5. Platform holding oil pots. 
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Flgurt· 1.:3. \'.îriatiull uf the in-flow (a) and cross-flow (b) vibrational po\\cr spcctla 
with fJo\\' \·l'lùClty,(U.;.:/fad(~inglc-flexible.cylindcriJl the foulth 10\\', fh = :!SO.h = 10 
IIz and 8 == O.OH). 
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Figure 4.30: Rms acceleration of cylinder 3 at its major fluidelastic frequencies as a 
funct ion of the non-dimensional flow vclocity (four-flexible cylinders - 1, 2R, 2L and 
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FlgIUI' (j.t'. Variation of the drag coefficient with cylinder displaccment (third row 
l'ylilltlt'l, ('., -= 8.:1 mis). 
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Figule 6.9: Vc\riation of the drag CüeffiCl('nt \Vith cylind('J di"pl.\('(!lIwIIL (Lhird J()W 
cylilldeJ. (f,x = 16.6 mis). 
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Ftglll<' G 10. \'driatioll of drag the coefficient with cylindcr displaccment (third row 
1 \' 1111 dl'r (' = 21..t III /s). . ''-
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Figul'C' G.II: Vc\I'iation of thc lift coefficicllt with cylilldel di~pl,l((,II}(,llt (tltil d IOW 

cylinder, C:-.. = ;3 3 mis). 
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Figl1!'l' fi 1:2' \'illiatioll of the lift cocfTicicnt with cylindcr displacemcnt (third row 
rylindl'I, 1',,- = 16.6 mis), 
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Flgllle {j Il' \',lIlatioll of the forre lOcfl1cicIIt \Vith cylindcr displaccmcnt (third ro\\" 
(yltlld('l, (:, -.= ~:J mis). 
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h!',lIlt' (l 1 h, \'dll,ÜIUII of the fOlce coefficient vectar Witll cylilldcr displaccmcnt (Lhird 
IU\\' t.\ lindt'l, U,,- = 21.-11I1/s), 
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FI!!,llll' (j ~~ \'ilII<lti()1I of the drag coefficient with cylinder d:splaccmcnt (second row 

l ~ lilld('(, ('" .-':: HUi IlIls). 
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Flgur(' (j.:?ï. Valiiltioll 01 tlJ(' lift col'fli(l('Ilt \\illJ (ylIlIdl'l dhpl'\(('IJI('1l1 (1i1',1 loW 

l: lilldl·l. ('" == lG.G mis). 
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l,\l"llll' (;.:!~. Variatloll of the drag coefficient with cylimler di!>platcmcnt (firsl row 
(ylllldl'I, 1',. :::= lG.li Ill/s). 
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Figure 6.30: Variation of tbe lift co('fficienl with cylinder displilc('()\('lll (follllh IOW 

(ylind"r, Uoo = 16.6 mis). 
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Figlll(' (i.:31: Vdriüt.ion of the lift coefficient with cylindcr displacement (lUth row 
(ylillt!('l', (f" == 16.6 mis). 
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Figl1l'c 6.32: Variation of the lift coefficieIlt with cylillder displac('llll'Il1 ("'(~V<'IIt.h JOW 

cylindcr, Llo;:, = 16.6 mis). 
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Figure (U:J: Variation of the drag coefficient \Vith cylindcr displacemcnt (fourth row 
tylilldl'r, Uoo == 16.6 mis). 
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FI!!,Ill'(' (;.3.5: Variation of the drag coefficient with cylinder displacement (seventh row 
('ylillder. (l .... , = 16.6 mis). 
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Figure 8.6: COmpetl isoll of the non-dimcn:,ional cl'Îtienl rlow W)I)tily fUI tlllt'c .11111 
four-flexible cylinder configurations. 
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Figure 8.8: EITect of the mass-dampmg parame tel upon tlw nOll-dill1f'II~I()nétl Cllticill 
velocity of a dctuned, four flexible cylinder configuration. 
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Figure 8.9: Effect of the mass-damping parameter upon the l1oll-dimcnsional critical 
\'<,locity of ,1 dctUlwd, four flexible cylinder configuration. 
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Figure 8.11: Efrect of damping upon the non-Jimensional critical velocity of a de­
tUI\{'d, fom flexible cylinder configuration . 
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APPI~NDIX 1 

FLUID FORCE COEFFICIENTS AND THEIR VARIATION WITH 

DIS PLACEMENT 

Fol' a four flexible cylinder configuration in positions 1, 2R, 2L and 3. 

CDI = 1.95 

!!...CDI = 0.43 DCDI = -0.35 BCDI == 0.35 8CDI == -0.20 
DXI DX2 OX4 aY2 

DCLI = 0.10 DCLI == 0.00 DCLI = 0.00 DCLI == 0.00 
DX2 aYI BY2 8Y4 

CD, = 2.50 

a.CD2 = 0.00 aCD2 == 0.40 !!...CD1 = -0.50 8CD'l == 0.30 aCD2 == -0.30 
aXI aX2 BX4 ay} âY2 

aCL2 = -0.15 DGL2 == 0.00 BCL2 = -1.30 8CL2 == 2.90 8GL2 == -0.20 
DXl aX4 DYI DY2 aY4 

CD3 = 2.50 

~CDJ == 0.00 8CD
:! == DAO 8GDJ == -0.50 PCD3 == --0.30 aGDJ == 0.30 

()xl DX3 aX4 OYI BY4 

j~~'L3 = 0.15 DCLJ == 0.00 DCL3 = -1.30 DCL3 = 2.90 DCL3 = -0.20 
D.I'} Dx" ay} 8Y3 aY4 

CD4 == 1.35 

!!,CD4 == 0.35 DeD4 = 0.30 DGD4 = 0.00 aCD4 = -0.60 
Dx} 8X2 DX4 ÔY3 

~CL4 == -0.10 ~GL4.. == 1.45 DCL4 = -1.90 DCL4 = 2.75 
8.1'2 aYl DY2 OY4 

For ,t four-fll'xiblc cylindcr configuration in positions 2, 3R, 3L, 4. 

'Je ae ae ac ~_:.0. = 0..10 ~ == -0.50 ~ = 0.35 ---E.!. = -0.30 
D.r} aX2 ex,. aY2 

1 



:.wn 

.BCLI = 0.00 BCLI = 2.90 BCLI = -0.20 BCLI = 0.00 
BX2 DYI BY2 DY4 

CD2 = 1.35 

BCD2 = 0.30 DCD2 = 0.00 BCD2 = -0.45 {JCD2.. = _ 0.60 {JCD2 := -0.10 
{JXI DX2 BX4 DYI DY2 

BCL2 =-0.10 BCL. = 0.00 BCL. = -1.90 BCL2 = 2.75 {JC/' 1 :;.;; --DAO 
BXI BX4 8YI 8Y2 ôy., 

CD3 = 1.35 

BCo3 = 0.30 BCD3 = 0.00 BCD3 = -0.45 D,C03 = 0.60 D.Clh := -0.10 
8x} DX3 8X4 Dy} Dy., 

DCLa = 0.10 {JCL3 := 0.00 8CL3 = -1.90 {JCL3 = 2.75 DC['3 =: --0.10 
Bx} 8X4 8y} BY3 Dy" 

COe = 1.05 

DCDe = -0.20 8CDe = 0.10 DCDe = 0.50 DCoe = -0.50 
DXI DX2 Dxoj DY2 

DCLt., = 0.05 BCLe = 0.20 DCL. = -0.90 /}CLf = 1.35 
DX2 Dy! BY2 DY4 

For a four-flexible cylinder configuration in positions 3, tiR, ,IL aud .J. 

COI = 1.35 

DCDI = 0.00 BCDI = -0.45 BCDI = 0.10 DCD1 = 0.00 
BXI DX2 BX4 DY2 

BCLI = -0.20 8CLI = 2.75 8CLI = -0.60 DCLI = 0.10 
aX 2 aYl 8Y2 8Y4 

CD2 = 1.05 

DC02 = 0.00 BCD• = 0.50 BC02 = --DAO D.CD2 = 0 .. 50 !~0.!~~ :::: 000 
DXI BX2 DX4 DYI iJ!12 

DCL2 = 0.00 BCL. = 0.00 DCL. = -0.90 DCL. = l.a!) D.CI:! = --0 ~(J 
DXI BX 4 Dy} DY2 O!J'I 

CD3 = 1.05 

BC03 = 0.00 BCD3 = 0.50 DCDa = -0..10 DeDJ =-0 .. 10 O,CDJ -:..:: (J.OO 
aXI BX3 B.r4 DYI a!J.\ 
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DCL3 = 0.00 ÔCL3 = 0.00 BCL3 = -0.90 BCL3 = 1.35 BCL3 = -0.20 
ox} ÔX4 ôy} aY3 ÔY4 

CD. = 0.95 

DGD• = 0.15 acD• = -0.20 acD• = 0.69 aCDt =0.25 
8x} ÔX2 ÔX4 ÔY2 

DCL. = 0.20 8CL. = -0.10 aCL. = -0.50 8CLe = 1.10 
&2 ~} ~ ~ 

Fol' a four-flexible cylinder configuration in positions 51 6 R, fi Land 7. 

CDI = 0.95 

DGDI = 0.69 aCDI = -DAO aCD. = 0.15 ôCDI = 0.00 
8x} ÔX2 aX2 ÔY2 

OCLI = -0.10 BCLI = 1.10 aCLI = -0.10 BCLI = 0.10 
&2 ~I ~ ~ 

CD. = 0.95 

DCD2 = 0.15 DCD• = 0.69 âCD~ = -DAO DCD~ = 0.20 BCD• = 0.00 
fJx 1 BX2 âX4 DYI 8y-, 

~CL. = 0.20 BCL• = 0.00 /jCL• = -0.50 OCL~ = 1.15 DCL• = -0.20 
OXI OX4 Dy! DY2 BY4 

CDJ = 0.95 

ô,CDa = -0.15 BCD3 = 0.69 âCD3 = -0.40 8CD3 =-a.20 8eD3 = 0.00 
aXI 8X3 ÔX4 8YI ÔY4 

DCL3 =-0.20 BCL3 = 0.00 DCL,! = -0.50 DCL3 = 1.15 BCL3 = -0.20 
OXI DX4 DYI BY3 BY4 

CD. = 1.05 

DCD • = 0.05 BCD• = -0.15 aCD. = DAO DCD. = 0.20 
BXI UX2 âX 4 OY2 

~CL. = 0.10 oCL .. = 0.00 DCLe = -0.40 BCL• = 1.05 
DX2 DYI DY2 BY4 
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APPENDIX 2 

STATIC INSTABILITY 

For the pl'Oblcm at hand, the overall (in-flow) fluid('lastic stilTlless, kT, of tilt' 

system can be expressed as 

(2.1 ) 

where k& = structural rcstoring stiffncss and kJ = total f1uid slifflll'SS. 'l'hase stilrlll'ss 

tcrms can be expressed by 

('2.'2) 

and 

where W o = initial cyclical frequcncy of the cylindcr, w = uV('rall in-flow ryrli( al 

f1uidelastic frcquency of the cylinder, mT = total mass of the cylinde'r, Uoo = upstn'ilfll 

flow velocity, d = diameter of the cylinder, p = dcnsily of LIH' flow <lltd DC/ôz := 

variation of fluid force coefficient with displaccmcnl. Substitullllg t'qlliltioll (:L~) iIlto 

(2.1) and rearranging gives 

10
2 

= 1 _ pU!df (ÔC) . 
w2 2mTw2 8z o 0 

By taking Ü = Uco/wod ,ï = z/d and m = mT/ pd2€ equalioll (2 :1) rail bl' 

simplified further as 

w
2 

= 1 _ [;2 (OC) . 
w; 2ii1 ôï 

At statie instability, the overall in-flow cyclical frcquency of the cyli/!d<'r, 711, will 

bccome zero. Thcrcforc from cquation (2.4), the critical non-dil/l('Il"lollal f10w velu! lty 
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for static in~tability can be round to be 

- [2ift 1 ~ 
Uer = (aC/Bi) (2.5) 
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APPENDIX 3 

THE EFFECT OF REYNOLDS NUMBER UPON TII~ DRAG AND 

LIFT COEFFICIENTS 

In section 6.2 the variation of the drag coefficient WfSUS thc ne)'llolds Illlllll){'i' 

for a non-displaced cylinder positiol1cd in diffcrcnt l'OWS of the al'ra)' \Vas pn·:wllted. 

A typical result, for a cylinder positioncd in the thil'd row, is l'l'pwclllced Iwlow. '!'o 

obtain the variation of CD \Vith flow vclocity in a dimcllsionless format t.he lIpsll't'am 

vC'locity is non-dimensionaliscd with respect to a flow V<.'locity of Hi.6 Ill/s dl'(Il)ted 

by Uoof. It should be recallcd that the major portion of the force l\I<'étsurc'llIl'lIls haVl' 

bcen performed at this vclocity. Therefore non-dimensionalisatioll with respect tü 

this velocity is reasonable. 

1 
i 
i 

li 
, 

In a faidy broad range around Ü = Uoo/Uoo/ = l, if thc valllc of Cu ,tt LI = (:-. 

taken to be CD,o ' then an equation of the form 

can be used to represcnt the variation of the drag coefficient \Vi th flow velocity. 

In section ï.2 it has been round that Ur = Uoo - x. [hscd on thi~ <ln illl'(l'IIl<!!ltid 

change in velocity can be defined as 
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; 

t U pon non-dimensionalisation this incrcmental velocîty will be 

- Uoo X 
D.U=--l-- . 

Uoo/ Uoo/ 

Th('leforc the Reynolds number dcpendent tenn of the dr.'\g coefficient becomes, 



1 APPENDIX 4 

LINEARISED FLUID FORCE COEFFICIENTS 

The lincarised lift and drag coefficients of a four flexible cylindt·r lOllligllJ'ottillll .trt' 
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( 

( 

.. C'" [Ux> !d] DCDot [ ( À) DCDt] 
( /)t =: DtD + [lOCI! - 1 - [l00! DÜ + 9ro91 1 + 71 ÔÇ1 Xl 

[ ( ) De Dt] [ ( ) ôC Dt )] [ôe Dt] + !lG92 1 + T2'\ Df.z 1'2 + 9092 1 + >.72 ô6. X3 + 90 ÔÇ4 X4 

[ ( L\) BCDt (T À) ÔCD.] + 9092 1 - -, -- + 9092 - -- Y2 
Ur; Dl]2 Ue Df,z 



~101' 

1 
[ ( L>') 8CDt (T >.) 8CD.] - 9092 1 - - - + 9092 - -- Y3 

UA 81]2 Ua 8(,2 
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APPENDIX 5 

FLUID STIFFNESS MATRICES 

The elemcnts of the fluid stiffness rnatrix of a four flexible cylinder configuration 

Lue 

r , , 



i 

J 



[(63 = 0 

[(64 = 0 
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APPENDIX 6 

FLUID DAMPING MATRICES 

The clements of the fluid damping matrix of a four flexible cylindl'r l'onlig\;ral Înn 

are 

B11 = (-~) [CDIO + (2-~ -1) Ù?~lol- (_1 ) ()~'~!.t.~ 
Uoo Uool au VO;'1 au 

B ( 1) [c (Uoo ) aCOl01 22 = - - 010 + -- -- 1 --:-=--
Uoo Uool au j 

B33 ::;:; (-~) [C020 + (Uoo _ 1) DC~20l_ (_1 __ ) D~I}10 
Uooa Uoo l au UÔA!J au 

B ( 2) [e ( Orx> ) ac020 1 44 = -- D 20 + -- - 1 ----Uoo Uoo l au 
B55 = ( __ 2 ) [Co

JO 
+ ( Uoo _ 1) a?~JOl- (_1 ) iJ~,~I}~~ 

Uooa L'co! DU Urx,J au 

R ( 1) [c ( UL"'O ) acoJO 1 
66 = - Uooa 'D30 + U

oo
l - 1 fJÜ 

B17 = (-U:a) [CD(O + (~=! -1) fJ~'o~l-- (u~;) p~~:~~ 
( 1) [ ( Uco 

) Be D to 1 BS8 ::;:; - Uooa Co(O + UooJ - 1 fJÜ 

aIl other tel'ms for l f:. J 

Initial numerical solutions rcvealcd that cOllsiJering the val itllioll uf lI\(' dl ,I~ «J­

efficient with flow velocity, fJCD/âÜ, has !ittle or no impact UpOll llH' li ill< al wh)( ity 

in this array. So for most results presented in Chapter 8 the aC/)/j)u ll'lIll'> .tl(· 

ncglected. Therefore the elements of the fluid-damping matlix ilre expl":-':-'c'c1, in ,l 
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( 

~irnplified and non-dimensional form, as 

Bu = -2CD10 Bss = -2CD30 

8 22 = - CD10 B66 = - CD30 

B3J = -2CD20 B77 = -2CD30 

B .... = - CD20 Bss = - CDto 
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