
GALLOPING OF BUNDLE TRANSMISSION LINtrS

BY

NIIN LIAO

A Thesis

Submittecl to the Faculty of Glacluate Stuclies

in Paltial Fulfillrnent of the Requirernents

fbr the Degrce of

DOCTOR OF PHILOSOPHY

Departrnent of Nlechanical ancl Inclustlial Engiueering

Ulriversity of iVlanitoba

Winnipeg, Nlanitoba.

@ Ar-rgust, 1996



l*I \a$ond Librav 
SltBilåS:" 

nationare

Acquisitions and Acquisitions et
BibÍiographicservices servicesbibliographiques

395 Well¡ngton Street 395, rue Wellington
Ottawa ON K1A 0N4 Ottawa ON K1A 0N4
Canada Canada

Yout f¡le Votre ft;lércnce

Our l¡le Notre rélércnce

The author has ganted a non- L'auteur a accordé une licence non
exclusive licence allowing the exclusive permettant à la
National Library of Canada to Bibliothèque nationale du Canada de

reproduce, loan, distribute or sell reproduire, prêter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thèse sous
paper or elecffonic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L'auteur conserve la propriété du
copynght in this thesis. Neither the droit d'auteur qui protège cette thèse.
thesis nor substantial extracts from it Ni la thèse ni des extaits substantiels
may be printed or otherwise de celle-ci ne doivent être imprimés
reproduced without the author's ou aufement reproduits sans son
pennission. autorisation.

0-612-23629-3

Canadä



THE UNIYERSITY OF ùÍA]YITOBA

FACULTY OF GRA.DUATE STIIDIES

COPYRIGHT PERÙtrSSION

GALLOPING OF BTINDLE TRÁNS¡IISSION LIITES

BY

}IIN LIAO

A ThesislPracticum submitted to the Faculfy of Graduate Studies of the Universilv of ùIauitoba in partial
fulfillment of the requirements for the degree of

DOCTOR OF PEILOSOPEY

llin Liao @ 1996

Permission has been granted to the LIBRARY oF TIIE UNTITERSITY oF IvfANIToBA to leud or sell copies
of this thesis/practicum, to the NATIONAL LIBR{RY OF CAN.{DA ro microfilm this thesis/practicum ãnd

to lend or sell copies of the film, and to UNTVERSITY ìvtrCROFILùfS INC. ro publish an abstract of this
thesis/practicu m..

This reproduction or copy of this thesis has been made avaitable by authorifv of the cop¡-right owner solel.v
for the purpose of private study and research, and may only be reproduced and copied ai permitted b_v

copyright laws or with express written authorization from the copyright owner.



Abstract

A uonlinear rnoclel has been clevelopecl to investig¿rte the gallo¡ting ancl w¿rke-inclucecl

oscillations of ¿rn icecl twin-Ìruncilc tr'¿rnsnrission line, the low fi'ccluency but lzrlge am-

plituclc oscillations ofTern obselvecl in the fielcl. Numcric¿rl solutions involvc a finite

clernent atlalvsis in conjunction with zr pelturbation scrherrre to ¿rccount f'or a linc's

geometric nonlinearitv, ¡xcstress ¿rncl noulinear aeloclynamic loacls. By applying a

c¡rasi-steady theoly ancl ernploying zreroclynamic forces oÌ¡tainecl fï'orn r,vinci tunnel

sirnulations, the initiation of galloping is investigatecl numerically by using a conven-

tional stability analysis. Lirnit cycle arnplitudes, if oscillations occuï, are obt¿rinecl

frorn ¿rn etfficient, I(rylov-Bogoliubov zrveraging methocl anrl theil stability is also

stucliecl. Irr adclition. a coûrput¿r,tionally expeclient time malching eilgorithm is usecl

to cornpute the t'esponse f'ol those instances whele averaging procedures cannot be

emploved. Exantples are presentecl to illustrate tvpical oscillations of icecl, twirr

concluctors.
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Chapter 1

Introduction

1.1 Description and background

Overheacl clectlical tt'ausutissiou lines cronsist of single or bundk: cclnclucrtors, in-

sul¿rtot'stlings, su¡rpolt ltarch,vare, spacels ¿rncl towcr coilìl)oneilts (See Figulc 1.1

in which the large scpnrz'rtion of the tr,vo tr,vilr bunclles exclucles tireir interzrctiorr.)

Lines at'e often sr-rbjectccl to r,vind-inducecl vibrations of ovcr'heacl concluctors causerl

l;y a blast of r,vincl as well as ¿r stc¿rcly air'flow. The concluctols' oscillations nr¿y

lc¿rcl to flashover ¿rs r,vell ¿ìs wcar. zrncl fatiguc clarnagc to thc transmission stLncture.

Eventually, electrical power supply c¿rn be severely clisn.r¡rtecl.

It has been f'ouncl econornical to use bunclle conductols insteacl of single con-

cluctors to transrnit electlical por,vei'. The colrrrrronly usecl nurrrber of concluctor.s

pcl bunclle vat'ies frorn tr,v<t to f'orrr'. For twin buircllc tlansrnission lines. the two

concluctors nolmally lie in ¿r horizontal ¡tla,ne, separatecl by a clistance betr,veen 10

ancl 25 concluctot' diancters. Hor,veveL, cles¡;ite thc principal aclvantage of increasecl

ca,pabiiity in ¡lor,rcr tr'¿rusurission. sccotì(lalv problctns nì¿ì.y alisr: r,vith thc buncllc

coucluctors. Due to the leewarcl concluctor being immersecl in the wake of the wincl-

r,varcl concluctor. the bunclles mây experience instability causecl by a wake vortex.

Tltus. in aclclition to the possible aeolian ancl galloping viblations observecl on single

concluctors, burrdie coucluctot's rnay be subjected to r,v¿ke-inclucecl oscillations.

Galloping is characterizecl by low (0.1 to 3Hz) frequency. large amplitucle. self
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excitccl oscillatiols. It is ploducecl by aeloclvn¿rnric inst¿rbilities that stcm fi'om

asyrnruett'y irt a concluctoL's crross section cluc to the ice a<:crctiol. oì.') nr<tle lalely,

tltc str'¿rncling of tltc c<lrtcluctol cal>le itsetf [1]. Gallopiug instabilitics of ltunclle con-

<luctors involve rttainly th<; brilk nrotion of the buncllc. \,Vakc-incluced oscill¿rtiorrs.

on tlte oth<¿r harrd. alc instigzrtecl by the aeioclynarnic folccs <lue to thc shielcling

cff'ects fi'orn thc r,vindr,v¿r,r'cl concluctols. Thery ranÍle iu fi'equcnc)' fi'our about 0.7 to

6Hz ancl mav irtvolvc both a, subspan and fïll spau rnotion r,vhr:n the concluctor.s

¿lle coìlnectecl by sp¿lcets. Aeolian viblatiorr is zr higli fì'ec¡rency ¿rncl lor,v arnplitucle

oscill¿ltion, courparccl to gallopirrg. that is c¿rusccl l;y ¿rn altclnatirrg wincl f'orce aris-

ing fi'orn a pt'essulc clifl'elcnce clue to zr legulal folnr¿l,tion of ail voltices behincl ¿r

concluctor'.

Nlodelling the clynarrlic belhavior of a tlansmission line as r,vell as investigating

the offects of ¿reroclynamic f'olces ¿rle ch¿rllengin¡¡ t¿rsks bec¿ruse both aspects involvc;

nonlinearities. The object of this resealch is to stucly low fì'equencv vibrations,

inclucling both gallopiirg ancl wake-inclucecl oscilla,tions, of trvin bunclle concluctors

coatecl with ice r,vlten excited by a steacly wirrd. The ice shapes ¿rle obtainecl frorrr

fielcl observations ancl fi'ozen r'¿rin simulations. Aelodynarnic fbrces on the ice co¿rtecl

concluctols are me¿ìsut'ecl front static r,vincl tunnel tests. By assuming the concluctors'

rrlotions to be c¡rasi-st¿rtic at lor,v fï'equencies. the nleasulecl static aeroclynarnic f'orces

are appliecl to clynamic problems afTer proper moclifications.

L.2 Literature review

L.2.I Introduction

Successful research has been macle on a single concluctor transmission line that gives

f'unclamental knowleclge in unclerstancling the galloping behavior of a transmission



Chapter 7. httroduction

line [t, 2]. Hor,vever, limited lesearch h¿rs been leportccl f'ol the galloping of b¿rre:

]tuncllc r;onclucrtot's. Resealchels consiclerecl the bunclk: either' ¿ìs ¿ìn ccluivalent singlcr

r:oncluctor [3] ol as two ligicl c'ylinclels th¿rt ale eithet spling rrrountc<l ol fixeci [4. 5.

6,7]. Little analvtic¿tl r,vork ltas becu leportccl fol ice c;o¿rtecl burrcllc concluctors.

All c¿rrlict' papcr' [8] ]ras rcvier,vecl the static arr<l clynarnic bchavior of clectlic¿ll

tt'ansrnission lines ¿lrid thr:it' rnech¿uric¿rl cornponelrts ilncler wind aucl i<rc loacling.

Recelnt resc¿rrclt ou tlansrnission line gallo¡ring ancl r,vaì<einclucccl oscillatious has

beetl covelccl as pzrlt of r,vincl excit¿rtiorr [9] and blufi-bocly, fluttel ploblerns [10].

A sut'vc:v of acoli¿rn viblations [rt] also bliefly urcntionccl the gzrlloping zrncl w¿rkc-

inclucecl oscrill¿rtions of both single as welì as bunclle concluctols. The scopc of this

leview highliglrts an¿rlytic¿rl stridies (that ernphasize a tlansrnission line's st¿rbility,

clynarnicr behaviol ancl lirnit cvcles) as welì as galloping crontrol clevices.

I.2.2 Single conductor

Galloping of a transnlission line occuls r,vhen concluctors, r,vhich are usually cover.cd

r,vith ice or wet snoyù/, ¿rt'e excitecl by a stezrcly sicle r,vincl. Its uatule has been levier,vecl

by Des¿ri et al [8]. Recently, it has becn shown that gallopirrg ìtìa1r ¿¡]s6 happern on

tclecomntunication c¿rbles [12] ancl cables in a r'¿rin [13]. Due to the severe clamage

that m¿w be caused bv gallo¡ring, the conditions initiating a concluctor''s galloping

or th<: r'csr.ilting lirnit cl'cle :rrnplituclcs harre bccn stucliccl extcusivcll'. Gcnclally.

the aerodynanic forces in analytical models are obtainecl by curve fitting static

experimental data ancl assuming a quasi-static behavior [14. 15]. However, an effort

has bcen tnacle to nutnelically cleterrnine the acloclynanric forcc croefficients by usirrg

a potential flor,v and bounclary integral approacù [i6]. AfTer ernployiug the equations

of ruotion, tlie initiation of galloping is cleterminecl by assessing ihe stability ¿rt
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¿r coltcluctor's static ccluilibrium position unclcr r,vincl ¿rncl ice loi.Lcling. Galloping

viblations ¿rle clcterrninccl by fìncling lirnit cycles Ii, 6, 17].

Tltc rlrost corrtntortly usccl Derr Hzrltog cliterion for tirc vertic¿rl galloping of a

singlc cottductot' (often t'cpt'cseutcd by ¿r single clcglec of fieeclorn. DOF) consiclers

¿r cortcluctor''s veLtic¿rl rrrotion only. However.. r,vhcn the concluctoL,s tor.sional ancl

zrlong-r,viucl lnotions bcconte itnpoltarrt. fol crcr't¿rin ice or sno\,v geometlics ancl con-

clu<rtot' orielttatiorts to tlie ',vincl, thc classicr¿rl Den Hartog cl'itelion is inzrclcc¡rzrte ancl

a rnultiple DOF nrodel is rec¡riled [13, 18].

Analytical models

Thc aeroclvn¿rrnic f'olces acting on a single conductol clepend nonlinearly ¡pon the

wincl speecl ancl relative angle of the wind's attack to the concluctor. Such a system

is simplifieci ancl macie nurnclir:ally tt'¿rctable ltv ernploving a nritss.-spring ,clashpot

oscillator consisting of a linear structulc: ¿rncl nonline:ìr', quasi-staticr f'olces. The

c:onclitious f'ol initiating* galloping are obtainecl bv perf'olming an eigenvalue st¿ibility

zrna,lysis on the lirrearized equations of niotion neal the concluctol's static equilib-

riuut ¡tosition [18-24]. A t]rree DOF model, which inclucles the veltical, tor.sional

nncl along-"vind r¡lotions. has been clevelopr:cl not only f'ol preclicting the galloping

instability but ¿rlso the cnsuing nonlinear clynamic motions of at single conductor.,

tlre ice shape on r,vhich sirnulates one folured unclcr r,vet snow 125,26]. The results

fì'oll onc spccifir: icc shapc suggcst that thc tolsional urotion. as lvcll as thc vcr.tical

motion. is significant in initiating a galloping instabilitv [i8]. Based upon a two

DOF oscillator. which simultaneously considers the vertical and torsional motions,

ern cxplicit solution r,vas obtained fol'the corrclitions iuiti¿rting galloping [19,23].

Furtherrnot'e, a geometrical approach has been developecl to investigate not only the

initiation of galloping but also the critical bounclaries where bifurcations happen, as
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r,vell as inst¿rbility tlencls fol concluctors having cocentric [20] ol cccentr.ic [22] closs-

scctiorts. A pat'zrtnett'ic study gavo ¿ln unclcllst¿rrrclirrg of gzrllo¡ling instabilitv ¿rncl ¿r

possilrle w¿rv of alleviatirrg the gzrlloping bv chalgin¡1 a systcln's Jrzrlzrmetcrs [20,22].

Holvevet', <lespite thel stucly of couplccl vcltical ¿rnd torsionnl galloping, the intrinsicr

couplirtg l>ctr,vccn vct'ticral ¿tncl hot'izont¿rl lnoverncnts has not becn ignolecl [24]. It

r,vas itt<lic¿rtecl th¿r,t vertic:al galloping- nlay bc initiatecl by a horizoutal clisplzrccment

ol velocity.

Both two ¿rncl three DOF oscill:rtors, as ¡,vell as tlvo ancl thlee clirncnsion¿rl fi-

rtitc clcmettt tnoclels. have bccl studiccl extcnsivcly f'ol clifl'erent intorn¿rl resouaut

a,ncl non-resorrant c¿ìses. By usirrg the fìnite elernent methocl, nonlinc¿rriticls an<l

interactiorts between various structural rnoclcs arrd cliff'erent line spans can be ¿rc-

cornmoclatecl l27l. FIor,vever, as thc nurnbel of DOF gto\,vs, the cornputational tiurc

incre¿rses greatlv conrp:rlecl with th¿l,t f'or'¿ln oscill¿rtor. .- ever r,vhcn a tirne averaging

tcchrrique is usecl.

lVhen the static equilibriurn position is urrstable, a, concluctor is prone to gallop

ancl, then, its clvnamic behavior shoulcl be stuciiecl. A ¡rrecliction of a colrcluctor.'s

steaclv st¿rte linlit cycle, r,vhich cletelurines the galloping arnplitucle ¿rs well as thet

fì'equcncy and lel¿l,tive phase cliffcrence of thc viblating colnpolìents. [as been ob-

tainecl bv using numcric¿rl or nonlinear ¿rnalytical methocls [1g,28]. The stability of

¿l limit cycle can be cletelrninecl by linc¿rlly pertrlrbing thel limit cycle par¿rrneter.s

.7.23.2e1.

A comparison of the results from an oscillator ancl a finite elernent analysis has

been made bv considering the vertical ancl torsional motions of a concl¡ctor. It
r,vas found that the limit cycles preclictecl by a planar' finitc elcrnent icle¿rlization arcr

viltually identical to those fi'our a two DOF osciliator lepresentation of a single s¡ran

line vibrating in one structui'al mocle [19].
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The cornponents othel than concluctor-s of a tlansnrission linc have also Ïreen in-

vestigatccl. N'iost stuclies of the pet'f'olutanc:c of irrtc;r'1;hase spztcret's) spaccr'-'clampeLs,

cletunittg penclulurns ancl tor,vers h¿rve becn expelirncnt¿rl. ¿rs rliscussecl in the l¿rter'

scction orr galloping crontrol. C¿rblc-stayccl stlucturr:s, inclucling inter'¿rctions be-

twcen callles ¿rnci towct's arrcl clifl'elent restlainl,s artrl sup¡tolts, lvere auah'zecl to finci

their static ¿rncl clynarnic equilibliurn positions in ¿r steacly ancl quzrsi--stcacly 'uvin<l

[30, 3i]. It r,vas cletcrnlinecl fillther' [32, 33] that a rnulti nodc gallopin¡1 of such

structules cleperncls upon tlte initi¿rl conclitions and the external clistulb¿ruces.

Numerical and analytical methods

In gettet'al, ttonlinear diffelential equations of motion, oÌ¡tained from cither ¿rn oscil-

lator or finite eletlent appt'oach, are solvecl bv errrploying nurnericzrl integlation or

a, nonlinear analytical rnethocl. Thc applic¿rtion of a J;zrlti<rular solution ploceclule

clepencls upon the natule of the ploblcrn; rnore tharr one metho<l c¿rn bc oficrr ap-

pliecl successfïrlly. The cornmonly usecl Krylov-Bogoliultov timc avelaging methocl

1L 23.27), fhe harrnonic balance rnethocl [77,34), the describing fi.rnction methocl

[28] ancl nrultiple scale rnethocl [17, 30, 35] can pleclict steacly state solutions of non-

lincal equatiotts. Recently. an asyrnptotic or a perturbation methocl r,v¿rs appliecl to zr

system of weakly <:ouplecl, nonlinear wâvc equations. The ecluations 'uvere f'ormulatecl

by considering the concluctor to Ïre a one-clinensional continuurn moving vc;r'tically

[36] as '"vell as in both thc vcltical ancl holizontal clirections 137]. A trigonomct-

ric calculation method has also been cleveloped fbr the galloping of a single DOF

oscillator [38]. When transitions from a qriasi-perioclicity to chaos occur ancl the

tut'bulent interrnittencies neecl to be iclentified, âil apptoxinate attlactol methocl

can be used [39, 40].

The limit cycle cletermined by a tr,vo DOF (veltical ancl torsional) oscillator moclel
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'uvas obtainccl by emJrloying thc clescribing fiurction methocl [2S] as r,vell as the Klylov-

Bogolii.rbov titnc averzrging nrethod [19, 23]. Resrrlts obtainecl fi'om both rnethocls

¿ìéìI'eo r,vith tltose fourrcl fi'orn numeliczrl integr'¿rtion [23,28]. Tlrr: Klylov-Bogoliubov

aver':rgiug rncthocl has bercn utilizcd successfhlly for. cliffcrcnt irrtclnal lcsonant ¿urci

ll.oil-l'csolLant c¿tscs irt conjutrction l,vith ¿r thlee DOF oscillatol ¿rs well as a thr.eet

climcnsional fìnite elernent rnoclol II. 27]. The gzrlloping anrplituclcs obtzrinecl by

usirrg the tligonotrrctt'ic c¿rlcul¿rtiorl rncthocl havc ¿rlso bccn cornp¿rlecl lvith tlios<r

fi'orrr thc timc aver'¿rging nrethod. They are c.ssenti¿rlly identical [3s].

L.2.3 Bundleconductors

It has been f'ouncl economical to transrnit electrical po\Mer bv using t'uvo or mor.e

buncllc tt'¿rnstnissiotr c<ln<luctols, rathel than zr, siu¡1lcl concluctor'. However'. buncll<r

concluctot's tnay expetience both full span and sub-s¡tan oscillations bec¿rusc rel-

ativdv ligicl, coupling spacels are introclucecl br:tweeil the concluctols. Inclee<l, a

leer,varcl concluctol can be imrnelsecl in the r,vake of a winch,varcl concluctor so th¿rt

the bunclle ntay also experience instability fiorn the aeroclynamic f'orces causecl by

thc w¿rko. Therefole. in ¿rclclition to possibie aeolian ancl galloping viblations olt-

servecl on single concluctot's, llunclle concluctors rnay be subjectecl to r,vake-inclucecl

oscillations [11, 17].

'Wake-induced oscillations

Investigations [4. 5,6,7.41. 42] of the wake effects on bare concluctors have been

pelforutecl by consiclcling tr,vo c:ilcul¿rr cylinclers, one in thc r,val<e of the other'. Th<:

aerodynamic f'olces on tltc ',virtclwarcl couductols are usually assurnecl to be the

sâme as those on a single conductor. However, the forces createcl on the leewarcl
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concluctot's. r,vhich ¿lr-c ilntnersecl in the ',vake of the r,vinclw¿rlcl concluctor.s. clepencl

nottlineat'lv upon tltc conrluctols'sepzrrzrtiorr [a3]. In one set of investigertiorrs [4.

7]. thc wiucl'uv¿rt'd r:ylilrclcl lvas fixccl ancl the k;clvarcl cylinclcr. w¿ìs suspeucled by

a spring attd a clashpot. Basccl on cxpelimcnt¿rl <lata. the ¿rcloclynarnic clrerg zrncl

lift cocfficicrrts r,vclc zr,pproxirnatecl by polynornial f'unctions of the relative positiorr

between the t',vo cylintlet's. A single DOF rnocl<:I, iuvolviug the veltical urotion [4],

ancl ¿r two DOF ntocl<.;Ì, accorurnoclnting botir the holizontal ancl vertic¿rl motiolrs

of tlre leewarcl cylincler' [5,7, 47] h¿rve been crnJrloyecl to fìncl t]rc; linrit cyck: of

the leew¿rt'cl cvlinclcr'. Agzritt, the lirnit cycles obt¿line<l by the Krylov-Bogoliubov

rnelthod f'ol wal<e-irtcltlcrecl oscillations ¿ìgl'ee with those cletermined fiorn nurner.ic¿rl

lnt,egr¿ìttolr Ib,'/].

lVherr the windr,va,r'cl cylincler is fï'ee to movcr, both cylinclers can be nioclellecl

by nrzrsscts stltrtportecl bv sprirrgs arrcl clarnpeLs [6]. The equations of nrotion, thcir.

solutions ¿rncl stabilitl' c¿rtt be olrtainecl as befole, altirough high<;r. DOF moclels arc

irrvolvecl. The rnovement of the winclwarcl cylinclel si¡lnificantly affects the inotion of

the lecwarcl cvlincler. Fol inst¿rnce, there is a tinie clei¿r,y between the rrrotion of the

wiuclwarcl crvlirrcler ancl this lnotion being "f'elt" by thc lee'uvarcl cylincler'. The tirne

clelav is a lonlineal fìlncrtion of not only the positions ltut ¿rlso tire velocities of both

cvlinders. Analvtical rnotions incorporating this eff'ect have been f'ouncl nurneric¿rliy

bv using Runge-Kutta integration [6, 42].

The 'uvakc-inclucccl oscillations a,u<l irrstability of flcxiblc <rylinclcls in an ar.lay of

fixecl cvlinders have been investigatecl fbr nrultiple as well as twin concluctor bunclles.

The aerodvnamic clrag ancl lift on the flexible cylinclers may be founcl experimentallv

ot' zrnalytically. Basccl on expcrinleutai clata, both zr single DOF iclealization laa] of

a flexible cylinder ancl ¿r tr,vo DOF replesentation [45] of t'uvo cylinclers rnoving in the

cross-flor,v clirection have been evaluatecl. On the other hancl, the aeroclynamic clrag
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zrncl lifT, as r,vell ¿rs the cylincler's stabilitr'. r,vele clelivccl an¿rlyti<rally by using a onc-

ditltensional, unsteaclv integrzrl rnoclel [46]. Disc:rcpancies bctweeu the cxpcrinlcrrtal

¿rncl th<xlt'<:tic¿rl results r,vere explainccl l>y the rrcglcct of voltex sircclcling. the cffcct

of inst¿rbilitics causccl bv fluicl fluxcs nolrrral to thc fï'ec ail stlearn ¿rncl thc artifici¿rl

srnoothirrg of <l¿rta in the nurnelic¿rl iutegr.ation.

Tltc cornbinecl eflects of voltcx-inclucecl oscillations ¿rncl the gallo¡ring of a squ¿ìr'e

sectiolttlci cvlinclel in a closs flow h¿rve bcen iuvestigatecl by Corless ¿rncl Parkinson

[a7]. Thev suggested that t]re interactiorìs calr be nroclellecl bv sirnplv courbining tire

ntatltematic¿rl ntodels of e¿rch forrrr takerrr sepalzrtcly. An inrltlovecl solution fol thc

1>t'irnat'y I'csonance r,v¿rs clevelopecl subsecluerrtlv basclcl upon thc rnetirocl of rnultiplcl

scales r,vith a ntot'e appt'opliate asvrnptotic enrbeclcling [a8]. The an¿rlytic¿rl solutiorr

r,vas quasi-perioclic for weak nonlinetarities brit, 'uvhen strong nonlinealities exist,

transient ch¿ros \,v¿ì.s plesent f'ol certain. physic¿tlly lealizabic, paleuncter.values [47].

In ¿rdclitiorr to an oscill¿rtol a,pploach, ¿r fìnite elernent analysis has bee¡ per-

fot'rnecl for bunclle concluctors despite thc great conrputational efi'ort requirecl. Di-

ana et al [a9] stuclied ltuff'eting ancl galloping by using tensionecl bearn clernents for.

tliple bunclles, r,vhen fìrll span oscillations are solely of interest ¿rt vei.y low, 0.1 to

0.2 Hz frequencies. The equations of motion .',ver.e solvecl bv ernpkxirrg- ¿l Nc¡,vmark

step-bv-step, numerical integlation. Whcn sub-spem rnotions r,vere also incluclecl, an

eight or ¿r sixteen DOF cable elernent, whose lcngths equal the sub-s¡ran length, has

]recn usccl to studv the vibr¿rtion of buncllc conchrctols iucolJtolating spaccrs [b0].

Another alternative is to utilize three-node, isoparametric cable elements represelt-

ing conductors ancl beam elements representing spacers [b1]. If only the bulk or

full -span rnotiorl needs to be consiclcrecl, the constrainccl lnotion c¿rn be iclealizecl

by an ec¡uivaleut single cottcluctol rnodel, r,vhich is much more cÌontputationally ef'-

ficient [52]. Linearizecl ecluations of motion were clerivecl for both two ancl three
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climettsiorlal rnclclcls ancl the conductor''s oscill¿rtions ancl stability r,vere clctcrlninecl

nuurelic:¿rlly.

Alleviation of wake-induced oscillations

Extensivc ficlcl ancl laborzrtoly strrclics ¿rnd theolctical an¿llyses havc been c:oncluctecl

t<l l'eclucct the possibility of initiatirrg gnlloping ancl to cleclease thc anrplitucles of

galloping bv alteling concluctors' ¡lalerrnetcls [2, 53, 54] ancl adcling contr.ol clevices

[55-63]. The arnltlitucle, of couLsr,'. r.elates clircctly to thc fï.ecluency of flashovers

between velticzrlly alignecl phases ¿rncl to the sevclr.it)¡ of'rnechanic¿rl cl¿rmage to towers

ancl harclwale.

Duc to tlte contplexity of r,vake-incluced oscillations, an exhaustive analytical

study of the effect of palarneter changes has not been performed f'ol concluctor.s.

Plice ancl Abclallah [6] str.rcliecl the irrcliviclual efl'ects of fi<;cluency cletuning rincl

tnechanical clarnping as a rìeans of alleviating the oscillations. It r,vas inclicatecl

that detuning the mocles of vibration was eff'ective in a fixecl winclwarcl r:oncluctol

an¿rlvsis. Hor,vcvet', it is unlikely that fi'equency cl<;tuniug is particulally beneficial

fol' llunclle tt'¿rnsrnission lines in ',vhich ¿r rnultitucle of rnocles rn¿ry coalesce. They

also showecl that inct'c;asing the mechanical clarnping is generallv the rnost effectiv<:

wav of enhanciug stabilitv. Damping can raise , in sorne cilcumst¿rnces. the wincl's

thresholcl speecl nccessary to cause instabilitv ¿rncl it c¿rn also lecluce the liurit cycle

arnplitucltl. Irl corttr¿rst. it has bcen suggcstr:cl that onh' high lcvels of mechanical

damping, in excess of that normally achievable in practice, are beneficial for twin

brrnclles [6. 42].

i0
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Summary

l\'Iucrh pIo{ìt'css ltas been rn¿rcl<; in nloclelling ancl thcoreticallv analyzirrg gnllo¡ring.

Tlteoretical stuclics. ¡,vhicù cornplcnrcnt experinleutal invcstigations, incluclc the ini-

ti¿rtiorl of galloping. fiucling thc lirnit cycles of gerlloping ancl r,vake-inclucecl oscrill¿r-

tious, Jrzlt'antctlicr stuclies ¿ls r,vcÌl as contlol techniqnes. Rrr.ther ¿¡clv¿lnces ¿rlc still

neeclccl, lìo,,vevcL, to clevelop practical coutlol clevices that ¿llc invarizr,bly c¿flbctive.

1.3 Present contributions

This thesis f'ocuses rttainly ou analytic¿rlly rnoclelling the clynarnic llehaviol of ¿r

tr,vin burtclle tt'anstnission line as well as investig:rting the eff'ects of aeroclyrr¿lrnicr

folces. A finite elernent technir¡ue couplecl with a pelturbation scheme, r,vhich may

Ìc<luce contputational tinte, is ernployecl to cl<:r'ive thc nonlinear'. algeblaic r:cluations.

Basecl on the successful t'esearch f'ol a single tlansmission line [1], two an¿rlytical

rtloclcls, an ecluivalcnt single concluctor ¿rrrcl a wa,kc -inclucccl oscillation nrocicl, a,r-r;

proposecl f'or sirnul¿rting a twin concluctor bunclle's rnotion. The equivalent single

concluctor rnoclel is proposcd for ¿r full span rnotìon. By elirninating the sub-span

rnotiolt bct¡,vccn tltc tr,vo cortcluctols. thc tot¿rl DOF is h¿rlv<;cl ¿rncl the comltutationzrl

cfficicncv is irnprovecl glcatlv. When the sul:-sp¿rn motion neecls to be invcstig:rtccl.

a pl'ogl'¿ìln f'or' 'r,vake- incluced oscillations is clevcloped to t¿rke into account botlr

firli spzrn ittttl sub-s¡r¿ru rtrotions. Th<: ¡rlogr'¿lrn is alrlc to h¿ur<llc lrou-unifi¡'r¡ ir,<:

gcornott'ics ancl u'incl Ìoacls along the linc. Rcgarcllcss. thc initiation of galloping.

thc limiting zrrnplituclc, if galloping happcns, as lvcll as thc histor'¡, of a t,,vin-bundlc

transmission line's motion are investigatecl.

11
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L.4 Organization of thesis

Gener'¿rl rnathentatical rnoclcls ancl rncthocls ¿u'c clesclibecl in Chapter 2 fil ¿ur-

tonornous nonlineat' systents. togethel r,vith a <lcscription of computationally cffì-

cient, time ¿rveragirrg scherne (the Klyiov Bogoliubov rnethocl), a nurneLical tinre

integlatiort procreclut'c ¿rrtcl their application to th<: gzilloping problern. An equiva-

lcnt single coucluctot' rnoclel is clcvolopcrl in Ch:rptel' 3 to investigate the fìrll sparr

(bulk rnotion) of ¿r twirr croncluctor bulrdle. Both ptvsic¿l,l ¿lncl fic:titious sp¿ìcer.s ¿lr'c

assuurecl to lestt'ict rcll¿rtive rnovernents betwecn concluctols nncl s¡>acels. In the

case when fi.rll spzrn ancl sub-s¡>an rnotiorìs ale consiclerecl sirnultaneously, the rnoclel

for wake-inclucecl oscillations is given in Chaptcr' 4. Then a sub -span motion is

allor,vecl at all the noclal points not clefinecl bv phvsical spacers. Fin:rlly, Chapter 5

surnm¿-¡r'izcs the conclusions ¿rncl cliscrrsses fìltulc r,vor.k.

T2
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Iìnd-springs rcprcscnt

Figr.rlc 1.1: I\4oclcl of a rnnlti span tlansmission linc



Chapter 2

Mathematical Models and Methods

2.L Autonomous nonlinear systems

z.L.L Mathematicalmodels

In thc a,n¿rlvsis of flor,v--irrclucecl vibr¿r,tiorrs, rnathernatical uroclels ale gener.atecl for

both the structure ancl fluid. Because of their' flexibilitv, caÌ¡le structures are slls-

ceptible to lalge rnotions wlten excitecl exteln¿rlly. Thcy responcl in a geometlicallv

nonlineat' fäshiort to both plestress ftlces an<l incle¿rsing ioacl. i'egarclless of thcl

rnaterial's linearity. The equilibt'iun configurationsi ¿ts r,vell as the state of stless,

alwavs clepencl rtonline¿rt'ly upon the plestless ¿rncl extelrral static f'olces. Hor,vevor.,

tlte resportse to dvnamic fot'ces rn¿ry be non-linear or r¡rasi-lineal clepencling on the

clirections zrncl ntagnitucles of the clynarnic forces rel¿rtive to the st¿rte of stress ancl

t:onfigtnatiou ctf tlt<r 1>t'estt'essccl stluctule. hr this thesis. c¿rblc motions ¿ìt,o (ìon-

siclelecl to be rtear-line¿rr r,vith a valying loacl ne¿rr the cable's static equilibriurn

c:onfigut'ation r,vhen tlte <lynanric clisplacclnents ¿ìre assulLed srn¿l,ll. Therefore, th<t

c¿blc c¿l,lt bc: sirnplificcl to ccluirralcrrt lineal oscillatols ¿rfTcl thc cquilibr.iurrr configu-

r¿rtion h¿rs l-rccn <lbt¿rilrccl utclcr' ¿l static lo¿rci.

Fluid nr<¡clels at'c fbt'utccl fì'oni a corrrbin¿rtiori of c¡uasi static theoly arrcl experi-

lncntal clata. As flrricl rncchanics is an inhercnth, ¡rnrrt'r'r"At'. mân1¡ clegr'<tc of frceclom

phenomenon, it is very difficult to accurately describe the phenomenon by using

a, general tlteoretical rnodel. The experimental dat¿r neeclecl in rnoclelling the fluifl

14
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behaviol at'e obtain<,'cl fi'orn static rvincl tunnel tcsts. These <lata alc usecl in th<;

analysis of a clyna,ruic ploblcrn b5' zrpplying <lrrasi -st¿rtic theoly. In conclusion, â

norilincar autorrornous systcrn, r,vhich cloes not cxplicitlv involvc tilnc ¿rs ¿t v¿rli¿rble.

is clevelopc<l to ntoclcl the c¿rblc stt'uctulc ¿rn<l aclorlynanlic loacls by consiclr:r'i'g t¡c
nonline¿rlity of both thc stnlctule ancl fluicl.

2.L.2 Governing equations of motion

Th<; ¿rrlalvsis of oscill¿itions fot a we¿rkly nonlincar', ¿lutononrous systcm th¿rt has

scconcl ot'clet' cliflclenti¿rl equations of motion ìs clevelotrlecl by applvi¡g an asyurptotic

rnetltocl basecl on the classical e olcler, Krylov-Bogoliubov (KB) rncttrocl [Bb, 64,65,

66]. Thc genet'¿rl forn of ,¡/. seconcl olclel clifft:rential equations of rnotion cal b<;

wlittcllr in Jl'irr<:i¡tztl coolclin¿rtr:s ¿rs

'itla¿2r¡. : eF¿(r¡1,T2, ...,,ílNr;rh,rlz, ..., TN,,),,i : I,2,...,No ; Nn< lV. (2.1)

r'vltet'e l/o is the nurnber of principal coolclin¿:Ltes, r¡¿ is a genelalizecl clisplâcernent, r
is a snall pat'aureter' (e << 1), rn is a, n¿rtulal fì'ec¡uc;ncv of the corïospon(ling li¡car'.

unclarnpecl svsteln (e : 0) ancl e.fl is a moclal lo¿rcl containing linear ¿rncl nonline¿u

tol'rns. Tlrt:',vc¿rk nonline¿rr.ity sterns fi.orn thc rrrocl¿rl loacls. sfi, r,vhicrh havc or.cicr.E

in conrpalison to the unit orclcr', ineltial ancl el¿lstic f'olces.

2.L.3 solution of the autonomous nonlinear equations

15

The static equilibliurn position of the systonr clescr.ibecl

slrotrcls to thc zclo solution. r/ : rl :0. Thc fir.st olclcl

approximated by

by ecluatiou (2.t) cìolle-

clvuamic solution r:a,n bc

q¿: A¿(t) cos(øir + rþ¿(t)) (2 2)
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r,vlter-e ,4¿(ú) ancl 'rl4(t) are the unknor,vn. slorvly valving ,ith ampliiucle ¿rncl pfuasc.

rcs¡rcctivclv. The al arc unknown and closc to the ¿th natulal fi'ecluen<:y. i.e.

16

Thc fïurdarrlcnt¿rl assurnption <lf thc asynrptotic an¿rlysis is that, for' ¿:L sufficierrtly

sm¿rll valuc of thc par:rnteter e, the solution of equatiorr (2.t) is ncarly ir¿rrrnonic but

lvith a slor,vlv vzrrving arttplitucle aucl phase over onc cycle of oscillatio¡.

Rcr,vrite thc pclioclic solutions of eclua,tion (2.1) in the f'olnr

ai:û)i.+O(e).

r¡¿(t) : A¿(t) cosú ¿(t),

Üo(t; : ait+1þi(t),

where A¿(ú) ancl ü¿(ú) are clefìnecl such that

(2 3)

(2 4)

ù¿ : - A¡ai si'nÚ ¿.

A¡cosÚ ¿ : A¿Ú si'rt,Ú .

Then the KB technic¡re is appliecl to the moclifiecl cquations

(2 5)

'ti¿ + a.?q¿ - tF, + (r.? - r?)rto, i : r,2,..., N7,, (2 6)

wllele ui = ui, '¿ : 1,..., Å;, for the nor-r'esonant rnocles anci øf : ø, + o(r),
'i : I,...,frt,, f'or the lesouant rnocles. The k ancl r¡¿ ¿u'e the nulnbel of the non-

rcsotrattt attci itttct'ttally lcsotiant ttroclcs, rcspectiveiy, ancl li:lrr¿: &. Fur.thclrno¡c,

tlrc ø| ¿llc cxpt'cssccl itt telnrs of ¿r cornlrcru, but 'u¡¿k¡¿o,wt¿ ficclucncy ø* f'or. tlrç

lesonaut nrocles.

Substitr.rtirtg cquations (2.a) ancl (2.5) into cqriatiorr (2,0) r'csrilts in tri,o rlnco¡-

plecl equation sets in ,4¿ ancl ,ri¿, ,,vhich ar.e given bv

A¿al : [Ao(r? - ai2)cosú ¿ - eF¿]si,nú ¿, i - r,...,Np, (27)
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A¿g¿ai : lAn(r? - ai2)cosú ¿ - e F¿þ:osú ¿, 'L:

77

¿rncl

, À"p, (2 8)

¿rfTet' tl¿uripr.rlation. Ec¡rations (2.7) ancl (2.8) aLc averagccl bv integlatiug thcrn

r,vith rcsl>cct tci tiurt:, ú. ¿tncl bv tleerting slolvly varlri¡g fïrnctiorrs,rl¿(á) anci ü¿(ú) as

constarrts ã¿ ancl ,¿,. The lesulting 2,À/o ervclagecl equzrtions ¿ìre

:1rT¡
A¿ a* : ; l^ lAo(r? - ui2)cosú¿- efi)sin,ú¿rÌt (2g)

t¡. J0

Ãuú,rî : + [,.'' lAn(r? - ai2)cosú¿ - e+¿]cosú¿c]t, (2.10)
t¡. J0

r,vhet'e fr is the periocl of the ith mocle. Equations (2.9) ancl (2.10) now ¡tr.ovicle arr

E olclel approxilnation to the systern clescr.ibeci bv ecluation (2.1).

2.2 Stability analysis

2.2.L Static configuration and initial stability

Itt gclet'al. a st¿l,tic cc¡lilibliurrr ¡l'oblcnr is folrrurl¿rtccl as thc sc¡hrtion of [68]

P(q) - F :0, (2.1r)

r,vhcl'tl F is ¿r t¡octoL of applicxl lo¿rcls ¿rutl P is thr: uouliuc¿,u intelrr¿il fbl<: v<:ctor.

rvhi<rh is iuclicatr:<l to bc: ¿r funr,tion of tlxr noclal ¡>ar.:rnrctcr.s r7. Thc r.csidual of thcr

1;t'oblcnr, y'r, is givcn Ì:y

(2 12)

and a solution is defined as ¿rny set of noclal displacements, q, for which the resiclual

is zclo. The solution is obtainecl by using the Ner,vton-Raphson (NR) iteration
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methocl, ¡,vhich st¿rt'ts fi'otn a state s¿rtisfying physical argurnents fol a solution ¿rncl

thetl srn¿rll inct'crnellts at'c appliecl to thc lozrcling vcctor', F. Thus. f'or any stci). ¿t

set of values for the conlpolìcrìts of q is foulrcl to satisfV thc zel'o rcsiciu¿rl collclition.

Bv taking small enough steps. a solution path rnav usu¿rlly bc tracecl [62].

Tirc initiation of galloping is clct<rllninecl by the stability of the static: crcluilibrirrrn

r:onfigut'¿rtion of the tr¿rnsutission lilre. An unstable st¿rtic configulartion is gener.ally

callerl thc initiation phase of gzrllolring. The stabilitv analysis is perf'orrned by lin-

czrt'izing th<; equzrtiorts of rnotion ne¿ir the static cquilibliurn configuration. Til<t

cquations of rnotion gener-zlllv havc the for.rrr

l^,r){,Ì} + [c]{4} + tx){q}: {J,},

18

r,vltet'e [A'I], Pl and [11] arc t]te global l/ x N stluctural nr"ass, clarnping ancl stiffhess

lnatrices. r'esJlectively. Thcl c¿rblc ancl be¿rm elenrcnts usecl to rnoclcl concluctols

zrncl spacers are clescribecl in Appenclix A. The {F} ancl {q}, on the other hzrncl,

¿rre tlte cxtet'ttal clynantic folce and noclal clisplacernent vectols lneasur.ecl fi.om the

equilibrium configuration of tile stlucture. Thclef'ole, the l/ lirrearizecl ec¡.iations of

rnotion ale giverr bv

lru\{til + lc t,l{¿t} + IK,.]{r1} : {0},

(2.13)

(2.r4)

rvhelc

lc,l : lc)-lc,À

and

v(rl : [r(l - lrtu) (2 15)

Thc [C¿r] auti [1{¿7] stcllu fì'<.¡ltt tltc lirc¿r,r'iz¿rtion of the ¿).olodyu.¿ìuric lo¿rcls. They ar.t:

forrned by assembling the ]inearizecl element loacl vector, {Fr"}, w}rere

{F,."} : lCu"l{q"} + [Ku"]{q"} (2.16)
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Elertrcnts of [Cu"l ancl [1(¡7"] ¿Ìre l)reseiltecl in Appenclix B. Eigenvalucs of the r.cl-

sulting ch¿u'¿rctclistic ln¿rtrix, [S,,], ¿ìt.o cotïU)tltecl fi'our

t0l
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l
J

ls..l : IIUJ 
L

[1]

-[^rl-1 lr{ r.] -lMl-, lC,,l
(2.r7)

Hclc [0] and [1] at'c thc N x 1V null ¿rncl iclentity rn:ltrice;s, r'especrtivch,. Thc st¿rtic

confìguration is stable if all thc eigcnvzrlues of [S"] h¿rve ¿r ucgzrtive r.ca,l par.t.

2.2.2 Limit cycle and its stability

By consicleling the ec¡ua,tions of motion to be weal<ly nonlinear, tinre averagi¡g

schc¡rncs c¿rn be usccl to :rppr oxirnerte thc pr:r'ioclic solutions. T|et ecluertions of rnotiorr

(2.13) ale tlansfolrnecl fir'st to thc principal cool.clinate system, 1rl¿, âs [r,27]

wltelc

ij¿ -t a?rÌ¿: Fr,- Ë 4,kr'lk, ,i: r,2,. . . , Np,
À;:1

tu1'

F,t, : Ð(,þo¡¡_z Fr,, * (;¿,,t"j_ t F"¡ I rf;¿,a¡ dtls ).

(2.18)

(2.1e)
j:1

Here nn and 1/, ¿rrc thc uuntbet' of nocl¿rl points zrnd principal coolcliu.ates, respec-

tivel1'. Tlrc al, rþ¿,¡ arrcl cl,¡,, ott the otlter-han<l, are the squalecl natulal f}cquencies,

clcÌrcttts of tltt: cigcltrfìtrtctiott tn¿ltt'ix l7r] aucl clarrrlting lt¿tt'ix [C-] i¡ 1t'irr<:i¡>zrl <:r-

orclirratc systcm. rcspcctivcll,. 85' applyi¡g i¡fi¡itr: ti¡re irrtcgr.ation (T - cc) in

cqttations (2.9) and (2.10), thc lcsulting 2¡/',, ¿x'cr'¿rgccl cquations for.thc arnplituclcs

A¿ ancl phases rlr¿ become

Ã¿a* : lrå + l,' [Ao(r? - ai2)cosú n - Fn, - F",]s'inú ¿cht (2.20)
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lAo(r? - ui2)cosú o - F.,,, - F",lcosú ¿clt, (2.2r)

'uvhelct
N,

F,,, : Ð "i,^, 
A¡ af,sirtú ¡,.

^,- 
I

Tlre constants { ancl d, nrrcl fi.cc¡rencies øf , ,i : I,2,...,N1,, ;) : 1,2,...,T.t,,

c¿rn be fbrlncl trv letting Ãn1t¡:7,þr:0 in cqua,tions (2.20) atrcl (2.27) zrncl solving

tht: resulting nottlittcat' algebraic cquzrtions. Thelef<tlc, thc approxir¡¿tio¡ of a iirnit

cycle given by etquation (2.a) can be deter.nlinecl.

The st¿lbility of a lilnit c)¡cle is ck:tcrlninecl by pelf'olrning zr stability ¿rn¿rlysis on

the equations

20

-:- 1 rT
A¿þrai : ]r:I¡ l,

(2 22)

(2.23)

where n¿ is the nuurber of internally lesonant nocles. Apploxirnations for the par.ti¡l
--:

rleliv¿rtiv<:s )Ai/)Aj,0-Ã¿fA'ú^,,Olþ¿l}Aj awI 0$,10,ú*,.i,.:j : I,2,...,N.r, k.l:
7,2,. .. ,Tt7, , can be obtained fï'om equations (2.g) ancl (2.10). A (¡/, i_ nt)x(¡/p+nz)

char¿rctelistic rnatrix, [,S"], is constructecl fion ccluatiorm (2.22) ancl (2.23) sucir that

Ãnçt¡ : 
Ë#,^r(¿) 

+ 
Ë ffi.t,{r),

,$¡(t) : 
Ë,*,^r(ú) 

+ 
Ë ffir,^,rrr, i 

: r.2,,n.t.

^ 0Ãt
ò", ,¡: 0T,,

ÐÁ
a1 vl Lt'\"c¡,(¡¡¡,+,r) - 0lt^i

ã o-r1,,,\.. : ---:-L .q-, :-(:(N¡,+r),.i n A., "cllu,,+r),tw,,+r,) -' 1,/.(-t.:j

'i,.:j : 7,2,...,Nr, lt,I : 7,2,..

oút
0't¡t^,

.1m.

(2.24)

Thc signs of the real parts of thc eigenvalues of [,9..] cletermine the stabilit), of thc

limit cvcle' lVhen rn I 0, one eigenvalue is ah,vays zero because ¿rll the ,/r¿ zrr.e

measurecl r,vith t'espect to a reference mocle. If all other eigenvalues have negative

leal parts, the lirnit cyclc is stablc.
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2.3 Numerical time integration

A clilr:ct tirrre integr¿rtion of the cquatiorrs of motion is pclfolrnc<l scJrzrr.atcly in th<r

principzrl coorclin¿r.te system (2.18) as an altelnativc a,p¡lozrch that rn:r,y be enrployecl

to v¿rliclate tht: rcsults obtainecl fi'oin the tiine avcr¿rging techniclu<:. It rnay also bc

pet'fot'rnecl orl the sub-spacrc equations in or'del to reclucc cornputzrtiona,l cff'or.t. Th<t

zrlgolitlrrn is surnrrr¿lliz<xl belorv [1].

Attirncú:0:

The initial {r7}s ancl {r)}6 are known so that. fol the fìrst tirne step ú : Lt, cr¡pigv

the f ollor,ving f'ormul:re

{,t}o,: + l{r-}, . (#rlt - rCIl) {ry}o + (hur- rc.l) {a}o] , e25)

ancl

)
{'i}o, : ñ,({ry}", - {'i}u) - {4}o (2.26)

For thc subsec¡rent time steps f :2Ált,...,t1Aú, risc:

{,t},*o, : at2 l{r. }, . (#t/l - tCIl) {,ù, - þb},-^, - lc.l{,¡} ,] , e.z:)

ancl

1

{4},*o' : ñ(3{tl},no, - a{rt}, + {i¡l¡--4,)d, (2.2s)

r'vhelc [0] is thc rliagortal ul¿ltlix contaiuing thr: s<1uzrr'crl ual,ulal fi'r:<1rxlr<'ics ¿ur<l th¡
components of {F*} arc clefinccl in cquation (2.1g).
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Galloping (Bulk Motion) of a Twin Conductor Bundle

3.1 fntrodttction

It is ofTen ollset'vecl irr the ficlcl that tr,vin concluctols nìove in phzrse with ¿ur irupcr-

ce¡:tible sub-span utotion. Thelefore. the full sp¿ìn ol bulk rlrotion is often stucliecl

¿rlone. Tlten, rcsearchels have consiclelecl an equivalent ancl advantageously sirrrpler

single concluctor nrodel [1, 2] for a bunclle [69]. N4olcovcï) arì oscillator.analysis basecl

on :r clzrrtl¡lccl spring ¿lncl rn¿rss moclel for tr,vin ltunclles [3] a¡ct ¿r finit<,: cle¡rent an¿rl-

vsis, usitlg tertsionecl beam elements fbl tliple bunclles [49], have been per.fbr.mecl.

However. fbrthel analvtical wot{< neecls to be perfbrmecl on the firll span oscillatiorrs

of ice coated as opposecl to ba'e twi'-bunclle conchrcto's.

In tiris cltapter, tire full span bulk rnotion of an icecl twin burrclle is investigatecl,

r,vheÌeas the sul>sp¿rn ntotion is neglectecl. Hencc, the tr,vi¡ bunclle is moclellecl

as an equivalent single concluctor. the rnotion of r,vhich can be repr.esentecl bv tli<:

clisplacernents ancl rotation of a reference cut've locatecl miclway bctr,veen the tr,vo

concluctoÏs. A finitc clcrnent tcchnic¡rc is corr¡rlccl rvith a pe¡turltatio¡ schcr¡c ¿r'cl

the nonlinear. algebraic equations ar-e clerivecl ancl solvecl. Flexible cable elements

are usecl to represent the concluctors and both fictitious ancl real rigicl spacers âre

assumed to restrict the rnotion bet¡,veen cot'respoucling noclal points on the tr,vo

conductors. Cornparecl with the case when bottr f'ull span ancl sub-span motions

are emplovecl, the resrtlting computer program is much less time consuming ancl

22
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neccls less storagel because the uuntber of valialtles rcpresenting the bulk rnotio' is

thc satne as that fol a single concluctor'. The initi¿rtion of galbping, the linritiug

clcflc<rtiort zrrnplitucl<: if galloping occuls. as r,vell ¿ls tfuc histo¡y of t]re tr,vin-bulrclle

tt'¿rnsmission linc's tuotion ¿rre investigzrtecl. Nurnclic¿rl lesults zr¡c given f'or. o'e iccrl

tr¿rnsruission line ancl thc etffects of r,vincl speecl as r,vell as thc r:oucluctor.s' hor.izorrt¿rj

tclrsiou arc strr<lictl.

3.2 Formulation

3.2.L Mathematicalmodel

Tlie bulk rnotion of ¿r twin bunclle is replesentecl by the clisplaceurents ancl rot¿rtiorr

of ¿r ref'crerìcc clll've betr,veen tlte tr,vo croncluctols. This fìctitious cut.ve is clesig'atccl

the ccnter of lotatiort, as shown in Figure 3.1. It is assur¡ecl th¿rt the rot¿rtiorr

about this center is small and that the longituclinal ntotions of both conclucto's are

uegligiblc. The coucluctors are moclclllecl bv using conputationally efücient, thrc;e-

noclc, isopat'ametlic cable elerrrents. R.elative moveurents betr,vccn two co¡r'espo'cling

rrodal points on the conductors ¿llc constr'¿rinecl by spzrcels. Rigid sp¿ìcrers link t¡e
t¡,vo t:oncluctors at tlod¿rl ¡loints, e.g., ¿r rnasslcss, fictitious sp¿Ìcer..joins correspo¡cl-

ing conchictot' nocles not clefining zr physical spacer'. Then. the equivalerrt single

concltlctot' model can take aclvantagr: of the lesults fì'orn Jlrevio¡s resear.(:h on single

concluctors [1].

Equations of motion for two individual conductors

By considering two sepat'ate conductors lving sicle by sicle, the equations of motiorr
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fol the winclwarcl ¿rncl leewat'cl concluctols câlt be'r,vritterr, respecrtively, as

lù[",]{,i",} + [C,,,]{q.,,} + [K",]{q,,} : {F,,} + {{,,.,,} (3 1)

¿rncl

[A,r¿]{,it } + tal{ø} +lr{¿l{q,}: {4} + {4'¿} (3 2)

Tlre [nd], [c,] ancl lIç), '¿ : ur m(l l, ale the l/ x N rnass, clampiug a¡cl stiff-

ness nta,tlices ancl subscli¡tts ur ancl I clenote thc lvinclr,v¿rrcl ancl leew¿rlcl concluctor.s.

respectivelv. Vcctors {qrr}, {Frr} zrncl {{r",} alc the clis¡rlacenrents, cxter.nal aero-

clvrtatrlic lo¿icls ¿rncl the ft¡t'<res sirnulating thc cff'e<:ts of the spâcers on the winch,valcl

cotrcluctot', t'espcctively. The {qt}, {Ft} zrncl {-F"¿} ale zrnalogons vectot's f'or the lec-

r,varcl c:onductot-. The efietcts of the ice foruration on the concluctors are taken into

account when forrning the rnass ancl stifflress rnatrices. The procedure fol construcrt-

irrg [&1.,,] and [Jld] ,lC,,l ancl [C¿], ers r,vell as [(,,] aucl [1{¿] is sinrilar to that usccl in

lef<';rence [1]. Details of these matrices zile given in Appeuclix B f'ol cornpleteness.

Forces on the spacers, {4,.,} and {fl¿}

Equations of rnotion for the twin concluctor burrclle ¿rre clerivecl fi'orn equations (8.1)

and (3.2) in the fbllrlr,virrg sc:<:tioll. The forces given lry the spâcels ¿rt c¿lr:h rrorlal

point, j, zlt'e cienoted zrs {{r,ur} zurd {4r¿r} fol the ¡,vinciw¿rrcl ¿rncl leewalrl concluctor.s,

i.c.

i4r.,,i Ì : {Frrruj, Futu¡, Fturu¡, Ìf 
"rj} , (3 3)

24

and

{4'¿¡} : {Fra¡, FuI¡, Ftut¡,IVIUI (3.4)

Hcl'e, tlte Furr¡, Frru¡, Ftur,,¡ ancl 11,1..r¡ ale t]re folcles in the r, g anrl. z clilections a¡cl

the (tolsional) mornent on the r,vinchvard concluctor lvhilst the.fl,¿¡, Fut¡, Fru¡¡ and.

IVI¿¡ are those on the leeward concluctor. By using Ner,vton's seconcl law, the relations
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betr,veett thc f'orces on tlte sp¿tcets ancl the rnovcrncnts ¿rt the ce¡tcr of rotation c¿rrr

bc cletet'rnirlecl. Thc cxJrt't'rssions ft>r'thc nassless fìctitious spaccrs aucl tþe plrrrsicai

sp¿L(:(,.I's ate

whele

- ó"¡ rn"¡ ä¡

- 6"¡ rn,"¡ i)¡

- 6".,¡ rn,"¡ 'tit¡

- 6rj Irj 0j

.(_usj

: F,. t F- I|LJ | -'U.ILtJ

: F,tj * Frrr,.¡

: Ftut¡ * Frurr,¡

: X[,'j I Fr,rr¡ l,

+ IUIt.:i - fl,t¡ l¡

cos 96¡ I Fruruj 1,,, sin ds.i

cos áe3 - FtuL.¡ l¿ sin 9¡¡i

(3.5)

(3 6)
lo
I'

for' ¿r n¿rssless, fictitious spacel. at nocle.7

for at physical spacer at nocle 7 .

The 1", ancl rn"i ¿rrc the inelti¿rl rnornent arrd rnass of the phvsical spacer at noclcr

.i' The 1,.,, and l¿ are the clistances l¡etween the center of lot¿rtion an<l the wirrclwarcl

ancl leeward concluctors, I'espectivel¡'. f'or both the real ancl fìctitious spacers. The

á6.i is tlre anglc bctween the spaccr ancl irolizontal plaue at noclc j r,vhilst ü¡, ü¡, w¡

ancl d¡ are the accelet'atious in tltc :r. y arrcl z clirectiolls ancl the angular.acceler¿rtion

of the twin bunclle, respectivelv.

Constrained motions

The movements of both concluctors can be expressecl in terms of the motion at the

center of rotation when the sub-span motion is neglectecl. Thus. the linear ancl

angulal velocities take the rn¿rtrix forrrr

{<i"r1 : [7"¡]{q¡}, s :lD ancl l, (3 7)

for the winclr,varcl ancl leewarcl concluctors where {qri}, s:,tr,l, ancl {¿ii} ale time
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clcrivativcs fi'orn the clisplaccnrcnts ancl rot¿rtions {q"i}, s:1.{),1, zurcl {ql}, t.rp,r.-

tively. Thc {q,r;} : {ÌLrrj,,u1¡1i,,t1)1p¡,ïu,.j}r, {øt¡} : {'Lt¡¡.,u¿¡,'ut¿¡.0¿¡}T ancl {qi} :

{ttr,'u¡,ut¡,0¡}7 t'epres<tnt t}rc riispiaccruettt,s in tirc z,37 zrn<l z clircctions ¿rucl l.ot¿r-

tiotm at the winch,varcl, leer,vald concluctors ¿rncl at the ccnter of rotation of the trvin

bun<lle at noclal point .f . r'espectivclv. Thc transfolm¿rtion matriccs [4,,1] :rncl [4r1

are clefìnc:cl as

26

[7",¡):

100
010
001
000

0

lr, c,os 0ç1,

1.,, sin d6,

1

¿rttcl lTr.¡l:

100
010
001
000

0

-.1¿ {',os 06¡

-l¡ sin 0s¡

1

(3 8)

r,vhct'e á6¡ is the initial t'otation coolclin¿rte ¿rt noclc: 7 at thc centc-.r of lotation. Thc¡cr

¿lle t'uvo assutnptiorls nacle in clerivirrg equations (3.7) and (3.8). Ttre filst assump-

tion is that the t'otation, f. is small; thc seconcl is that the longituclinal nloverncnts

of both concluctors are iclc;ntical. Therefbre, clisplacernents can be approxirnatecl

after intcgration ancl algeblaic rnanipulation bv

{,1'} : lT"){q,}, S : '¿.{) afi<l l. (3 e)

f'or the accelelations

tespcct to thc c'cntrtr'

{,j"¡) : lT"¡l{d¡} + lT,¡o|{øj}, S : 'LL) and l.

Acceler'¿rtions cân be explessecl by ernplo)'ing tr,vo telrns usecl

dttc to the colcirl<:tols' tangcrrtial a,rrcl nollr¿ll <:ornponcuts with

of rotation. The expressions for the accelerations are

(3.10)

where

{ni} : {'i'3,,}3, ri'\, o3}',
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lT,,¡ol :

000 0

0 0 0 -1,,, sin 9e;

0 0 0 1,, cos ásj

000 0

¿rncl [Tr,¡o]:

000 0

0 0 0 l¿sin9¡¡

0 0 0 -l¿ c:os á¡¡¡

000 0

. (3 11)

Equations of motion for the twin bundle

It r:¿rn bc sho¡,vn stlaiglrtf'olwarclly fì'on eqrrzr,tions (8.3), (8.4), (B.b) ancl (B.g),

by using Ner,vton's sccolrcl lil,r,v, that

[7,,¡]r{F",,,¡} + [Tt¡]'{f,,¿r} : - 6"j llul"jl{tjj} (3.12)

for' ¿l fìctitious ¿ìs well as a lc¿rl sp¿ìcer, r,vhele

[A,I"j]:

'tIIs¡ 0 0 0

0m,"¡00
0 0 y¡rsj 0

0 0 0 1";

(3 13)

Firraliy, ltt' lcttilrg

{q"}: [f,]{q}, s:,¿¿, arrcl l, (3.14)

{ø"} : l{,l{q}, s --,u ancl 1,. (3.15)

as lvell as

{¿1.,} : tZ,]{q} + lT^rl{q'}, ,s: ?r ancl 1,. (g.16)

thc ccluations of urotion bccontc:

lrvrl{(j} + lc){d} + [N]{q} : {r} (3.17)
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r,vltere {q} it the global clisplacernent vector of t}re ltuncllc at the center of rot¿r-

tion ancl {r¡,,} ancl {q¿} nrc the clisl>la<:erncnt vcctols f'ol the rvilcl.lvalcl ancl leer,v¿lrcl

concluctoi's, respectively. Thcv are dcsignzrted

{q}' : {{q,}', {qr}',. . ., {,1,,,}r¡,

{q'}' : {{q'r}', {dì}',..., {¿t1,,,}'},

whet'c rl2 is the tturnber of nocl¿rl trroints at tlrc cctìtet' of rot¿rtion, ol the r'<;f'er.cncç:

(ìurve. Ther rnatlir:es in erluation (3.i7) are clefinecl as

28

lN,f)

lcl

lKl

artcl the lesultant folce

: [7,,,]'[]tI,,,l[I,,] + lT,l"[tut,)lzl] + lA,I"l

: [7,,,]'[C,,,][4,] + tTlrtc¿llT,)

: 17,,,)'¡K,,,1¡7,,1 + trù'lK¿]tri

vectol is given bv

{r} : [7,,,)'{F,,,} + l:ri, {n)

Siurilarlv, the aeloclynamic vcctoLs, {f'} ancl {fl}, arc assernblecl fì'om the fbrce

vectols {F,,r} ancl {ffi} r,vhilst thc transf'orrnation rnatrices, [fr,,] ancl [fr], are ob-

tairrecl sirnilarly fïorn m¿rtlices [Z,i] ancl [fr¡] at nocl¿rl point j,.j:1,...,nr. The

tnass ruatrix, [ll'd]. is thc coutribrrtion fï'om the p]rvsic:rl spaccls'i¡cltias. Mo¡e

specificallv,

U,Ì : {{4, }t, {F,z}r ,. . . , {F",v,}'}' s : 'u) ¿rrrcl 1,,

(3 1B)

(3 1e)

(3.20)

0

0

:

0

7,,,,

0

T"t

0

:

0

0

I s(rtr-7)

0

[7]l : S :'\il anCl (3 21)
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ancl

29

lA''1"): (3.22)

The [f,,¡] ancl [fr6] ¿rt'e t'el¿rtecl to the seconcl olclel velocity telnn usecl in ccluatiorr

(3.16). Thev h¿rvc sinriial definitions to those fbr'[fr,] ancl [fr] rvh<:rr Tto¡ ancIT¿¡

¿rre substitr.rtecl by 4rj0 ål,ncl TLio, j : 1,2,...,r;pt respectively. I{or,vevcr, they ¿rr'<;

neglectecl in cleriving equation (3.17) becausc thc centel of rot¿rtion is assumecl to

be close to the net centel of gravitv of thc tr,vo concluctor.s.

3.2.2 Modelling aerodynamic forces

The stcadv aeroclvuamic f'orces, {F}, in equation (3.17) are obtainecl clilectly frorn

cxpelirncutally rneasurecl static f'olces ancl mornents ¿l,t the centel of rotation of

tltt: tr,vitt ltuntlle bv npplviug a <¡rasi ste¿rly theory. Thes<t fbr'<:cs. ,,vhich <:¿rrisr: th<;

concluctol's to vibrarte, clcpend nonlineally u¡ton thc geonrt_.tly of th<¡ icetd concluctors

¿rncl the lclative wind speocl to the concluctols. The gener al f'olrrr of the ¿reloclyn¿lrrri<:

f'orces pcl unit lcngth calt be r,vrittcn, at cach nocl¿rl point, as

tt¡ I\,[¡ 0

0 ó"2 Iv,I"2

0 ...

0 ...
6"0r,,-t) AI"(,t,,-t)

0 á",,

0

0

0

fu'Isn,,

0

Ð1r"!t t
1

Ia- :'2

po¿, ul"t d Cu,

po¿,' (Jlo, rI C",

lVIe : ) ,,"* t|f", cl2 Cs,

(3.23)

and
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wlrerr: pai.r, Ur,il, d ancl C¿,,i: !J,2,0, ale the clensity of air', relative r,vincl speecl lvith

respect to ¿r concluctor'. ¿t I'efelence stluctru'¿rl dirncnsion ¿urcl tho loacl coefficients,

Icsl>ectivclv. In tliis ¿rnalysis. thc cocfiì<:icuts Cy, C" ancl Cs at'e ¿ìppt.oxirnatecl

conventiorlallv by ctrbic poivnornials of thc zrnglc of ¿rtta<rk at the lotation ccntet', {t,

to sirnul¿rtc tlte experirncntal cl¿rt¿r. Hence, the poiynornizris takc the general fornr

J

C¿:Ða,¿¡u!. i:!1.2,0,
'i:0

(! : o - tat¿-,1Æd=l',)t.(J, )'

(3.24)

lvhelc

(3 25)

Hele, I/, is the fì'ee stt'eatn spcecl in the z clircction ancl fi is the charactei'isticr

Iaclius corlesponcling- to a ref'erence point whele the instant¿lneous arrgle of attack is

corrtputecl [70]. Nlanv t'escarchet's sirnply tal<e A : 0 by measuling cv at the ce¡te¡

of t'otation for asingle concluctol LTI,72.73,74]. Othcls lcsealcrher.s use fi x rtl2l>y

rn<;asuring a at a ref'erence point locatecl on the winclwarcl siclo of a single conclucto¡

lI,27| hrthischapter,theconstantsr.r,¿1, i:y,2,0,.:j:0, 1,2,J.ofcquzrtio¡ (J.24)

¿rle obtainecl from a least square culve fìt of the experirnentally measur-ecl lift, ch'ag

artcl rnornc':nt coeffìcients [1]. These coefficients are calculatecl as ¿r fìrnction of the

fì'cc stt'c¿lrrt strtctccl. ¿ls ¡,vcll ¿rs thc lcl¿rtivu r,vind s¡rcc<l f'or'l,hc ntoving tr,vin çonc|lctors.

ancl thc instant¿rneous r,vincl's arrgle of ¿rttack. Thcy â,1.c nlc¿ìsurr;cl along the r:cutcr. of

rotation so that Ë is taken to bc zcro f'ol solcly thc bulk rnotiou of thc twin buncllc

<l<-nrcluctot'.

Thc liglrtrttost tcrttt ilr thc last cc¡latiorì ul¿ìy bc zrp¡tloxiur¿rl,ccl ì>y tlic first lirrc¿rl

tcrttt itt thc Taylol solics cxpausion of thc iuvclsc tangcnt function. IJcxvcvcr', t|is
approximation mar¡ give o¡¡¡¡1¡corrs resrrlts. especiallv u'hen lnï + I:/l > 0.6U" fot

which the error in the computation of a itself is rnore than 10%. To recluce the

erl'ol', the next terrn in the T¿wlor sel'ies is incluclecl in the expi'ession fol a so that
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the erpploxirnatiorr

(y : u + ãttf1

is tlsr:cl irr tlie timc averagiug ploccss r,virei'c

31

(3 26)

(Y:0-ù

arrcl

a: @.0+ù)lU" (3.27)

3.2.3 Initiation of Galloping

Equzrtions of rnotiort (3.17) clcfine: the st¿rbíiity ¿rncl rnotion of thc concluctor.s' bulk

tnotion. The static configulatioir of a, tla,nsurission line. sultjectecl to icc ancl ¿r rnean

steaclv wind loacl, is coruputecl fi'om the nonlinear, static ecluilibrium equations

obtainecl bv letting {d} : {tj} :0 in equatiorr (3.17). Tþe r.esulting ¡onli¡ear.static

equartions,

tNl{q}: {F}, (8 28)

arr: soÌvccl llv r.rsing the NR iter'¿rtion rnethocl ck:scrillt¡cl in section 2.2.I r¡f Chapter

2.

Tlu: initi¿rtiorr of gallolriug is rlctclrniuc<l b1, tlur stabilit)¡ of thc sl,atic c<1uilíi;r'iunr

configrtration of thr': transmission line. The static configuratioir is stable if all the

cigcnvalttes of thc charactcristir: matrix, [,9,,], cleterminecl in equation (2.tT) have a

negativc real part. If the static configuration is unst¿rble. the lirniting rnotion iurcl

the history of a rnotiorì ale f'ouncl by emploving two inclepenclent inetliocls, the KB

averaging schelle ancl dircct tirne integration.



chttptcr 3. Galloping (Bulk Motion) of a Twin concluctot' Bunclle

3.2.4 Limit cycles

By <:ousirlcrin¡; the equatious of nrotion to bcl lveakly nonlinc¿rr. tirrxl avclaging

schetries rtatt be us<;cl to a¡l¡rloxinrzrtc thc: ltelioclic solutious. Tho ecluations of rnotiorr

(3.17) at'e trausf'ot'trtecl fir'st to the plinci¡t¿rl coolclinate systern, 17¿, as [1]

N,,

Ìi¡,*a?rt¿: F,,t, -Ð ci.í¡\r,, 'i:!,2,...,N1,, (8.2g)

r,vhelc
lL ¡t

F,t,:Ð(óo¡-r.n Fr., * ó,t.,¡-r,t p"i + rf;a,¡,¿ A'[e,).
.:):1'

Hele ttu and .n/o al'e the nuutbel of lrocl¿rl Jroints ancl plincipa,l coorclirìàtes, respcc-

tivelv. Tlteu!, Ó¿,i, Frt, erttcl cf.¡, on the othel hancl, ale the squalecl natural frequen-

cics, elctrtents of the eigenfunction rn¿rtrix [r/], f'orcing vecrtor {F-} nncl the clarnping

rn¿rtlix [c-] in thc principal r:oolclirì¿ìtc' systerrr. r'r,:spcctively. Bv :rpplving the I(B

techniclue to the r¡rodifiecl cquzrtions

N,,

n¿la*?q¿: F,t, - I4,^,rl^,+(r.? -r?)nn, ,i:I,2,...,N,¡,, (8.30)
/,:1

as clescribecl in clet'iving ecluation (2.6) of Chapter 2, the lesulting 2llo zrvelagecl

equations (2.9) ancl (2.10) becon<r

- 
1 ¡T-

A¿ai : FA,: Jl* ¡ f ,, lA,(r? - o.l2)r:osúo - F,¡, - F,,,lsin,ú¿tht (3.31)

ancl

-1rT

A¡rþ¿ai : F,t,,: 
,13å F /n lAn(r? - oi2)cosún - F,t, - F",lcosú¿rlt, (3.32)

whele

32

uati

1

TJ,

By substituting ec1

Fn,: - lim' T+æ

on

rT

^1,F,,, : Ð täo Ax ui, sin ü¡'. (3.33)
À'= 1

(3.33) into eqr:ations (3.31) ancl (3.32), the explessions

f n, I tún ç

lÐ r¡"rl sin ü¿ ,tt - !þrî,:Ãt, ai, cos Er¡¿, (8.34)
Li:r I r;:r ¿
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ancl

D . ,', f nt' I 'v,, r5,r. .,.Í ,i,, : - ,)yli l^ lÐ_ ri,rl ,,,r, v ¿dt - | îrî^,Ãt, ,i. siu'/¡.,nn "u LF I í:t
A^+i@í-ai) ,?:1,2,...,N¡, (8.35)

¿rt'e f'ortn<:cl r,vhele FN,r6, whiclt colt'csponcls to the princi¡>¿rl coorclilrate 17¿ at noclal

point 7. is clefinecl as

Flr, : Ó¿:i-2.¿ F',t¡ I þru.i-r,o pri + (tar,¿ l\'le,, (3.36)

The phase diff'elencet, ,y'r¡,, ancl fïinction. é¿¡.. at'e given ltv

'$rn:Ú*,--,1'o (3.37)

ancl

. Ir ir ai-uioi,': 
l, if ui r ai,.

AfTer fì.rlthel algebraic rnoclific¿rtion. equation (8.36) becornes

nj t /3
rit"o : 

|Por, 
U,¡' d,¡ 

[*ì 
u^, ul + 6,, at 4/3 + óa ul

whele

- -" \(\:j(Y; 
) 

t

(3 38)

(3.3e)

T1, : rftçt¡-z).t, aut) + (Þçt"¡- t¡.;,d"p I rþa¡,¿ us, d,¡ .lt: I.2.3. (3.40)

and

(tir
6r)I - lo ir

The õ is considerecl small r,vhen a

in equation (3.26) is reasonable.

o is considerecl to be large

Cu is colrsiclelecl to bc sur¿rll .

(3 41)

<< 0.1 so that the linear approximertion reflectecl

(This situation is exernplifiecl latei. in a numerical
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exarnple.) The d¡ ancl 9, at'e ¿r ref'et'encc stluctnl¿rl dirnension ¿rncl the corrcluctor''s

Ïot¿rtiott at the Tth troclt:. r,vltcrcas ã¿ arrrl 'p, irrclicatc thc a,vcragecl amirlituclc ancl

tiure shifï clf the ith rnctclc. r'espcctivcly. Thc dur,drp anrT as,, at'e coulputoci fi.orn

/ L,,, + L,,\
akt, : (-ï ) ou, ;A): u,2,0 ; p: r,2,3; .:j : r,2,.-','Ít,¡t : (3.42)

r,vhcre Lr,, anrd trr, incliczrte the lerrgth of thc aclj¿rcent n¿th arrci ,nth clcrnents, r.e-

spcctivclv. to r,vhich .:j (.j +2.4.6....) i. thc cornrnon nocle. If ;j :2,4.6,... , thcn

Lrn : Lr, : -Lu is the lcngth of thc cleutent f'ol r,vhich 7 is thc rniclcllc nocle. The d.i

and ai usecl in ccluation (3.39) ale sirnJrlificcl fiu'thc;r' to the for.ru

¡r'?,

d j : Ð ("t"cos V,, + ,Sl sin ü,,)
rt:l

¡r'¡,

aj: - f Sf sirrü,,
¡¿:7

CJ" : A, tfs4¡.r,

(3 43)

ancl

whelc:

r,vhilst

(3 44)

(3.45)

The 11, irr the last eqriatioll r'opl'c'scnts the char'¿rcterlistic laclius at thc .Tth nocle ancl

þ¿,¡ is the zjth elernerrt of [rþ]. It can be seen fi'our ecluations (3.34), (8.85), (3.89)

arld (3.43) ihat the ilfinite iuteglation of the ploclucts of telurs liuear', cluacL'ertic

and cubic in cr- as well as linear in 0¡, that are associateci r,vith sin ü¿ anci cos ü¿, âr'o

t'c<luirccl rccursivcly ¿rt c¿clt jth ¡odç, fi.,i' cvcr'1, ,jth trigclc. Tfucsc i¡tcgi.tr,tioils ]r¿ivç

been clerivecl explicitiy but at'e not presented here for brevity. They can be founcl

in [1].
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Tlie constants { ancl Ú; ancl ficquencies ø}, 'i:7,2,...,N0, .:i : r,2,...,Tr1,

¿u'c found b5, letting ã¿(ú) : Vj : 0 i¡ cc1¡atio¡s (3.31) ancl (3.32) a,ncl soiying

tlrc r'esriltittg nottlincerr er,lgcbrzric c:cluations. Therefore tire qrrzrsi ltclioclic linlit cyclc.

giverr lrv eqr.izrtior (2.4), c¿rn b<¡ f'or.urcl.

3.2.5 Stability of limit cycles

Tlre st¿rbilitv of ¿r linrit r:yclc is clcterrninccl by the (¡/,,+ nt,)*(Nr*nz) cha,r.a.ctel.istic

tttatlix, [^9.]. constt'uctccl fi'our cquatiorr (2.24) of Chapter'2. The signs of the r.e¿rl

pârts of the cigcuvalues of [^9.] cleterrninc the stability of the liurit cycle. When

nt f 0, one eigenvzrlue is ¿rlways zero bccause all tlte{¿ âre neasulecl r,vith respect

to a reference rnocle. If all othel eigenvalues have negative real parts, the lirnit cycle

is stablc.

3.2.6 Time integration

A dilect tirne integration of the equations of rnotion is perf'orrnecl sepzrr.zrtely in the

irrincipal coot'clirlate systeur (3.29) as an alternativcl zrpploach. The algorithur is

surnrnalizecl }:v ecluzrtions (2.2b) to (2.28).

3.3 Numerical results

A singlc spâIì, icccl tu'in conclur:tol brincllc is usccl to ilh.rstr'¿rtc a tvpical f¿ll span

motiott when galloping is initi¿rtecl. The ice acr:umul¿rtions on the concluctors. which

cause the concluctors' instability, are obtained from a simulatecl fi'eezing rain [1]. The

sample clesignatcd C11, r,vhosc cl'oss'-section is illustlatecl in Figule 3.2(a),resclnblcs
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severe icing f'ormecl naturally on zr singlc concluctol just belor,v 0C l2]. Thcl icing

otl tlte 
"vinch,v¿rrd 

ancl leei,vard conchrctors is coltsirlclecl iclentical in olclcr. to r,rsc

av¿rii¿rblc but lirnitecl expelirnental ¿rcloclyn¿rnric cl¿l,ta. Holvcvet', ¿lbout 20% noyt:

ice can bc ¿rcct'etcd in a strong sidcr,vays r,vincl on the ',vinchvarct concluctoL [75]. It
is also ¿lssurnecl that each line has a unif'olrn coating of icc ¿lncl that the r,vincl spæ<l

cloes uot change zrlong the spzrn.

The finite ek¡mcnt rnoclel has 21 nocles at the ccntcl of lot¿ltion (r,vith noclc

tturnbet's 1 ancl 21 r'eplesentiug the ltfT ilnd liglrt su¡-r¡tolts, respectivclv) so tþzrt

tr.vctrtv <;letnertts, ten on the r,vinchv¿rlcl ¿ulcl ten olr thc leelvalcl concluctor, a,rc usccl to

cliscretize the two single spzrtt concluctols. The phvsiczrl pzrrametcls of the colicltictors

at'e obtainecl fi'orn field uteasurernents ancl they ¿rle listecl in Table 3.1. Quasi - st¿rtic

aeroclynamic f'orces are measut'ecl in a r,vincl tunnel whele the sepalation between the;

t"vo Ìigicl C11 morlels is const¿rnt. Thc scpzrlzrtion usclcl hcle is 0.471 zn ancl, initially.

the olientatiotts of rnodels ât'e a?o : (r¿ : 40,, r,vhen the tr,vo concluctors lie in a

holizontal plane, as shown in Figule 3.2(b). These orientations ¿rle within the rânge

irr r,vhich galloping tencls to lta¡:perr II,2].Bv emplovirrg a least squarc clirve fit, t¡e
experinlental d¿rta are fbuncl to give thel ¿reloclyn¿rnric coefficients listecl in Table 3.2.

The st¿l,tic profile of the spzrn f'ol thr: sclf weight, ice loacl ancl static ¿lcroclyn¿rrnic

lifT and ch'erg fbrces cleatecl by a stezrcly sicle wincl of 4rnfs is shor,vn in Figule 8.3.

Tlre lrorizontal clistarrce betr,veen any two ¿rcljaccnt nocl¿rl points is ah,vays 6.2g4 m.

Thc horizontal static tension is 30 l<N fol both sirnply su¡rportecl ancl fixccl cncls.

The onlv diffelence between the encl conclitions is that the longituclinal clegree of

freeclorn is retainecl in the simple support case. However', a,part from cleacl-encl spans.

a sirnple support allor,vs a ilìore realistic irrter'¿rction bet¡,veen acljacent sp¿ìrìs so th¿l,t

it is stricliecl in gi'eater detail. The ¡,vincl speccl aucl tension are chosen so th¿lt a 1:1

resonant galloping occurs for both encl conclitions.
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Thc st¿rl¡ility of thc static plofile of the concluctol buncllc uncler the acloclyrrarnic

lo¿rcl is invcstig*zrtt:cl to clctclrninc the initiatiou of gnlloping. Thc st¿rtic pr.ofilc is

for.rrlcl to be urtst¿rble for both cncl conclitions ¿l,t thc assurnr:cl 4 nr/s lvirrcl spcccl.

A rrroclal zutalysis is ¡rct'fot'rn<:<l fbr thc [1(] and [,4,1j nratlicr:s f'olrnula,ted iu ecluzr-

tion (3.i7). The lcsulting tr,vo lor,vcst frec¡ucncry moclcs <ror.r'csponcl to one ioo¡r syrrr_

ttletrir:¿ll ntocles for' Ìtoth encl conditions. ¿rs shor,vn in Figure 3.4. Tlrc rnodc: shapes

¿rt'c sirrlil¿rr for both cascs, thc fir'st ittvolvcs a pleclornirrarrtly [orizoltal r¡otiorr ¿rncl

thc scconcl is esscnti¿rlly ¿r veltic¿ll rnovenlcnt. H<t.r,vevcL, as expcr:tecl, thc s<tconcl

rt¿rtut'¿rl fi'ecluencv is sliglrtlv highel fbr the fixecl-r:ncls. Bccause t[e initi¿,rl st¿rbilitv

anzrlysis preclicts an inst¿lbilit,y. lirnit cyclcs alc; irrvetstigatecl for a c:ornbination of the

t¡,vo lor,vest fiequencv nrclcles.

An:rnalysis for an internally leson¿rnt systen (rrlrr:1+) is pelf'orrnccl r,vhen

th<l I(B tirne avet'agiug mr:thocl is appliecl bcca,use the fi'equency latio is consiclc¡ccl

to bc c:losely spacclcl. On thc othel herncl, step bv step tinre intcglation is usccl i¡
the same rnanner regarclless of a, r'esonant or non-'resonant situation. The rotation

of the concluctot bunclle is f'ound to be vely small clue to th<: rigicl sp¿ì,cìcls so tllat

the lirniting mcltions fol the windr,va,rci and leer,v¿l,r'd concluct<)ì.s are inclistirrgr.rish¿rble

fì'orn ttrat at the center of lot¿rtion. Thelefole. only the lirnit cycle zrt the cerrter

of rot¿rtiou is given at thc rnid-sparr in Figure 3.5. This figule sholvs th¿rt thc

Iesults of the step bv stcp tirne integlation 1>roceclule ancl the KB timc aver.zrging

zrlgolithn agrcc lvell. Howev<,.t'. thc slightly rlifi'crent n¿itulai fi'<lqucnci<-.s Jrr.ochrcr:{

bv the two encl conclitions leads to noticeably different horizontal moveurents in the

liurit cvcles. The smaller limiting motion amplitucle at the fixecl encls stems from a

higher- lorrgituclin¿rl strain (or tensiorr) because the lcngth of the cablo changcs rv|err

one loop galloping ha1>perrs. However, this change carrnot be f'ecl into the adjarcent

span when the encl constraints are fixecl.
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Thc chang-e in the peak limit r:yclc anrplitucles at the rnicl span is investiga,teci

for thc sirrrplv suppoltecl spzrrr zrt valious ste¿rdy wincl s¡tcecls. The initi¿rl staltilitv

attzrlysis pleclicts that thc st¿rtic: plofiic becorncs unstablc fbl the filst two lor,vest

fi'ccluencics lvhen the r,vind s¡leecl cxcrcc<ls ¿rbout 2 ntf s. It is f'ourrcl. as cxpcr:t<;cl.

that tÌrc amplitudc of the lirnitirrg rnotion glo\,vs sigrrificerntly as the r,vincl sJtcecl

increascs. Ittcleecl, Figr.rle 3.6 shows that the lirniting arnplitucle's glo.,vth r.¿rte is

altnost lineat' ¿rncl about 10% th¿rt of thc r,vincl speecl. However'. the f'olnlulation cloes

not acc<lrlturoclate aclodynantic lo¿rcis th¿rt ¿u'e rrot r,ve¿rlcly-nonlinear' :rt lzlrgc r,vincl

speecls. It has bcen suggt:sted th¿rt a g rn/s wincl s1;eecl is at thc high encl of spcocls

fburrcl to pt'ocluct: gzrllopin¡1 [1]. T]relef<>r'e only 2.5 nf s to 6 rn/s wirrcl speecls. r,vhich

is in the t'ângc of nioclerate r,vincls. ¿rr.e considered helc.

Different liolizontal st¿rtic tensions in the concluctors cause the change in the

lirnit cvclt: amplituclcs inclic¿rtecl in Figure 3.7. Tlie tcnsions consiclelecl ¿rt the 4

m/s ',vincl speecl of thc example ¿ìre a little bcrcncl the usual practical r.:rngc of

15 l<N to 30 kN clcterminecl fiorn 20% of ¿r concluctor''s ultirnate tensile strength

[76]. However, Figure 3.7 shows that, as the tension irrcreases, the lirriting rnotiorr

clect'eases substanti¿rllv initially, att:rins ¿r urininurn arouncl 65 kN before risirrg. This

phertontenon can be explzrirrecl as f'ollor,vs. A lzrrgcl tension causes the stiffiress to

iucre¿rsc which. in tut'n, c¿ìuses the rnotion's amplitucle to decease but the zrngular.

spcecl to increasc. Thus, tlte aeloclynarnic forces gt'ow as thc static tension irrcreases,

as shor,vn in Figut'c 3.S. (This figulc illustratcs thc clynarnic chaug<:s ciuling a pcliorl

of the limiting motion in the aeroclynamic coefficients at clifferent static tensions.)

Therefore. the motion's amplitucle incre¿rses when the effect of the aeroclynarnic

forces to inherently ittcrcase the cable's ruotion is gleater thau the counteracting

eliect of the tensiort. Fiually, it can be concludecl that if galloping is the sole concelrr,

the highest feasible static tension shoulcl be emplovecl for this transmission line.
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3.4 Concluding Remarks

A nonlinc'¿tt' tnoricl h¿rs bccn clevciopccl to investigatc the full-s¡xn oscillations of

¿ru ìcelcl tr,vin bunclle tr¿rusrnissiou line. thc tvpe of oscillations ofien observccl in the

ficld. Nuuterica,l solutions involvc ¿i finitc elenrent ¿rnalysis ernployecl in conjunctiorr

r,vith ¿r purtulbzrtion schernc. Thcy ¿r,cc:ount for ¿r line's geometric nonline¿u'ity, pt.c-

stt'ess f'olces artcl uonìincat' ¿lcloclynarnic lo¿rds. By elirnin¿rting the sub-span rnotions

betlveon the two conductols. the tr,vin bun<lle is rnoclcllsl as an cquiverlent single con-

clucrtor so th¿rt thc total nunrbet' of clcglc:es of fï'ecclorn is h¿r,lvccl :rncl computatiou¿ll

efficicucy is implovecì grezrtly. The acro<h'narnic f'orces zrcting orr the concluctors

arc obtainecl fi'orn cxperitnental r,vincl tunnel sirnulations by applving a quasi-ste¿rcly

theorv. The initiation of galloping is irrvestigatecl nurneric¿rlly by using ¿l conven-

tion¿ll stabilitv analysis. Lirnit cvcle anrplitucles, if oscillatic)ns occnr'. ar.e obtainecl

fiom an efficient, Krylov-Bogolirrbov averaging iuethocl ¿rucl thcil stabilitv is ¿rlso

studiecl. In adclition, a contputationally cxpeclient tirne malching alg*orithnl is usecl

to compute tlte response f'ol those inst¿urces r,vhere zrveraging ploceciur'<ts cannot be

ernployecl. Exarnples at'e pl'escntecl to ilhrstrate tvpical oscillations of an icccl, twin

bunclle conductor'. Thev srtggcst that thc galloping- amplitucle gro\,vs lvith incleasing

wincl speecl but cleclcases artci, then, inclc;¿lses r,vith a lalgcr horizolrtal te¡siolr.

Calcul¿rting the bulk rnotion of ¿r transmission line is much nìore com.putationally

efficicnt than siutultan<;ously consiclering both fìrll spz,r,n zrncl sub-s¡ran motions be

crause an equivalent single concluctor model can be appliecl. This simpler moclel can

be used f'or a quick check in a prelirninary design of a new transmission line. How-

ever, the rotation of icecl concluctors. r,vhich is important in analvzingthe limiting

rrrotions of single concluctols, is suJtplr:ssecl.
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Table 3.1: Propelties of Ficlcl Lines

40

Par'¿rureters Synrbols (Unit) D¿rt¿1,

Concluctol cliarneter'
Concluctor's elasticitv moclulus
Torsional rigiclitv
Axial - torsion¿rl coupling pararncltcl
I\,fornent of inerti¿l
Eccentricity in y direction
Eccentlicity in z dilectiolr
Closs"sectiorral ar e¿r of concluctor'
Are¿r of ice accretiorr
Concluctor's mass/rlnit length
Darrrpirrg per unit length in y, z clilectiorr
Damping per unit length in á clilection
Ice rk:nsity
Distance between two concluctors
Horizontal span lcrrgth
Density of air
Free stream (wincl) speecl

tl (nt,)

E (N lnf)
G,I (N nf f rad)
B7 (Nrn,lrad,)

I (ko rn)
E, (ntm,)
E" (ntwr)

Alera (nlrrr.2)

Alea(ice) (rn,rn,2)

m (ks lm,)
t¿\u; lz

te
(ku f nt,rn,ir)

I (nt,)

L ('^)
p"u (kylfm,:\)

U (nt,ls)

0.0286
4.78033 x 1010

10i
0

0.3334 x 10-:l
2.05

-0.63
594.48
423.24
2.379

0.743 x 10*2
0.138 x 10-2

0.9163 x 10-6
0.47r0
125.88

1.2929
2.0 - 6.0
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Tablc 3.2: Expclirnent¿rlly Detellninecl Aeloclynarnic Coefficients

Coefficients
C11 croncluctor

¿lt a : 0" and (!.w : at,: 40o

aui

(r,..:

aej

:i : 0. 7.2. 3

2.775r, -0.3335, -8.1094. 76.7162

7.7440, r.7270, 1.6650, 3.56309

0.3206, -7.4543. 0.5869. 11.9408
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Windrvard conductor

Centcr ofrotation

Figule 3.1: Bulk moclelling of ¿r tr,vin bundle concluctor
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(b)
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(a)

Wind+
Windrvarrl
conductor

I-cery¿rd
conduct0r

Figui'e 3.2: The t'uvin brindle moclel
corìcluctor and (b) thel arrangement

showing (a) the closs-sectiorì of zr single C11
of the r,vinclr,var<1 ancl leer,varcl concluctor.s
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--')(- Simple supports------ F¡xed supports
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Fixed supports, mode 1: f=0.444H2
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- 

Simple supports (KB method)
X Simple supports (inteqrat¡on)

- - - -.- Fixed supports (KB method)
O Fixed supports (¡nlegration)
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Figurc 3.8: Coefficients of the peliod of the limiting nlotiorì



Chapter 4

Wake-Induced Oscillations

4.1 Introduction

Tlte equivaletrt single coucluctol nrockrl desclibecl iu ChzrJrter' 3 efficieutly cornputcs

the full span rttotion cif a tr,vin concluctor' Ì:uncllc. Howcvcr'. rnodellirrg galloping or

r,val<e-ilclucecl oscill¿l,tions becoules nccessaly r,vhen sub spau rnotions ale not neg-

ligiblc. Investigations of wake efÍ'ects on bale concluctors h¿rve been perfbr.med by

clottsiclt:r'iug tr,vo circul¿rt' cylirtclcls, onr: irr the r,vake of thc other'. In one set of inves-

tigations, tlrc wincll,vzrlcl cylindcr \,v¿rs fixed ¿rrrcl the lccr,varcl cylinclel r,vas suspenclcc.l

bv a spring and zr clashpot. A singlc clegree of fieeclom (DOF) oscillator.. involvi¡g

vcrtica,l motiott [4], ancl ¿r two DOF rnodel, accornrnoclating both the horizont¿ll ancl

veÌtic¿rl rnotiotts [5,7,4IL have been ernployecl to find the lirnit cycle of t]re leelvar.cl

cvlincler. Thc cornputational sr-rpeliolitv of a time avcraging nretho{. comnoniy t}rc:

Klvlov-Bogoliubov (KB) rnettrocl. has beerr ilhrstr'¿rtecl fbr those oscillatol nroclels

fol r,vhich perioclic linriting rnotions and theil stability conclitions r,vele cletelminecl

<'xlrlicitly [4. 7. 41).

When the winclwarcl cylincler is fi'ee to rnove ancl both cylinclers are lepresentecl

bv masses supportecl hv springs ancl clampers. a four DOF oscillator moclel is ileeclecl

16,771- The resulting tronlineal equations of rnotion have bcen iutegr'¿rtecl numclically

by utilizing el tirne rnalching schenre. Unfoitunately, such a scheine nay be verry

tirne consuming, especiallv for a lightlv dampecl system r,vhen many oscillation cycles
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Itave to be pcrf'ornlccl bef'ore er limiting pelioclic ol quasi-perioclic clynamic r.esponse

is ¿rtt¿rinc<1.

This chaptclt' stuclics low fi'ec¡rcncy vibr':rtions. inclucling both the galloping of ¿ri

i'clivi<h.ial concluctor ¿rncl the r,vakei'clucecr oscillatio's of t¡,vin-bunclle concluctors

coatecl r'vith ice ¿rncl subjectecl to a stcacly siclc r,vin<l. The aeroclynarnic f'olccs necclccl

fol the an¿rlvscs arc obt¿lirtccl fì'oul static r,vincl tunnel rneasillcrncnts by assunriug

th¿rt a cltrasi-steaclv theot'v is v¿rlicl f'ol lor,v fi'cquetncy rnotions. A finite eler'e't
¿rnalvsis, ¿ts r,vcll els at pertulb¿rtion schc:rne, zrle crnployecl to cler.ivc ¿¡rcl s6lve t¡e
ttonlin<,'¿rt' <lc1uâtiorts. Thc finite eleurent rnoclel t¿lkes into ac<tount both a fìrll spzr'

¿rtlcl a subspzrn rnotion ancl it is able to accornmoclate non-unifoln ice geornetries

¿urcl wincl loacls along a contiuuotrs line. Thlee-nocle, isopalarnetric c¿rble elernents

ale usecl to account f'or the conductor's geometrical nonlineiu'ity, wirilst two-nocle

bcam elemctits rcpt'escttt thc lc;l¿rtivelv rigicl sp¿ìcers. A D scction is a typical icc:

shapc of cxtrernc icing f'ouncl in fielcl obselvations ancl fi'eezing rain silnillations [Zg].

Therefot'e. the aerodvnamic clata fol the D-section ale usecl in the numerical exper-

irneutation' The initi¿rtion of galloping. the lirniting anrplitucle , if galloping occu¡s,

as well as the histoÌy of a tlviu-bunclle tlansrnission line's rnotion are investigzrtecl.

R.esults fol twin concluctors having cliffclent clegreles of st¡lctur.al coupling ar.c also

plcsentccl.

4.2 Generalformulation

Thc finitc clcrncnt mcthocl crnplol'scl to analyzc thc ¡4alloping of a tr,vin_buncllc tlans_

lrtissiotl line rrtilizes thlee-nocle iso¡la,r'arnetlic c¿rblc eleinents f'or the conc¡rctors [67]

and two nocle beam elemelts for the spacers spanning the tr,vo nearby conductors
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[79]. The equatiorrs of urotion.

52

[^,r]{d} + lcl{d} +lr{){q}: {r}, (4 1)

¿uc clerivecl fì'orrr the static confìgulatiou of thc tt'¿rnsurission line bv crn¡rloviug a

v¿rri¿rtional plinciple [80]. Thc [n/], [C] ancl [1{] aLe thc globzrl N x // srr.ur:tur.al

lllass. clarrt¡ling ¿rncl stiffïress ur¿rtliccs, r'esper:tively. The {q} zrncl {F}, on the other.

hancl, ¿rt'e tltc global clisplacerncnt arrcl extclnal clyn¿rrnic lo¿rcl vectols, r'esper,:tively.

The ice on thc coltcluctot'is taken irrto cousiclcr'¿rtion r,vhcn foluring [n,1] ancl [1{].

Thc cffects of t'cmote spalrs aucl supJrort ilsul¿rtol stliugs âr'c representecl by linear.

springs arlcl thev at'c reflectecl in thc stiffircss matlix, [K]. It shoulcl ]¡e uotecl th¿rt

the [lf] and {l¡} at'e nonline¿rr functiorrs of {q} or {q}. Thc b¿rsic forrnulation for t}re

elements' ûLass. clamping ancl stifäress matrices as wcll as the external force vector.s

is surnrrtalizccl in the fbllor,ving subs<:crtions. Rllthcl clct¿rils and the explicit folnrs

carr be f'or.urcl in refcr<;llce [8i].

4.2.L Elements

The tht'ee ttocle cable ¿rncl two nocle beam elements th¿rt ¿rle usecl to iclealize con-

cluctoi's aud spacels ale clcsclibecl in Appenciix A. Explicit expressions f'ol the rn¿rss

ancl stiffness matrices are given in Appenclix B.

4.2.2 Remote spans and support-insulator strings

Remote spans at'e moclellecl as rvcightlcss linear sprirrgs having stiffness, Ks1, in the

global X direction as shor,vn irr Figulc 1.1. The Ksr is aclclccl to the cliagonal entr.y

in the global stiffness matrix. [1{], which corresponcls to the U clisplacernent at a

tower harclware's sirnple support connection to a concluctor. The support insulator
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stritrg. 'uvhich is consiclerecl to bc zr singlc, vc-'rtical ligicl bar', pin co¡necte¿ to thc

tolveL's ¿rrrn. is also rnoclcllcd as a linc¿rl staticr spring hzrving cotìtpou.ents 1l¡.,. zurcl

I{¡" itt the X artrl Z clit'ectiorts, r<:spectivcly. The Ii¡.,. aflc:cts the clizrgonai stiffiless

telrn associated with the conesponcling U clisplacenrcnt r,vhelr,as K¡, contributes to

the anâlogot.ts telnl associ¿rtecl r,vith thc I4z clisplacortc\Ìt. Dert¿rils c¿ln be f'oilncl ilr

Appenclix C.

4.2.3 Damping matrix

Thc; deterntirt¿rtiott of att elernent's clantping rnatlix, [C,'], is clifficult i' 1>racticc

because of incornpletc exltet'iulental cl¿rt¿r. It is often assu¡recl, thercfo'e, t¡¿lt the

global structulal clarnping rnatt'ix, [C], can be a¡4rroximatecl by Ravleigh clarrrping.

r,vhich is a lin<:at' cortlltilt¿rtion of the stiffhess ¿rncl rnass rnatli<:es. i.c.

tcl : {tt [Ar) + {]z [Kl, (4 2)

r,vlrere fi aind þ2 arc cletet'rniuecl experirnent¿rlly. Det¿iils c¿rn bc: founcl in Appenclix

D.

4.2.4 Aerodynamic forces

The ¿iet'oclyn¿rmic fol'ces. r,vhicir c¿lllse thc <ronclu<ttol to viltr'¿rte. rlepe¡¿ lr'nlinearly

upott tltc geolrtett'v of t]rc icrctci concluctols ¿rucl thc lcl¿rtive i,vincl vclocitics to the

coltcluctols. Thc f'olco vcctot, {.F}, il ccluatiou (4.1) is f'o¡¡rulatecl i¡ tirc giclbat

coot'dinate systetn. It is evaluateci by rneasuliug the c¡uasi-steacly lift, F1, c['ag, F¿,

artcl rrrorncnt. A[6.In gcnclal, tlxt acrocll,n¿ruric, folcrcs pr:r.uuit lcngth rr¿rn bi: u,r.ittcrr

at each noclal point in the forrn
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F¡¡ :

54

r, 
0", u?i d C¡¡, (4 3)

ancl

A,Ie : ï o-, ttt d,2 Co,

rvltero Pa¿r,Un., dancl C¿,i:L,D.0. ¿rt'cthcclensityof thcair'.r'el¿rtivr:r,villdspcccl

lvith resJrect to a concluctor'. rli¿rrrreter of ¿r bale concluctor ancl the lifT, <¡'zrg :r,rrcl

rnornerrt coefficients. r'espectively. It has been fbuncl ex1>erirnent¿rlly t,hat C1,, Cp

aucl C6 h¿rve clifi'ereltt f'orrtrs fol winclr,v¿u'cl ancl lee¡,v¿rrcl corrcluctols. Thercf'o¡e, th.
f<>r'ccs on thcsc conductols nerr:cl to bc tle¿rtecl incliviclu¿rlly.

Wind tunnel measurements

Aet'oclyn¿unic forces arrcl mornents ale nreasurecl on both winclr,v¿rr.<l ancl le<,:walcl

concluctot'samples in st¿rtic wincl tunnel tests for clifferent orientatious ancl various

locations of the leeward concluctor in the wake of the winclw¿rrcl one [78]. Ice shapes

al-c genel¿ìtecl on the concluctors in fi'eezing l¿rin sirnulations thnt cluplicate the

rnetcorological conclitions fol natulally occurling fi'eezing rain. Aftcr valiclati'g

sevct'al sirnul¿rtecl ice sltapes by corrtpzrring thern lvith rrrucfi ino¡e cliffir:ult to obtain

natur'¿rl ic:cl ¡lt'ofìles forlnecl unclet' cornpar':rble conclitions, sho¡t rnoclels repr.ese'ting

the rnost comrnonlS' encountecl or sevclest ice shapes are usecl for r,vincl tunnel testing.

Thc location ancl olientation of the rnoclels ale constrainecl to thc f'oul geometric

deglees of fi'eedom sketchecl in Figure a.1(a). Tlte Z ancl Y are the horizontal ancl

vertical separations between tlie models'centers ancl a1t¡ ancl al are the angles of

inciclence of the free air stleam to thc ',vincl¡,valcl ancl lee',v¿rrcl rnoclcls ¿rbout their-

geornett'ical ceniers of lotations, iespectively. Least squât'e cur.ve fitti¡g is usecl

foÌ the measurecl force coefficients Ct, Cn ancl Cs to obtain smooth curves f'or a

theoretical analysis.
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Windward conductor

Aerociynarnic fo|ces ancl nrornelt <k:pcnrl rronlinc¿rrly u1>on the geor¡etr.y of t¡e iccxl

t:on{luc:tor', t}rc rel¿l,tivc lviucl speerd, IJ¡¡. t\,nd the rc]ative angle of the lvincl to thc

cotrcluctor', a. The U¡¡ a\cl a for thc r,viitclwarcl concluctol at'c cxpt'essecl, zrt a tvpiczrl

icecl closs section. bV It]

Ul¡.w: (U - Zt4,)2 +t?,

Q¡1t :0W - û.WV

55

ancl

whet'e U is the fì'ee stre¿un speecl. Subscript, 17, incliczrtcs a vali¿rble rel¿rtecl to the

rvinclw¿rrcl concluctor here anci in the sequel to ¿lvoicl repetition. e.E. (Jnw is thc wake

spcecl rel¿rtive to the winclwarcl concluctor.. Also,

(4 4)

(4 5)

(4.6)

Y,
Q.ç¡ry : tun-lÇ+-)u-zw

Yro,:Vw + Ru,ïi¡,

ancl

Zr : lVry,

r'vhclt'c -R¡.¡' is ¿t' ch¿rlact<¡r'isti<r larlius ('ollcspondiug to ¿r lef'er'<tnc:el point r,vhgr.e th<:

instatttarlcous angle of attzrck, cr¡1,,, is cornputecl. This refbrencc point is pr.esuurecl

to be loc¿rtecl at tlt<¿ r,vinrì¡,valcl sick:s of both incliviclual collcluctors so th¿rt Ã¡¡, (ancl

-R¿) is erppr<txinratelv dl2.

TIte C'7, C!¡¡ àrrLI Cs tor thc ',vinclr,vat'cl conductol clepencl nonlirreally upon the

Ielative angle of'tlie wittd's attack on the concluctor', u,¡.If the str.uctu.al r.otatiorr

is ¿rssunrccl silall, thc f'orccs 11, ancl -F, zrncl tltc lrlourcrtt AIe i¡ t¡c;u,yz ceor.cli'zrtr:

system can be approxirnatecl bv [1]

Fa -L Ft (aw) cos r-ypy + F¡t(as,)sin a142,
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F" -j- -F¡.(*ry) sin apy I F¡(açy) cos a¡y,

ancl

56

(4 7)

A,[e -: X.,Is(açy).

Hcnce. the substitution of cquzrtion (a.3) into equations (4.7) results irr

F -L I 
" lrr2t', ' 5 ltan'lU" + (R,rn7r, +Vru)'l tl, Cr(a1,y),

F" --: 
| ,,"r.[U, + (R.w\w +Vvv)2] d, C,(ctyy), (4 8)

ancl

!t' 
1 r- -"[e -: ] n"r.[(], + (R*ïr, +v4/)21 d2 c6Qtçy).

The C t,, C¡; and C6 z\L'e clctet'tniltecl fi'ont quasi-ste¿rcly, r,vind tunncl exper.irnents

otr singk: concluctot's [78] ancl they ale r.rtilizerl to compute the Cu, C,. ancl Ce of

equation (4 8) The angle of ¿rttack to thc winch,varcl concluctor. ayy, is scalecl such

that ayy : 0 at the st¿rtic ecluilibriurn ¡rositiol of the r,vinclwarcl concluctor. In the

plesent ¿rnalysis, the cubic polvnornials

3

C,:tu"¡,.¡ tr:t¡y. ¿:1J.i,0 (4.g)
J-l

are cnplovecl to rcpresent the experimental results. The apploximzrtion clescribecl

in section 3.2.2 of Chapter 3. viz

Qw : uw + ãl,u/3, (4.10)

lvhere

dvv:0w-d.y

ãq, : (Rrr7w + ùw)/U (4.11)
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is ttscci in the time aver'¿rging pt'ocess. TIre a¿¡,.:j :0.I.2,8 ¿rncl ,i: ?J,2.0, of

ec¡uatiott (4.9) ale obtaillccl fiorn ¿r lcast squale cuÌ've fit of ctx¡rclirnent¿rl cl¿rt¿r. T[c
r;onst¿ltlt tertn c¿6 itt t:c¡uatiou (a.9) is ornittccl in the tirnc intcgr'¿rtion plocr:ss aucl

thc corrtptttation of the lirnit cycle bcc¿ruse it is ¿lbsorbed irl the follnation of the

static lo¿rcls.

Leeward conductor

Tlte ¿ret'odyn¿rutic fot'ccs ztctirrg on the lcelv¿ud concluctor'. which zrre ploclucccl þy

the w¿rlce of the r,vinch,varcl corrcluctor, clepend rronlineally u¡ron the relative positions

(Y zrrrcl Z) and t'ot¿rtions (aey ancl u¡,) oÍ the two concluctols. Usually the rnotiorr

of the wittclwarcl concluctot' affects thc leer,v¿rrcl concluctor ¿rfier a time clelay due to

the retarclation of thr: w¿rke flor,v lc¿rving thc winclwalcl conciuctol ancl zrpproaching

the lce'r,v¿rt'cl concluctoL [82]. Hor,vcver'. tliis flolv letalcl¿l,tion is neglcctecl herrc becausc

gnlloping happens at a low fi'equencv. Hence, the nrotion of the lvinclw¿rrcl concluctol

carl bc consiclet'ecl 'small' because its speed is rnucir lerss th¿rn that of elither the fi'ee

ol r,vake stLe¿l,rrr . If the tirnet clel¿w is irrcluclecl, a siurilal prclccclure to that givgn

below can also be usecl.

The general folrn of the aet'oclvn¿rmic f'olccs acting on the lcewalcl conciuctot

in thc ryz coordinate systerrr is similal to that on thc wincl¡,varcl concluctol r,vhich

is dcscribccl in cquation (a.7). Thc folccs a,nd rnorncnt c¿rn Ìrc obtairrccl again þ1,

aPplying the quasi-steacly assurnption so that
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1

Fu : , O"* UÅ" d Fe osirr o¿y +e t cosu¡y)
1

F, : 
, pui.t Uti¡. d (C7¡ {:os (r ¡sr le ¡,s:ntrv¡1,) (4.12)
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an<1

ull,,. a2 e ,.

Hete U¡l is the wake's slteecl rclativc to the lecrv¿rlcl conchrctor', r,vhilst n¿1, :
0r, - o¿ ¡/vherc 0¡, ancl a7, ale the rot¿rtion ¿rncl flo',v zrngie of the r,vincl's attacl<

ott thc lccwat'd concluctor. The lift. clrag ancl morneut r:ocfficients on the lcer,v¿rlcl

concluctor',e,,,Õ,talde6.nraybcexplcssecl interms <>ÍCr.Cpa,D{lCsltyusing

t6l

e,t : CpfÛ, e,.: Ct,lb' ancl e, : Crlb',

where (): (CDf Co*)r/z is the ratio of the w¿rkc to thc free strearn airspeecl. The

Ct,, Co a:ncl Ce ¿ue b¿rsecl orr the free stream airspeecl ancl they ale obtainecl exller-

ilrlentallv bv ernploying a static noclel. If bale concluctors or circulal cylinclers ar.cr

usecl. these cor:fficients clcpencl nonlinearly ou thr,: r'el¿l,tive position betwcen the tr,vo

concluctols [5, 7]. Hor,vever', the coeffìcicnts alc frurctions of the rel¿rtive r,vin<l angle

as lvell ¿rs relative position r,vhen the concluctors ¿:¡re covelecl with ice. They can lle

r,vlitten irr the fbrn

C¿: C¿(aw,u¡,Yt,Zt), C¿: Cr,Cn,Ce,
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tuIe : | ,,"*.

r,vltcte Y' alttl Z' art tltc scpat'atiolrs betr,vccn thc; t'uvo c<turluctors iu the Y/ alcl Zl

clirections. r'espectively. as sho\,vn in Fig-ure 4.1(b).

Bv usirig the <lefinitiou of ó, the resultarrt r,vake veiocity leiativi: to the lvilrch,var.cl

concluctor', Û,y1r can be seen fiorn Figure 4.2 to be

Uç¡t : h U¡76'

(4.13)

(414)

r,virtrt'cr U¡¡.çy ts 1,hc lviucl vclocity lcl¿tìvc to tlic r,viucli,v¿u'cl r:oucluctor'. Thc absolutc

wake velocitv components are clerivecl, by utilizing equation (4.r4), to be

Uwv : b Unw sinayyy -Yw
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UVrz : b U 1¿çy cìoS û¡yy * Zw , (4 15)

rvlìet'c

¿lilcl

Y*' : Vg I Rw, \vt,

Zw : IMw

Y(t11'y : t¿ttl-l t;:\-l
U - Zt11t

Q14':0ør-Llwv.

Ifence. tlte coutp<)ncnts of the lv¿rke vclocity lel¿rtivc to thc k:er,vard concluctor. c¿til

be ¡,vlitten as

[Jt,y : l¡ [J¡w sin cln,1z - Yu, -l Yt,

Ut,z : b [Jpq, cosfi¡yy I 214, - 2,,, (4.10)

wherr:

Yr.: Vt. -l Rt. 0t,

ancl

Zt': IMt..

SirnplifVing equation (a.16) by inchrclirìg- oìily fir'st olrlcr tcrrns gives

(J¡v : l¡ Yvv' -Yy lYt,

¿rncl

(Jrz:b (U - 2*)+ 2* - 2" Ø.rT)

Then theu¡¡. and a¡¡, given in equation (4.r2) can he founcl to lle

rr2 rr2 , rr2u !Ì.t,: U ¡,y, 1- U 1,2 (1 18)

(4.1e)

and

(rr,v : tan-1 (tlt,v ltlt z)



Chapter 4. IMal<e-Indttced Oscill¿t"tions

¡,vhcn thc anglc of ¿rttack. o¿, usecl in ecluation (4.13), is definecl by

CVL:0¡,-tl.¡,1r.

Fu r 
ï, 

o ,-0,. (î Cr(ct,,,,. . u ¡., ,!J 
, z) ,

F" -. 
ï, O, ,"n (J! C,(aq,,a¡.,!J,z),

A'Ie --- * o' ,"n' u! cr(a* , {t¡.,!J, z),

r,vhere

rr2," {1, *0 -tù?-u:, - 2t'f' * l(1 -t'W -Y,l'\u":u lL'* w I L -lt-l 
]

In this analvsis, the force cocfficient C, is approxirnatccl by

,t,t3
Cu : f (40,, I B¡,,22)yk + oon(I B*,zuA' + t Bk,4z?t^,)

À;:6 Å;:0 À;:6
,t3;J2
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Bv substitutirrg equation (4.13) into cquertion (4.12) aud applyiug er sinrilar- appÌ'ox-

itratiotr to th¿rt usecl fbr equation (4.7), the aeroclyna,rnic f'orcos <:¿r¡ ltc r,vr.itten irr

thc fblnr

(4.20)

(4.21)

-l-nr¿(Ð BA,,r,?JA' I\ B¡,¡3;:1JA) + ,r?v(Ð B,.,,zyA' + t ßt,azyÀ,)
À.:0 À::6 À:=0 À::t)

3232
+aey a¡.(Ð B*,:t\Jk + Ð ßt,,tozuk) + a?.(Ð Bx.tt.uA' + \ B¡.2z,yk)

ft:6 Å::0 À::6 t.:O
2t21

+,ÌÌr(t BxJslJk + I Bx,uzak) + a?*a¡(\ Bt,ts¡k + D Bx,rczyk)
À.:0 À:0 À.:0 t:0

2121
+avva2L(Ð Bk,tzAL'+ Ð Bt,nz,yk) + rï(t BkJsUA, + I Bn,zozlj'').(4.22)

À.:0 À.:0 t.-n r,-0

Sirnil¿rl appt'oxirnations at'c rn¿rde f.ot C, ancl Cs r,vhich havc; coefficie.ts C¡,¿ âtìcl

D¡,¿, r€sp€ctivelv, and Jrossess the same ranges for Ã; ancl i as those for.B¡,¿. These

coefficients are all obtained fiom curve fitting expelimental clata. On the other
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harrcl. thc variables y arrcl z ernployccl

in Figurc 4.1(b). Thcy ¿rrc <ierfirrccl ¿ls

in the last cquation ¿rle shor,vn schcnl¿rticallv

lJ : Y'-Uo

^ : Z'- zr\,

lvherc ,f¡ áìItci 26 áì,t'e the rcl¿rtivc seiralations of the two cr<tncluc:tots ¿rt the

cquilibliuru position in the y zrncl z clilcctions, r'<:s¡rectively. Hcnce

(4.23)

st¿rtic:

Yt :Y cos{Ì.1,yy IZ sinrtryy

Z' : -Y srlttur4,,1, *Z <'os(r14.,y,
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ancl

Y:YnlVt,-Vø,

Z:Zn+VVr.-Wq¡ (4.25)

wltet'e V¡., Vw, W¡, a,rnl lVry arc the displacernent courpolìeil.ts of the lee',v¿rlcl ancl

winclwarcl concluctors in the Y ¿rncl Z clireclions. r'espectively. The Y3 ancl Zp ùe

thc irritial se¡laratious of the concluctols in the Y ancl Z clÍcx'tions, r'<,tspcctively.

4.2.5 Initiation of Galloping

Thc st¿rtic cortfigulation of ¿r tr¿rlsurissiou linc, subjclctccl to loacls fionr icc ¿rucl a

Ìlean steacly side wind, is f'ouncl by solving the nonlineal static equilibriurn ec¡uations

stemming fi'om letting {d} : {4'} : 0 in equatiol (4 1) The resulting nonlinear

static equations,

[¡ij{,1i: tF},

(4.24)

(4.26)

are solvecl bv using the NR itelation methocl clescribecl in section 2.2.7 of Chapter

2. The initiation of galloping is determinecl by the stability of the static equilibriurn
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configurzrtion of thr: tt'¿rnsntission lirrc. The static coufigulation is stable if all thc

t:igerrvalucs of the crhar¿rctelistic rn¿rtrix, [S,,], cletelnlinecl i1 equation (2U) ¡¿rvr: ¿r

rtegzrtive t'eal pat't. If the st¿ttic configulation is utrsta,blc. thc: lirniting nrotion ancl

thc histolv of a urotion ¿ìr'c f'ouncl bv cnrploving tr,vo inclcpenclent rncthocls, thc I(B

avcrzrging schcrrrc ancl clir.cct timc intcgr'¿rtiolr.

4.2.6 Limit cycles

By corrsiclelilg thc oquzrtiotts of rn<ltiorr to bc lveakly nonline¿lr. tirnc avc¡zrging

scheulcs c¿ln bc usecl to approxiuratc the pcllioclic ancl quasi,per.ioclic solutio's. T¡c;

ccluatiorts of rrtotion (4.1) ale tr'¿rnsfolrnccl first to the prirrcipal coor.clinate system.

ri¿, as [1]
N,,

ij¿+alr¡¡: F,t, - Ð cI,*r'lt,
Àr:1

r,vherc
tuP

8,,:Ð(rÞai-r,t, Fr, i ó,l.¡_ t,o 
p"i + $a¡,¿ Il,Is,).

J-L

Hele nu ancl .A/, are the nutrtbet' of noclal points ancl plincipal coor.clinates, r'cspec-

tivelv. TIrc al, (Þr,¡, $, zrncl cî,r,, on the other hancl, ale the scluzrlecl natur¿rl fi'c-

cltietrcics, elcnt<lnts of the cig<ttifìlncrtion rn¿rtlix [r/], fblcing vcctor' {F-} an<l darnping

lrt¿rtlix [C.] in the principal coorclinate systen, r'espc:ctively. Then the I(B technic¡ur:

is appliccl to thc rno<lifi<;cl cquzrtions

ii. -f u*2rr7, : 4,,- É "î.tùt,+ 
(r"? - r?)n,,, i, : I,2,..., N,

À:1

as clescribed in equation (2.6) of Chapter 2. The resulting 2N, averagecl equatiorrs

(2.9) ancl (2.10) ber:ourc:
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(4.27)

(4.28)

Á,,*-D/\¿w¿ - ! tl. :l* +1,' [Ar("? - ui2)cosú n - F,,, - F",)s,inú ¿rlt (4.2s)
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¿rncl

lvherc

Fl,u : ó,t.)-2,¿ Fr, I ó,t¡-r,n F,¡ i cþa¡.¿ A,Is, .

The phzrse cliffel'cnce. y'rm, ¿ìncl fìlnction, ó)¡, âre given bv

'dt r,, - 'tþ k - ',1,0 
,
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TflrrT : F,þ,: /ltà | fr't^r{rl - ai2)utsü¿ - Fr, - F,,,lcosú¿rtt. (4.30)

lV?,

F,,, : I r;.,u At ui, sin ü¡.. (4.31)
À:t

Bv substituting equation (4.31) irtto ec¡ratiorrs (4.29) arrcl (4.30). thc exprcssiorrs

F ¡, : - llU + l,' lÐ 
,t,,lsi' ü¿ ,/r - Ë T"î ^, 

At, aî, <,rs y',¡,¿

,i:I,2,...,Nr, (4.J2)

¿urd

E . "rf ttt I t,,ô,,. _r ,t,, : - ],ll¡ .1,, lÐ 
,i") cos ü¿rlú - 

^_I 
î"î,^,At, uî" sirr./ru,

+!r"?-ri\ ..i:r,2,...,Nyr (4.33)

are fot'rnecl r,vhere F!,rs, w\-iclt <rorlesponcls to the 1>rinci¡tal coolclirvúc r¡¿ at nocl¿rl

point .j, is clcfined as

(4.34)

(4 35)

ancl

" Ir ir ai-af,
l,¡t, - { ' (4.36)

[ 0 if ai l ri.
The aeroclynamic forces on the 'uvinch,varcl ancl lee,,varcl concluctols have cliffei.ent

fbnns and, therefore, they at'e treated separately next. The noclal numbers ar-e
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zrrra,ngecl, fol convcniencc. sur:h that odd (even) rrunrbcrs at'c on thc r,vincl'walcl (lee-

walcl) concluctor a,trcl consecutivc nurnbels ilrc:reascl by 11ye fï'orn th<; left to the liglrt

cncl suJ>port.

Nodal points on windward conductor

64

lVlren .j is zrn o<lcl noclal uunrbcr', equation (4.34) bcx:ornes

Fl,, : )r"r'{u",'+ çR.rqew)2} rt¡ (È"^ ofur) ,

\l:r - /
lvherc

(4 37)

a,p

AfTer fulthcr

nj
'l|zo

lvhcrr¡

aw¡ã?ui) , fo.rnl

: rþ(,t"¡-z),¿ dup * cþ(t¡-r).u d,"p I <Þ+,¡¡ a-,ep d¡ ,p :

irlgeblaic ntanipulation, ecluation @.37) becorncs

t /;t
, n"r. [J".,j' dj ( Ð ou ¡tri + ö, a, iul,,,f 3 + t),, u1¿ \À=r

r,2,3. (4.38)

(4 40)

(-
. I 1 if ãs is consiclerecl lzrrge ,()a:f

I O if õ¡y is consiclelecl sm¿rll .

Het'c õ14, is considerecl srnall r,vhen õ¡,y

gìverr lry equation (a.10) is valid. The U,¡. d¡ zìnd ?ry.¡ L\re the steacly fi'ec air

speecl, ¿r, t'ef'eir:rtce strttctut'al clirnerrsion ¿rnd the r,viuclr,varcl couductor''s lotation at

thc.i th ttoclc. rcs¡tc<:tirrel¡r Ol thc othcl ll¿rncl. Z¡ arul -/',. itrdi<:ate thc tirric arrclzrgc<|

anrplitrrcle ancl the time shift. respectively. of the ith rnocle. TheTi,,,r.d,", anc]'ae1., are

computecl from

( Ln'' + L"\ lu*p - (-ï ) "r, , l;: !J,î,0; p:1,2,3; .i :7'3'....rtr-r . (-l'11)

wlrere Lr,, antd. L, arethe lengths of the acljac:ent n¿th ancl nth elernents. respectively,

tor,vlriclr ¡ ((j+I)12+2,4,6,...) irthecornnonnocle. If (j+I)lZ:2,4.6,... 
,
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then trr,, : Lr, : tr,, is the length of thc eleulent frll r,vhich 7 is the

d¡ ancl õ7 iu crc¡lzrtion (4.39) zu'e sirrrplified fïrrthcl to the for.m

N,,

o j : Ð (" i1:os ü,, + Sl,siu ü,,)
l¿:1

N,
aj: I Sf siuü,, :

Ìt,:1

l,vhcÌe

65

cl,

SJ,,

rniclcllc nocle. Thc:

(4.42)

(4.43)

(4.44)

crr"e, Ø.45)

The /l¡ in the last cc¡ration replesents the characteristic raclius at the.7th nocle ancl

(t¿,¡ is the e.jth elenrent of [çr]

It r:an bc sccn fi'orn equations (4.32), (4.33) , (4.37) and (4.42) th¿rt thc ilfinit<;

integration of the proclucts of telms liucar', cluach'atic ancl cubic in õ¡ ¿rs r,vell as

lineal in 0.,¡, th¿rt ¿rt'e associ¿rtecl lvith sinV¿ zìncl cosü¿, ale lequirecl lecursively at

each jth nocle, f'or cvet'y eth moclc. These integratiolrs Ìrave been clerivecl ex¡rlicitly

but thcv ale uot prcsentccl here for br<,'vity. Details c¿rn be fbuncl in lef'crcnce [1].

Nodal points on leeward conductor

lVlrcn .7 is an cveu nocl¿ll nuurbcr', cc¡ratiori(4.34) burorrres

F1,,, : )n,,,,n,r,,'{[t + (1 - h)W -k]t
.l-#(vv.+ R,vo*) + fiV,.+ n,,erl]'\

r,vhere

Cl", : ÓØi-z),, Cyi t Óg¡-t¡,n C,¡ I Óa¡,t Ce¡ d¡ (4.46)
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The Cy¡, C2¡ í:\\d CB¡, r,vhich arc clc;finecl in ec¡rzrtiort (4.22), c¿rn be sinrplifi<;cl filrthel

bl' usinÍ{

ob

Therefole,

njt 
uzo

U¡:

þ:i

Q.tLtj :

?) --- Vt. - Vvv + ,o+g^, + zolWy,

z = þVt, - þVw - uufferr, - uulV.r,

ew -. ov, - !;e,r, - jcu,,.
(rt r e,_ho 1-.- r-b

bU ¿- buv'' * * n^'ow' t

(4.47)

(4.48)

(4 4s)

7-b.
W Wr. (4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

1

¡(P'rj-z'r"

crr, j :

.',vhet'<:

/^l(J1 l.

f1tr2.k:

LT3,/i

\J/t I'

u5,À-

Ga,k :

s7,k

li -t,(-A*uÐ (,-ø ót(¡-,t_t,*

(-ã^,i) (-#,,,(i - t )-2 t,:

Ã^, (,/ur_r,^, - |¡,ta*rr-r,u) ,

?Ã*rfi) (,ltuç-r¡-r,u t Rw

ÃÀ (4,0¡-r,o - çi,ro-r)-r,*) ,

Ãt ón(¡-r),n,

GÃnÐ(4,0ç-r¡-r,^,*Rw

R.¡. \+ * rltti.t, 
),

ónç-r¡,u) ,

(4.56)
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Ã^,,þuj,,,,

(-ÃruÐ (,l,ni-r,* -l R,t ó,t¡,*,) - (I - b)G?.k.

67

G*,À,

Gg.t'

Thesc irrtegt'atiorn ltavc been clerivccl sirnilarly t<l thosc fbr the r,vin<l'r,v¿u'cl concluctor.

but higher ordet' teLrns alc needr:cl clue to a rììolc conplcx f'olnr of the ¿rcrodynamic:

fblces zrcting on the leer,valcl corrcluctor'.

4.2.7 Stability of limit cycles

Const¿rttts{a,ncl-ürandfi'equcncies.,ll,i,:r,2,...,Nr,.j :r,2,...,7}¿)a,r'ef'ourr<l
_:_ _:_

bv lctting A¿(t) : \Íj : 0 in cquations (4.29) ancl (4.30) ¿rncl solving thc r.esulting

tlonlillc¿rr algebraic equations. Theref'ore thc apploxiuation of a linrit cycle, giverr

lrv equation (2.4). ca,n ltc clctelrninccl.

Tlre stability of a lirrrit cycle is cletelrninecl by the (N, + nt) * (N¡,+ rrz) charactcr'-

istic uratt'ix, [,S"], cottstt'ucted fiom ecluatiorr (2.24) of Chapter' 2. The signs of the

t'eal parts of the eigenvalues of [^9"] cleterrnine t]re stability of the lirnit cyclc. Whe¡

rn' 10. one eigenvzrlue is alwa,ys zelo because all t,he 1.t,, âre uìeaslìrecl with rcspect

to a ref'erence ntode. If all othel eigenvalues havcl nclgative leal pzrrts. the limit cyclc

is stabkl.

4.2.8 Time integration

A direct time integration of the equations of motion is perfbrmed sepalately in the

principal coordinate system (4.27) as ân alternative approach. The algorithm is

surnurarizc:cl bv cc¡uations (2.25) to (2.28).
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4.3 Results and discussion

An oscrill¿rtor iclcalizatiou of a fixecl r,vinclr,v¿ucl coucluctol rnoclel is cnpioy<rcl to v¿rl-

id¿rte the cclruputet' l)roglarn bv cluplir:ating clata fbr' ¿ur existing exzunple of rvakc-

incluced oscillations of ¿r lcer,vard concluctor'. Tr,vo balc concluctors âr'c lcpleseltecl as

cit'culat' r:ylittclers; tlte lcer,v¿rr'd cylinclcr is suptrtoltccl ll' lincar splings ancl clzrrnltols.

The rot¿rtion of ear:lt cylinclet'is ncglectccl ch.re to its syurnletrical cr'<tss-scctiolr. Aer'<>

dyniutic fot'r:c coeffìcicttts ¿lle iclcntic¿ri to those uscd it ref'erences [5] ancl [7] so that

thet t'esults <rart be checkccl rlilectly with those given in lef'elence [7]. Agreerneut

between the pt'esent lirnit <rycle amplitr.rdes ancl thosc: presentecl in lefelcnce [7] is

r,vithin 6% for both tirnr:-averagecl ¿rnci nunrerically integlatecl solutions although

clifl'elent nurnelic¿rl schernes are emplovecl.

Thc se<;orlcl oscill¿rtor <:xartrplc usecl to vcrifV tho plograrn involvecl tr,vo nroving

ct'linclers; both thc lvinclw¿rrcl ¿rncl leer,v¿rrcl cylinclers ale rnountecl on lineal springs

ancl clantpet's âs in ref'erence [6]. Thc coupling splings and dampers between the

cvlirrclels sintul¿rt<,: the eflects of spzrcels. Thc solutions fï'om the two rnethocls ¿ìgree

reasonably (less than 10% diflblence in the lirnit cyclc arnplitucles) f'ol the fin¿ll

linrit cvclc oscillation loci of both cylinclers. \4orcover. thc clifference in the lirniting

trtotions bclt¡,veen thc culrertt zrpprozrc:h ancl th¿rt consiclcling zr tirne dclay causecl by

retarclation of the r,vake flow traveling fi'om the winclwarcl to the leewarcl concluctol

has also been checkecl. Hor,vever'. only the nurnelical tirne irrtegration is Jterf'orrnecl

in this instance. Figure E.1 shows the linlit cycles obtainecl by the two approaches.

The limit cycle amplitucles have approxirnately the same order f'or the example usecl

in reference [6]. Tlierefore, the time clclay is neglectecl in the current approach when

dctcrmining the trerrcl of the galloping ancl r,vake-inclucecl rnotions.

A finite element rnodel emploving two concluctors, one located in the wake of

the other', is a more realistic siinulation of a full scale transmission line. it has been
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f'ouncl that about 20 pct'ceut rnole ice is folmecl on the r,vinclwalcl th¿rn thc leer,valcl

c:oncluctot' ancl the ice shapc on thc k:cw¿rlcl conductol tends to be rnore lounclislr

[75]. Howevel', ¿t tvpicral D-sherpecl ic'c concluctor'¿rncl ¿r ltale cylincler'¿rr.e usccl as the

r,vind'uv¿rrcl ¿lncl lcer,varcl concluctol's to simulate probaltly arr extlerne icirrg situation.

The tlvo cottclu<:toLs hzrving fixecl crrcls âre sep¿u'¿ìtecl gleativ (0.45 nr), compzrr.ccl

to the coucluctors' cliatnetct' of 18.82 rrlnt,. so th¿rt the aeroclynauricr f'olccs on thc:

concluctot's at'c sirnil¿l,t'to tltose orr tr,vo irrdiviclu¿rl singlc coticluctors. Infol'rnation on

thc single D -sltapecl concluctor c¿rrr be f'orncl in lr:fbrcnc<: [1] when the ¡,vincl's angle of

attacl< oll tilc D-section is 40". On the other. hzrrrcl, Ct, : 0, C ¡¡ : I.2 ancl C6 : g

for'¿r bare cylincler' [6]. OthcL parameters usecl irr the c¿l,lculation alc: wincl speecl:

4.7 rn'f s, pair: r.2929 k:gf rnÌ, crondrictors'Iength: 125.88 rr¿ ¿rncl a pretension:

27733 ¡/. A total of trventy. 3-nocle cable elernents (ten f'ol e;¿rch concluctor) is usccl.

Nocle nutltbers ¿rre fi'orn 1 to 41 an<l fi'orn 2 to 42 on the wirrch,v¿rlcl ancl iecr,v¿rlcl

concluctols. r'espectively.

Intelphase spacets at'e usecl to contlol galloping at least to the extent of prevent-

ing phase to ¡tlt:rse contacts. The spa,cells are norül.aliy locatecl ar,vay fi'orn the toweLs,

sornotirnes at ot'neal rnicl'-sprut, sornetirnes ¿rt the one-thilcl ol one-qualter points of

the spzrn [76]. The nunbel of spac<;rs use;cl in the scparate c¿rlr:ui¿rtions is inclcasecl

plogrcssively fiorn I to 2. 3, 4. 9 ancl, fina,lly, to 1g. Fol exaurple, one spacc¡ is

locatecl in thc initial c¿rlcul¿rtiotr at the rnicl-span; then tr,vo rigicl spacers are usecl to

r:ouncct nodes 13 ¿urrl 14 ¿rrrci nodcs 27 and 28. r'csJlcctivr:ly. at apploxirnatclv th<r

one-thircl span. ancl so on.

The three lowest frequencv modes having close fiequency values are usecl to

cornpute tlte limit cyclc of the concluctors. Theil nlocle shapes ale shorvn in Figur-e

4.3. They corresportd to one loop, syrnnietlical rnocles r,vhen one sp¿lcel is iocatecl at

the micl-span. The horizontal motion, vertical rnovement ancl the rot¿rtion clonlinate
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tlte first, seconcl ¿rncl thilcl lnoclcs. respectivelv. Due to the threre closely sitacecl

n¿rtut'al fì'ccltiencies, ¿r 1 : 1 : 1 resonânt casc is consiclereci r,vhcn the I(B aver.zrgiug

rrretltocl is ertrployccl. Thc linrit cyclos ¿rt the rnicl-spans of th<: r,vinch,varcl ¿rncl lccr,v¿u.d

conductot's are sholvn in Figur'<: 4.4 to bc sirnilar'. Conrpiu'ccl to thc concluctors'

urotions clontpute<l at ruicL-span when a cliff'ererrt numbcl of spacclls alc usccl, it c¿rn

bc sectl that the lirnitiug rnotiotts fbl the cases involving oncl, tlvo or thlee sp¿ìccr.s

âr'c v0r'y sinril¿rr'. Consequcrrtlv, siiglrtly incrcasing thc nurnbel' of spacels Ìrar.clly

¿lffbcts the lirnit cyclc's zrrtrplituck:, but shoulcl lcacl evcntually to the bulk rnotion

desclibecl in Chapter 3. Thelcf'ole, iutcrph¿lse sp¿ìccls clo not prevent galloping but

thev fot'ce the tnotiorts ittto ¿r rnocle in r,vhich a f1¿rshovel is uulcrh less likely [76].

4.4 Concluding Remarks

A nonlineal finite elernent rnoclel of galloping ancl wake-inclucelcl oscill¿rtions has

becn clcvelopccl for' ¿r tr,vitt buncllc, elcctrical tr'¿rnsrnission lirrc when the concluctors

zrre couplecl by spacers ancl coatecl with ice. Thlee nocle, isopararnetlic caþle ele-

rnents are used to account f'ol the concluctors' georrretlical nonline¿lrity ¿rs well as

tltc':il plestt'css ¿rncl thc nonlirte¿rr' ¿rclodyn¿rrnir: loacls. On the othcl hancl, t¡,vo nockr

bc¿rrn clements replescnt thc rclativctlv rigid spâcers. The aeroclynamic f'or.ces a,re

obtainecl fi'orn static ÌÌìeasurcments in ¿r r,vincl tunnel by assurning a qu¿ìsi-steacl5,

Jrclt¿l,viot'. TIlc initi¿rtion of gnlk-r¡>itrg is irrvc:s1,ig¿rtc<l nutnctliçzrl11, þy ¡sirrg ¿ì ¡o¡-

r¡cntional stability anallrsis. Limit c]'clc amplituclcs. if pcrioclic o' quasi pcrioclic

oscillations occllt'ì atc obtainccl fi'our an cfficicnt, Kr'1'l¡¡y-Sogoliubov tirnc avcr.ziging

methocl. However. a computationally expeclient. tirne marching algorithm is usecl

to compute the response for those instances where the averaging proceclure cannot

be eurployed. A stability analysis is also pclfouned for all rnotions.
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Tire Krylov-Bogoliubov rnetltocl of tirne averagiug as lvell ¿ìs a nulnclir:al intc-

gt'atiort scherne ale elrnployecl scpalateiy to solvc the lrorrlinr:al cquations of rnotiorr

lbl w¿rke-inclucecl oscill¿rtions. Tltc tr,vo solutiorrs ¿tglce lvcll f'ol thc linit cry<:les.

The tìrnc :rverzrgiug rnethocl is an cfficicnt r,v¿ry of solving th<: nonlineal ccluzrtions

f<tl r.vakr: inclucecl fluttcl r,vith a fixecl r,virul¡,v¿u'd coriductor'. \,Vhcn the r,vinch,v¿rlcl

concluctor is allor,vecl to rrrove. holvevcr, the nonlinear equations becclrn<,: utot'e coul-

plicatccl ancl thc corìvergcnce of the itclations usecl to solve the equations becorncs

slor,vcr'. Theref'ole. the initial guess f<ll the lirnit cycles becotlc..s nrolc irrrpolt¿lnt in

reclucing thc computational eff'olt.

Icocl twin corlcluctot's tcncl to Inove ¿ls a buncllc when they ¿rre coultlccl lx rigicl

sp¿rcers. Sub-sparr rnotions are causecl by the clifferences in the aeroclyn¿rntic forces

as well as the properties of the two conductols. Examples are givcn to illustr.ate

tvpical oscrillations of both b¿nc ¿rn<l icccl, tr,vin croncluctols.

77



Ch tr,pt e: t: 4. IMaI<e-I ndttc ecl O scillat io t ts 72

!VinrI+
Windrva¡d
conductor

Lccward
conductor

(a)

Wind+
(b)

Figure 4.1: (a) Location arìd orientation of concluctors in aeroclynamic wincl tunnel
tcsts ¿uttl (b) coortlirìatc systent clefiuing tirc lel¿ltivc positious beti,voen thc lvincirvar.ci
and leelvard conductors

Z'
,' Lccrvard
/ conductorWindrvard

conductor



Cltapter 4. W¿t\çe-Inclttcecl Oscillatirnts

Windward
conductor

i

Leervard
conductor

Drag

Unr. -- relative velocity of
leeward conductor

tó

Resultant
wake velocity

U.,,., /\

N'!:¡-*z
U*," -- relative velocity of

windrvard conductor

Figule 4.2: Rel¿rtive lnovencnt of the r,vilrclw¿rrcl and leeluv¿rrcl concluctor.s



Chaptr:r 4. Wa\<e-Induced Oscillations

o.08
o.o7

o.o6

å 0.o5

$ o.o+
€ o.os
> o.o2

0.o 1

0.oo
-0.0 1

f:o.473 Hz

17 21 25 29 33 37 41
Node
(a)

Mode 2: f:O.497 Hz

13 17 21 25 29 33 37 41
Node
(b)

74

t_ìt
I ----- " I

l---- *l
l--- ' I

t_;t

IJ

0.3

o.2

0.1o
E o.o

E -0.1

-o.2

-0.3

-o.4

Figure 4.3: Lowcst
conductot' in ¿r twirr

thlee fT'equency, single loop,
bunclh having one spacel

i I'

37

sy[[lìetricìal urocle shapes of caclr

41

o.06

o.04

o.o2
o
3 o.oo'
c
8-o.o2 -
Þ
S -o.o4 -

Mode 3: f=0.500 Hz



Cltapter 4. Walçe -Induced Oscill¿¿tions 75

rl
o.u -]

l
0.6 

I

5 04.t

FO.2|õt
* ol
å-0., ]

b -0.4 -l
l'ou 
j

'o.e l

I-1 1

Umit cycle læi lor lhe windwad conductor

,0.06 -0.& -o.o2 0 o.o2
Hor¡zonlat dlsplacemenl (m)

-_t r' l
0.M 0.06

(a)

0.8 -

""_lI
"" l

;;l
l

.l

^ 04
Ê

o 0.2
E

s-o
.9

-0.04 -0.03 -o.02 -0.01 0 o.o1 o.o2 o.ß
Horjzonlat disÞlacement lm)

(b)

Figure 4.4: l\4id-span limit cycle loci obtainecl from KB rnethocl bv r-rsing the lor,vest
tlrrcc fi'cclucnc:¡' tìÌo(lcs fol'thi: (a) u'incþvard atì(l (b) lccr,i'a¡fl conrlucto¡s

'l
0.04



Chapter 5

Conclusions and Future Work

Trvo nonlirleat' filtitc cletncnt nroclcls of galloping arrcl r,vake,irrclucc:cl oscillations havc

bccrl clcvelopecl fot' ¿rn icccl tr,vin--bunclle, clectlical tlansmission line. Systcrnaticr

proceclut'es alc f'ornrul¿ltccl to investigate tiie initi¿rtion of gnlloping ancl to cornilrtc:

the linrit cycles ¡,vhcn galloping happens.

The initiation of galloping is investigated rrumerically bv using a convention¿rl

stability analysis f'ol both rnodels. Lirnit cycle amplitucles, if pelioclic or quasi-

peli<lcli<r oscill¿rtions occut', ¿lre obtaiuccl flonr ¿rn <,:fficient. I(r'ylov-Bogoliubov (KB)

time ¿rveraging rnethocl. HoweveÌ. ¿ì conptrtationally expeclient, time ln¿rrching al-

gorithrn is also developed to cornpute the response fbr those instances where the:

avcraging pt'oceclut'e cannot be cmplovecl. A stabilitv analysis is also perf'orrned f'or:

all nrotions.

Icr:cl tr,vin concluctors teucl to rnovc as ¿r l>unclle when they arc corlpk:cl bv ligicl

spacels. Sub-spau rnotious ¿rle causeld by the diff'erences in the aeloclynarnic f'olces

as lvell as the properties of thc two conductols. Calcul¿rting the bulk rnotion of a

transrnission line is rntrr:h mole conìputationallv efficient bv emploving an equivalent

single conductor moclel. when the full span motions are of sole interest. Therefbre,

this simpler model can be used for a quick check in a preliminary clesign of a new

transmission line.

Reconrnendecl futule r,volk is suggestccl next.

1. A cletailecl pararnetric investigation can be unclertaken expeclitiously to evaluate
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thc influertce of a pat'ticular paranreter oil eithel the initi¿rtion of galloping

ol' oll thc lirniting arnplituclcs. Design c)ut'ves in thc folrn of thc st¿ritility

l>ouncl¿rlies cau also bc constltictecl.

The eflects of an ¿ruxiliary contlol clevice cau be incor'ltolertecl in both finite cle-

rncttt tnodels. Tlxrn tlte uurnlrer' ¿rnd lor:¿rtions of the devices can be o¡;tinriz<:cl

to help ¿rllevi¿rtc galloping-.

Thc nunrbet' of con<luctot's iu a bunclle c¿ìil. be extenclecl to thlct: <>r' four in both

rnoclels. Howcvcr, the DOF rrtav becoule vct'y lalge f'or thc lvake incluce<l

lnoclel. Tlterr thc cffìcieltcy of the equivaletrt singb concluctol rnoclel becornes

rnore obvious.
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Appendix A

Elements

4.1 Cable element

E¿rch three' nocle isoparzrmctricr elcn<;nt icleralizing a conclur:to¡ is rcfi:r.l.e¿ to the fìxecl

global X, Y, Z axes ancl the irritial intrinsic: coolclinate.,S, wliich is alo¡gt|c cable,s

center' [67], as shown in Figure 4.1(a). By c-lenotirrg the clisplacernents in t]re X, y
aJld Z dilectiorls to be U,V ancl 14'. respectivel,y, ¿rncl the lot¿rtiorr about ^g to be á.

the elelrrent noclal clisplacenrcrit vcctor.. {q"}, i, dcfinecl as

{ø"} :< {qr} {qrt {qr} >t (A 1)

r,vhele

{,1,,,}:< Up,Vt,W¡. g¡,}r, k: : I,2,J. (Ã.2)

The global coordinates ancl thc clisplacernents of a refì:lence closs section,s ¿rxis

of lot¿rtiou ¿ìto t'ept'csentcrl, r.cspectively. by

<XyZ>r:È* {Xt,y¡,2¡}r (A.3)
È:1

¿rncl

<uvwg>r: [lv]iq"] (A4)

lvhere the parabolic shape filnctions. lú¡, are given bv

^¡ 
2s2 

- 3s --.,ir'l F ï -L

Le rre

^r 
452 451\2 : -En r" (Ab)

86



Appendix A. Elentents

ancl

¡{r: ry-!L? L,.

Herc tr" is thc length of tlle clernent. Nforeover', the shape fìrnction rn¿rtlix. [l/], is

l¡il : [ ¡/, [1r] Nz[r,l ¡/s[¿r] I (A 6)

r,vhclc [1,1] is the 4 x 4 iclcntitv rn¿rtlix.

Mass matrix

Tltc consistent elctnent rrt¿rss rnatlix takes thc st¿rndarcl integral for.lrr

[tu:'l : fnt'" t¡,l]"lt,l[¡/]¿l^9, (A 7)

wherre

tpl : ln, 
p[R]r[R)d,A.

TIrc p('y,z) is the rnass clensity of ¿r conductol pel unit volunle over the total cross

sectional ãtea, A7, of an icecl-conductor's profile irr the Io<:aI v-z plane coolclinates.

Furthelrnolc, the 3 x 4 m¿rtlix [,8] is clefirrecl by

Stiffness matrix

The element stiffness matrix, [Kr'1, is decomposed into the three components

given by

[1í"j :lXh]+1K"") + lK,')r", (A 8)

where [I(k] , [K""] ancl [K"]n"" at'e the large cleformation elastic ancl initial stress (or

geometric) stiflìress matrices as well as tire stifiness matrix clue to the eccentric ice
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Appendix A. Elements

r,vtlight. The l¿rter is line¿rlizccl irr the vicinity of thc static profile [1]. Details of the

cornputzrtion of [Kh] , [K,"] zrncl lIi"ln." ale givcn in lcfcr'<;nce [8i].

4,2 Beam element

Spaccrs at'c sirnul¿rtecl by using two nocle, bcarn etlernents rvhose rrr¿rss rna,tr.ix is estab-

lishecl by luittping equa,l J;zrlts of thc elenrerrt's total rnass to the nocl¿rl points. The

bearn clernc:nt's stancl¿rlcl stiffness rnatrix is f<irr¡rulatccl by ernploviirg local coolcli-

n¿ltt¡s ¿rncl four DOF at e¿rch nod¿rl point [79]. (See Figule 4.1(b).) By tr.¿rnsf'or.ming

the loc¿rl norl¿rl clisplaceruerrt vcctor into global coorclin¿l,tes an<l clenoting thc clis-

placcrnertts irl the X, Y, Z clirections ancl the angular lotation to be U, V, W, ancl

á, respectively, the clernent nocl¿rl clisplaceinent vector., {qu}, is

{q.} :< {qr} {,1} >' (A e)

HeIe {q¡,} : 1(J¡V¡,IA¡,0t }T, k : I, 2, r'efers to the noclal clisplacement vectols

on the lvinclwarcl and leelv¿rrcl concluctot's, I'espectiveiy. Angle g is the sante as the

rotation of a condtlctor about its c<;nter because it is ¿rssurnecl that the spzrcers a,ncl

concluctols are ¿rtt¿rchecl ligicllv.
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.- Initial
, configur:rtion

(x:,Y-¡,71,):=
-.: Nodal

(b)

Figure 4.1: (a) Three*node cable elernent and (b) two-node beam elernent
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The syrrunetlic mass m¿rtrix [n1"] is giverr bv

I too,l lur,) t¡r,,1 I

lut''1:*.: I Vvrr) l¡,rul [¡,10] I r" t,I I 2940t 
I

I t,r,rrl [tur,] ltur,t )

r,vhcle: tlte non-zclo elernents of thc st¡lnrnctlic: nr¿rtlicres l^,Ii],'i: I,2,. . . ,6 zìLc

3:]
Tltr¿t,r :',trt¿2,2 :'n1¿33 : DPlun, TI1,¿2,4 : ÐPÅSr,p:1 p:7

33
rrt6.,1 : ÐP;5", ; Tr1,i4.4: ÐPi,lt, (82)

p:1 p:r

Het'e, [Lp, Sy¡,,Sr, zrncl Ip, a,te the Jter unit length ûlassì first rnass rnornent of area

about thct y ancl z ¿rxis ¿rnci tlur nr¿ìss nonìcrrt of ¿ìrc¿:Ì ¿.ìbout thc ,9 u,xis, r'cs¡;cctirrely,

at tlrepth node of the iced concluctor'. Constants Pf, P) alrI Pj alc listed in Table

8.1.

Appendix B

Element Structural Matrices

8.1 Elements of [A,I"l

8.2 Elements of fK'rl, lK"lr,", and [Kj]

Thc uppel triangulal telrns of thc syrrunetlic rnatlix [1í$] aLe giveu ncxt f'or a

bare cable element having constant axial rigiclity, AE, an axial-torsional coupling

¡rarameter,81, whose significance has been outlinecl in [83], ancl torsional ligidity,
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Appenclix ß. Element Structural NI¿ttlices

(Rcfel to 17, 271f'or clctails.)

P,t(LCÐt + Ps(LÇr)t + eoXç1nç :

Pz^Çl^(i + &(^(i^C; + 
^d^(i)

+ P,LöA}| ,i: r,2; ;j :2,J a¡cl

: Pto(i + htÇ¿ l- PnÇ¡ , d:7,2,3

[o o o ]

lK'in"": -q l,''" r*f lo 
o o 

| '", 
,t

L0 0 s, l
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GJ, ov<:r its lcngth tr".

r5L"3 
,..,.

- ¡g 
NnI,r, :

75L":t ,,.
¡g 

Kat-,, :

or 2¿Le 
r,,e,-g NnL.tr.

tú Iil.t¿

I,e,\,ll:1,i.+,1

k'ir,o*a

kTr,o*,

k"or,r*uo

k'iu,1o+n 
¡

ktna,n+a

kke,o

'i: I,2,3 (B 3)

'¿ I .:j (B 4)

(B 5)

.. ,6 (B 6)

(B 7)

Constants P¿ aucl Pj,.:) :7,2,3,13 ,i,: 4,...,12 ale prescnted in Tablc 8.1 along

with /, r¿ ancl i (rvhere applicable). The g in <:quation (8.6) is the glzrvitational

c:orlstarlt ¿lncl the fit'st nr¿rss lnornc:lrt of at'ca ¿rt thc clcrncut's Å;th rroclct, 5r¡., is

S"t,: l' p tJ dA
JAr

(B 8)

Stiffïress teLtrLs, which ittvolve ,Srr in ecluation (8.6), âre contputecl by filst lincar.izing

tlte lestoriltg ntotnetLt, as gS"sin0 = 115"0 af, the typical iced closs section showu irr

Figule a.z(b); ancl then folrning the ccluivalent elerneut terms fi'orn

(B.e)



Appenrlix B. Elenent Stntctural X,[atriccs

whele

The unclefinecl cluantities

ACi :rJ

ò

,9,: f M. S,,.
"¿J

Ä::1

in equations (8.3) tlrlough (8.5) aic

ancl

t(i ç;? (il' : lxi 2il,

lvherc

tx; Y; zil, : lx Y zl, + lu v wl,

ale the defolnrecl coolclinates of the kth lode of thc eleinent.

The svulrrtett'icr. gc:ourctt'ic stiflìress rn¿rtlix [K:] , on thc clthel hzrncl, is

ntateci as
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Yi

(B 10)

(8 11)

(8 12)

¿ìppÌoxl-

(8.i3)

. 'i:1.2

(8 14)

(8.15)

lr{il x {;,Vr:,t + Ø;!fN:,1
r,virere

lK:ol :
(7 - ôb4\/3)lil

(-8 + 6,b4Jî)til

t7l

(-8 + ôb4\/5)[7] t7l

16[¡ (-8 - ô?14..ß)17]

(-8 - 6?r4J5)l-ll Q + dt +JS)l7l

l7l : diag[1 110]

ancl fi ancl T2 indicate the static tension at Gauss points 1 ancl 2 which are locatecl

clistance s : L"(r/3 - t)lzr/s ancl ^9 
: L"(JB + 1)/z\/Jfrom noclc 1. r.cspectively.

Further-rnore, ó):0 ancl 63: t.



Apperulix B. Elentc:nt Súl'¿¡cú¿u'¿rl X,Iatrices

B.3 Elements of lC¡¡"1 and [KLr"]

Tltc trott zeto elctnents of ut¿rtricr<;s lCu"l arrcl l1(¿7"] of ecpzrtion (2.16) ar.c givcrr

belolv.

(a) Elements on the windward conductor

Q,\¿-2.,t¿-z : Pin Pi5 iurr

cr,'.t¿_ t.,t¿-z : Plu Pi, ¿ar1

cu'i¿.¿¿_z : Piu ,1, pl, oug

c,l¡_D+.j¡t¿ : R't Qrlç-q¡.¡,,¿-z ; j :2,3 ; i, : I,2,3 (8.16)

L:uiin-2,¿¿ : Plu P!6iuyt

kr'io-r,un : Pin P!r,¿a11

ll:r,i¿,,t, : Pi.u dn P|o'ou, ; i : I,2.3 (8.17)

Hele'i t'epresc':rtts the eth uocle of a c¿rble elernent ¿rncl c:oust¿rrrts Pf,,, R.¿. iu¡ ctc

colresporxl to the eth nocle. Nloreover,

pl oiJ 
-7c,2 -Lot 1,1 t 14 - 2tta: 4

oi Piu 
-IPi, : 

Ë: ,ft"t. U"t. rL , ,i: 7,2.3. (8.1S)

(b) Elements on the leeward conductor

,' c['url4i_2,,ti_2 - Pï, Pl,rrBu,r/u

^ cl'cr,."t¿'-t,,t¿-z : - Pio Pis'Cs,5f l)

,. t Ì,utr4i,4i-2 - Piu tl¿ Pir'D¡.5f lt

cul¡f¿-t¡¡¡,+r : Rt¿ q"?t(¿-t)+j,4i-2 ; j :2,3,4; 'i: I,2,3 (8.19)

L, eL oi t:ti icttuu'li-2,,|i t 7,1 r 16 D0,5
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1, eL
túIr ,1.¿_ 1 ,4i

t.. eI'
tuu,Ii,,li

1., et'ILu,li-2.,1i-1

t.. cl'
tutt,1¿- ¡,,¡¿_1

7., t:1,
Ntt ,Ii.,li- |

L, CI'
tutr .Ii-2.,1i.-2

1. t:t'tvlr,tli- |,,1¿-2

7.. t:l't\'tt ,1¿,,¡¿-2

: Pio

: Piu

: Piu

: Piu

: Piu

Dit 
1,1

: Piu

oir l,l

PTuocu,u

di Pi6 iDo,r,

P|,,'8,',,,

Pl,, uCu,,

d¿ Pi(jiDo2

Pl,t nßr,,

Plu oCr,,

d¿ Pi(jiD1,1

., eþVt'1t,li.-2.4i-2

., elllLIL,li-1,4i-2

^ cþVCu,I¿,4i-2 :

^ ellr(il,t(i-l)+i,,li 
-

t.. el'llNu,li_2,4i :

r elV
Ntt.4i.-1 .'li. :

- Pin Plu oB'

- Piu Pi, oC'

- Piu di Pls iDt

R'w¿ Q,lþ-Ð+j,4i_2

Pl4 Pl6 iBo,i)

Pi4 PT6'C0,3

Pla Pl¡¡ "8s,2

Plu Piuics,2

Piu ,ln Pl.o ''D0,,

Pi4 Pl6 iBr,l

Plu Pluic¡,1

Pio dn PiuoDr,,.

¡ l'- t.2.3 (8.20)

; :i :2'3,4;'i: r.2,3 (8.21)

k,Îr!',uo : Piu ,l,o P|o nDç,,,

t.. cw
^'u,1,¿-2,.1i-|

¡.. r'l,l'tt"tr 4i- 1 ,,1i- |

¡. clIJnu4i,4i-r

¡, ell'tú'u4i-2,4i-2

r-. cI I
Nu.'Li- I,,li-2

teWtutt,4i,'Ii_2 ; 'i: I,2,3 , (8.22)
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8.4 Beam elements of lK"l

Tlte svrrtlrtetric stifliress rrt¿rtlix fbr' ¿r 4-DOF be¿rrn elernent is given by [7g]

95

r,vhclc

iß' : -'ßr.tzo i ¿Bo.zto * ?0,¡ - #,O0.,
'C' : -'Cr,rzs *iC0.211¡ *'Crr.;r -t ; "'"n.r,t)

iD' : - iDr,tzo I iDo,z?Jo* ?0,¡ - #oo,,, (8.28)

Tlte superscripts I ¿rncl I,V rc:ft:t'to the leer,v¿rrcl ancl r,vinch,valcl conclilcrtor'. r'espcc-

tively. Erluzr,tion (2.16) rnzry be rnoclifiecl to

{F,,"}: ICu"I']{q"} + lI{u,,-l{q"} +[C,,"v,]{q"*'} +IK,,urr,]{qevr,'} . (8.24)

wltetc {q"} is thc elemettt nodal clisplercement vector ancl {q'vv} is tire vector.of

nod¿rl clisplacernents of the con'csponcling elenlent on the wincìwarcl concluctor'.

t r..P1 E
t/\ t: 

-L I 
ll'tt

r,vlrere E,I,h
element ancl t

ah,2ooo-al¡2000
0 721 0 6Ih, 0 -721 0 6Ih,

00721 000_721 0

0 6ItL 0 41h,2 0 -6Ih 0 2Itf

-a,h2oooaÍ¿2ooo
0 -r2I 0 -6Ih 0 r2I 0 _6Ih

00-721 000121 0

0 6I h, 0 2t h,2 0 -61h, 0 4I h,2

(8 25)

and ¿ :rre Young's modulus, the seconcl moment of area, length of the

he cross-sectional area, respectively.
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Tabkr B.1: Explessions fot Pi and P¡
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,L
1 2 ,) 4 5 6

Pi
P;
P,i

qÈ79
Llt)

740

-27

140

I12

-56

-2r
-56
-2r

112
r344
772

-56
172
I40

-2r
r40
.'tn Ðátò

I

TI,

i
i

,L

i+4
i

z+8
,¿+4
,¿+4

,i,+4
i+8

.¿+8

?+8
P,1

P5

P6

183
ôcL¿

-bb

-276
-56
I12

.)ó

t)ó

-46

272

272

-224

-56
-276
r12

¿,J

183

-66
t,

n
?,

.:l

¿

.:i+4
?,

J+8
,¿+4

.:j+4

,¿+4

.i+8
¿+8
.:i +8

P7

P8

Ps

183

-ôJ
23

-216
56

-56

.f ¿)

o9

.).1

272

-r72
272

-56
56

-216

23

-ù.)
183

I

TI,

,L

4

'¿

8

'L

T2

,¿+4

8

,¿+4

12

?+8
I2

Pto
Ptt
Pn

-15
16

-1

i6
-16

0

-1
0

1

-16
0

16

0

16

-16

1

-16
i5

?,

L

ft,

1

4

4

2

4

8

.J

4

I2

4

8

8

5

8

I2

6

I2
I2

Pit .7
I -8 1 16 -8 7



Appendix C

Expressions for Ksa,I{¡,,, and I{¡-

R.ctttote sp¿ìns at'e rnorlcllecl as lincal st¿rtic sprirrgs. I{sa, in th<: X clilection as

sholvn in Figule 1.1. Thc support ilrsul¿rtol stling, whicit is crousiclelcd to bc ¿r

singlc, velti<ral rigid bar', pin r:onnectccl to tlic tor,ver''s ¿tr.rìlr is ¿rlso lnoclcllsl as ¿r

lincat'st¿rtic spring th¿rt h¿ls componcnts 1l¡r. ttncl I{¡" in the X and Z clir.ections,

respectively. The Ksr and K¡,. afl'ect tìre clizrgon¿rl stiffncss teln ¿rssociatecl with

tltc corresponcling U clisplacentent r'vhereas K¡" contlibutes to the analogous ter.m

¿rssoci¿rtecl witir the I,I/ clispl¿rcerrr<:nt. It c¿rn lle shor,vn that [1, 84,8bj

¿rncl

1 _ L , prrLr,J
I(sr AE ' 72H:]

I r t7rfI(t,' : r,lrrL * ;)

.2H
I(t, : I(rr,+î

(c 1)

(c 2)

"vhclc 
l, att<l L arc thc horizontal spzur lcngth anrl total lcngth of thc icccl cabl<;

betweett acljzrcertt toweLs, respectively. N4oreover, yt, is the total vertical loercl. Ì1(:
f #l is tlre horizontal component of the static tension whilst L¡ a\d Iil¡ arc the

length and weight of an insulator str.ing, respectivelv.
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Appendix D

Computation of the Damping Matrix, [C]

Elerrtcnts c¿.¡ of tlte syrutletric, stluctural clzrrnping uratlix [C] alc approximertccl by

assurning rnass ¿lucl stifliress plopoltiorral Ravleigh cla,nrpiug [86]. Hcncc:

c.i,i : p¡1Trt,¿,i I {lnzk¿J ,¿ } .t) (D 1)

wltet'e the syrnbolic subscriirt Å; takcs the value grl,vhen 'i f Sn,n,: L,2,J,. . ..Jxr,r,p,

arrd d when 'i : 3n. Furthermorc, Itr¿.¡ anrl k¿..¡ ¿l,r'e clenlents of thcl stluctural rnass

¿rrrrl stiffncss trtatrices, r'csJroctivclv. The /i¡1 Írncl p¡,2ilctqu:rtiou (D 1) alc corlpr-rte<l

fi'orn

,, 2t x ¡a¡,1a¡,
t)A:1 : G;+"õ
n 2(€r1"'¡, - {t1ø¡t;
l)A:2 : --@*r_"rll- (D.2)

r,vlrt:r'c (¡1 zìtrcl {t2 art'c the nrc¿rsutccl clarnpirrg latios fol tr,v<> fo uloclcs hzrviug thc lc-

spective natural frequencies u¡,1 arìcl a¡2. If (i:2 are not ute¿lsured., B¡r2 ale considerecl

to be zoro in oquation (D.1) ancl 0t, is sirnplv

ßì,,t :2tt,tut't (D 3)
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Appendix E

Formulation Considering Flow Retardation

Thc ¿rcroclyn¿rtnic fot'ces on tlte leer,varrl concluctor ¿rle detcrminecl by thc: air' flor,v

or tlte t'csultant r,va,ke ¿llouucl it. The rnzrgnituclc,' ¿rncl clilection of thc rcsultant

r,vake veloc:ity. in tuln. cleltcrncl ort the fìrc strcarrr spcecl, r'clative separ':rtion betr,veetr

the tlvo concltrctot's ¿rncl rnotion of the 'uvinch,varcl concluctor. Thclefblc, ther.e is a

coupling lletwecn the r,vinclwat'd concluctor''s rnotion ¿rncl tlie aeroclynarnic f'orces on

thc leer,varcl concluctot') as inclicated in Chapter' 4. Hor,vever, it terkes a finite titnc fol

¿r flow tt'avetlirrg fiom thr: r,vinclw¿rrcl to allivct ¿t the lecr,vard concluctor. Thus. r,vh¿rt

influeuces the leewalcl conductor ¿rt tirnc ú originated fì'orn the r,vinclwarcl concluctol'

¿rt tirne f -r, 'uvhele r is the tirnc delay. The efl'ects of r on the lcew¿rrd concluctor. will

be consiclet'ecl ltele [6, 82]. The cleriv¿l,tion of the f'olces f'ollow the s¿rrne tr>roceclure

cles<libecl in Chaptcr' 4 except that the variables involvirrg the r,vincl¡,valcl conclucrtol

fì'oirt ecluations (4.16) to (4.25) r,vill be those ¿rt tiule ú - r instcacl of ¿rt tirne ú.

Tlrc aclocl)rlrarrric: folr:cs in <tquzrtiort @.2I) lt<l<rornct

Fu -:-

Frl

¿ncl

X,Ie :

)o"n.u3 
acr(.rr,,, e ¡.. lJ . z) ,

1..
2P"a'U!tlC r(,,'"'', 

rv ¡,,'!J, i),

!o.o,u ! 
a' c r(a.,, e ¡, lJ 1 z),
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Appenclix E. Forntilation Considering Flow Retardation

where

u3:¡-¡, 
(l . (1 - t')2*:- trl' *l(t-tùi'o"-i','1'\
|L '* bu I + L--r,u-l I

The subscript r irtclicates tltc letarclecl v¿rliable at tiurc t - r ancl C¿,,¿:,¡1.a.0.

Iras tlre saüto exptession zrs in ccluati<>n (4.22) after c:hanging a¡y into rrpy". The

vari¿rbles usecl in the l¿rst equation are clefinecl as

o, 
- 

Vl_v - ' -Uo

17lZ: L -ZO,

(\VVr : \VV, - tOr-'( Y*i 
\.

'u - 2*,"
at:0r-tan-l((J7lUm),

(E 2)

where

Tf 
- 

t.uLy -uYwr-Y¡arr*Y¡,

and

(Jrz : lt (U - Zw,) * 2w, - 21. (E 3)

Other var-iables, rvhich ale shor,vn in Figure E.2, can be founcl as follows.

Y': (b#t-å") ".'(+'#)
17lL (Z -Ys'¿naw,\ _ pd;_

\ -t*-" ) 
-'_ wo'"

Z: r(U-z',t,,)

r: (Zn-Zw,tZr.)lU,
7 z,,v - (zs + zL)zw/u + +(zBlu)'(t + 22LlzB)zwLtt,r: (E.4)
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Appenrlix E. Fornulation Considet'ing FIow R,eta.rdation

3

2

1

0

-1

-2

i01

- 

Without time delay
---- With time delay

- 

Without time delay
---- Wjth time delay

,'

v=*/'
10 11 12 13

x/d
(b)

]---T-l
14 15 16

Figure 8.1: Limit c)'cle loci for the (a) rvinchvâr'cl ancl (h) leewarcl conchrctor
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^pDarcût 
pos¡fion

of lcc\vârd cond[ctor

Figrrle E.2: Positions of thc: rvinchv¿u'cl ancl leclvarcl r:onclnctols
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