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In the following pages an effort has besn made to
present s comprshensive picture of the various aspects eof
the vibration probles of overhead transaission line, The
developuent of the subject through the 1nnt three decades
has been traced and a eritical analysis of the literature
dealing with the theory of the problem has desn qttuuptod.
The varicus kinds of experimental studies are described
and their relative importance weighed, A reference has deen
made to the roles of electronies in fastrumentation and autoe
uatic eontrol of vibration tests. The graphical and mathe-
satical relationships which facilitate computation are
sought to be given in a concise manner, An attempt has
also desn made to descride and study the 0ld and new schemes
of eombating vibrations and the latest methods of their
analysis based on elesctromechanical analogies are given, The
scope of the problem is indicated and the stajemates in
complete alleviation of the haraful affects are discussed,

A brief reference has also been made to the importance of
this prodlem vis-a-vis Indian conditions, |
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1.1 Inteainaticn

Tho problcy of wind inducscd nicehanlaeal vibraticno of
overhcad troncaioocicn linon hac been of quito an coocunt of
concern to tho cleootric cupply industry foP a lcng tinec, it
agquired ooro and nerc inportance with tho adveat of long dice
tango poucr trancoiooicn, Tarnost atteapto o alloviato tho harpe
ful offcets have doen nado oineo thon ond 4t cocald Do caid that
in 0c30 ¢nsds o partinl cugcouo haop been achicveld, but tho prc?}g§~
at ito vorot undor paverc conditions of weathor and torrain hao
ovadcd catisfaetory rcaodinl ncasure and the clucive gquoct for
a unique and un‘versal solutien will otill have to go eon for
gsezo €imeo boforo tho problen in 4to all aopeeto 1o fally ezplor%
It %o otill quito uncortain oo to ubcn the cemplete and accnptaﬁi
soluticn will bo availadlo. | e

“he 1npcr£3nae of tho problca to tho oupply oyotex mainly,‘
otcup fres the faet that 4¢ givos risc to ucehanical damages and
olcetrical outages in tho trancaicolien linco, Vith tho proscnt
caphaoio on high poliobdility of peover cup.ly, oven at tho doot g&
otage tho robuctneos and invulnopability of transaiocion ﬁyGtC?Q‘;
to ncohanieal and clostrical falluroo rceoives eritiesl uttcneﬁén.
“ho inercancd alao and coot of troncaioosion Liaoo, cuing to t&@ ,
trend teusardo inopcaso in the trancsicolon voktagco, mahoo tna f/’f
- Beed ef protcdtirn agatinot all kindo ef oulajos and igilurcs vbry

procoing, tho aceh.nical problea painly gonlining itoclf to olinie
- 7‘ ‘

£
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aating tho fatizae in ¢onlductor otramdo, 1line harduaro ind cupioge

ting otructuroc nmjd tho clestrical ono to proventing {inoh overs

beueen ndjaceat phaccle

ho arghanical vabpationo of ovorhend trancaiccion linco
appc 2 caldnly 40 tvo Giutinet formge (oo 1o temmed ac the
'oinaing' or acolinn vivratien, vhich 1o charasterised by a oy
anplitudceof tho erdcy or cno ingh peak to pcake and rolatively
a hign frcoguency < 1ping vithin the ranso of 102109 cycldco pop
oceeads ~301eoldy Chio o g ‘forecd' kind of vidbration, tho tern
iplydng that the alternating foreo predusing tho vibratery cotion
10 dndcpondcnt of tho notien and starto befere tho notion
orifantes, the othor tspo of line wibraticn 10 coro proporly
ealled oo 'gnllopins® o daneins, it 40 o phencmcnon ontircly and
fundazentally diffceent froa that of tho acolian vibﬁatieng It &0
o 0clf cnelted cotieny nu diffcront froa tho forged vibraticn,
uhich in othor verdsc ccang that tho porioiic fereo which custaino
tho ootien 40 crcatcd and centrollcd by tho ootion itoelf, It
(tho forco) thepofero 4icapucary uden tho moticn 2o otepped, \
flovover to indtinto thic vibratery noticn 0eno cxternal feorco 1o
ncococary, Cnco initiated, the gotizn builds itoocdf up duo to
'wha% 10 callcd ao tho nogativo dzoping €111 tho olaotic or cpring
cetion of tne cerducter vwiro brinio it Lo o otcndy otato, <ho
cateornnl forco 40 wscunlly tho vind, ‘eueves 0o chedding by tho
conduoter nftor a oncufalld agould juot oo vell trigger £040 typo
of vibraiticne. .ho naplitade of ¢hio oseillnticn 80 vepy Ligh and
ccadd Bo any.hcze apte £ foet peal to ptalie the arcgaoncy 48 quito

lou beiny geaceilly Hotueen A/0 to 1 é‘oyelca nce occonde
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“ho acolian vibration 4f ef o ocufffoicntly oocvero maturo
cnunos high bhending otreoocoo in tho ocoalucter otranio. oirgo
thepo L8rCooCs aro altornating or reucroiblo, tho otpando apo
ikely to givo uay ﬁhroagh ghcep £atiguo, Tho pointo noot
vuincrablo to £0ilaro Auo to roveroiblo bofding otPESocs aro
tho pointo ef capport dnﬂ attasihacnt of acecoverios, Thuo
acelian vibraticn uith 4Lo Aca'umplltuﬂo can caly give rico to
aceinideal tgtiguo fallurc, "lcstrical £lach overs botuocn
eonduotcro aro unlahoiy unloos of courso o conducter aftop
breoaiiing follo on anothope Jounlly ocno of tho opano of
trancaiooien linos hoop on coentinuololy ot@gxna vith ¢ho obvicuo
offcot of pcducing tho mormal cffcotivo 14£o of tho conductors,

.ailarcs duo to acolian vibration aro characteriocd by
a glaooy fracturo vhich 10 goneranlly ncecopanicd by a peoaling
Y Cypo of ocurvo agerotto tho dinmoters of tho uire,

Tho harofal offcots of pgolloping aro rathor QbViﬁuBQVJGUEQCL
eaucing flczuro fatiguo in tho vires 1% 1o 1iikoly to givo rico to
clcetric £finch ovoro botyoon cdjaccint conducters vhich Doy rooalt
in tho profScotdro rolayo tripping tho gircuit bronlors and
conocguontly shutting doun tho Sapplfe » 1oshovers also ¢aia00 tho
burning ¢ tho conductoro at tho point of ccatact, ilninly thorofcoe
tho dan:co duc to gallieping 4o of olcotricnd ndturo. Tho froguency
of roveroiblo otrosoce beins rather vepy conll fatiguo falluros
aro 1000 ocaLen, 1190 golloping doco not appear oll throughoad
tho'ycar 00 deap tho acolian vibratien, cingo it peguires a
ccrtain colnaldenco of octcorolozionl conditicas, It 10 obocrved
in cold countrics in vintor juot cdcut o ceuplo of tirncs in o

ocaoon 4n goncrnlde
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Jpcalio in oluniniun and other virco vhich aro aawoccd by
golloping havo o goaroo £ractaro cach ao 40 obtaincd vhen coall

voft uipcs aro broich 10 poverso bording by hande

1.4 el

.0 ¥ill dcal uith tho cxact oochanicn of theso tvo
shencaemy aleng vith thoir annlytieal czplanaticn and variouo
ranificatlions in tho ncxt chapter, divon bolow 1o o bricf agecunt
ef tho cacunt of vork deno en thio problcez, |

..ork en tho probltn of nocchanieal vibratien actually
began in oll ito carncotncoo after Lelf and Cwor gaveo tho acpoe
dynandc umalynls of tho acollan vibration in a paper publiched
by thea in 1921(3). ihic papor confincd §toolf catiroly to tho
nathcoationl oxplanation and analysis, Tioucver gonoral obocrvaticn
of t" 10 phonexncnon can bo teaccd baclk perhaps to the beginning
of long diotanoc ovcrhead trancaicsion of posor. jrond mathcantica
conoidepations wero none the 1coo givon to tho vibration of cableo
ochainc, oteol c4iro ropco ote., hung in tho adr vhen thepo vero
otudied 1n rcfcronco to tho thoory of outpencion bridgeo, Jut
peucy cnzinecers began carncotly lecohking out for tho cciutxon s
tho predlca cndy after 1021, whon tho {irot analytienl paper
gavo ogse incight inte the phconcacnon, Aftee thio, ianercacingly
uvide attcntion hao boeon given to 4t and nuncpoas iatercoting and
iof'orcative papors bave oppoared and o nunber of erfiginal thooricc
and appreachos have boen dyggostcd,

3 Eow years oftor tho pablication of tho abovo papcr
theoldero Marnoy gave hib oun 1dca abeat tho nataro of tho preddc
teaothce with an qoccunt of tho carepincats ¢onductced by hio 4n
U0 pe2s pudlished in 1083(3) ang 1933(2). AMthoagh his
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apparatus was rather crude his conclusions as alsc these 5} Helf
and Over have been generally acoepted and have stood the test
of time, Hovever it must be stated that theSe papers have not
gone into very great details nr the phenomenon but merely have
toaehid the pariphery of she prevliem, whiahlic understandable
becanse that was then only the beginning of the work, Much more
detalled investigatiocn has deen donn since then,

A mumber of countries have participated in the guest or |
undesstanding of this prodlem, U, K, and B.S;A. are prodably the
firat to enter into the field, later Norvay, Canada and U.8,8.F.
and nued later ¥France tdok sctive interest, and lately Japan has
2l80 jeined into make stme significant contridbutions, The technical
literatare on the sudject mainly consists of papers pudblished 4in
the teehnical jourmals, bulletins and comuittee meeting reports
from thiso countriea, The probiem has received a rather scant
attention in taxt books as it 1s mush to& a specialised area to
be cﬁcnnpatltd in any general text book on vibration or transmissio:
line prnhtleo without doing injustice to it, considering its
vastness, _ |

The £irst paper on galloping of transmission 1ines vas
nvaiinbio only in 1932(‘) vhin JePeDon Hartog gave an account of
his consept of thi phencmenon tegnthorkwith a little analytical

treataent, His view unq\n;inly 11n1tud to the simplest kind of
galloping 1,e, the'tersion free’ type,

Breadly the subject of uiehaﬁical vibraticns of both the
types @nl been studied under the following heads by the Aifferent

investigaters,
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(1) Zhocrotical analyolc and caplamntion of tho nochanica
of tho phoncacacns |
{3) "zpcricotal nﬁuﬂﬁco en labo@atCQy cpanodycatdocr oot
oxano ond qotual 1imo Gpnrl, | |
(3} dcaocurcaont and oontrol of tho vardceus varioblos 4n
tho vibrat on tooko,
(4) iicano of cupproooing tho two typco of vibrationo,
(G) amles nothodo,
00t of tho gaporo availablo touch apon only onc atpoet
c2 tho probdca uihieh onhos 4t pooodblo to sort then cut as ouch,
“eacver Choro aro oc¢ne papers vhich deal oith wore than ono aopee
Gimudtanoousldy.
jocddos Vapnay, a0lf ond Ouor, contpibuticn to tho thoery
of tho acelinn vibration probles has ccao £rea Lonroo and
Zcapdin (1938)(5), auuhanan,(lssﬂ)‘a) anévﬁtoidol (1386)(27)-ﬁo
ncnticn only a £y, Yo vill ceno to tho orsticalvrcvacu'mf thnir
papers in o chapter spcoinlly dovoted to 48,

v for oo galloping 1o censorncd £or poeplo have abno into
tho cathcaatical dotails vhich happon to bo nush noro ecaplicatcd
than in tho firot ¢ooo, Aftor Bom lartos and C. O, larris tho
only papopo which pado ocubostantinl contributlons In thio arca

29
aro thooo by llabanicl (AGGG)( )t Davic, 4chaprdn und Joriven

(LCSB)(34)and Jinpoon (1935)‘35)

rodations orrived at analytically and othoruioo, Satheuckhi'o

p Yho havo given quantitativo

papeR (l903)(31) aloo gives o ncy anglo to tho problca, Tho

papce by Tduned and Jadoyehi (L@Sﬁ)‘zﬁ) thoush lapgoly dcaling
UACth enporicontal vorh dvco in tho gouroo o¢ao gliczpocs ef tho

otndyodn bohinmd 1%,
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The experimental study of the mechanical vidrations of
power aenductors has been very exhaustive and a great wealth of
iaformation axists in the form of tachnical papers as if to
compensatéd for the rather fnexact nature of the analysis, This
is probably due to the reason that a nuaber of studies have been
sponsored by various pover commissions, power supply services and
the eoncerned utility &ndustries in this direotion, this being a
major problem they have to deal with, The largest single contri=
bution perhaps ccaes froa the lydro Electric Fower Commission
of Ganada, whose ataff has the largest nuuber of papers to its
gredit, The Asmerican Institute of Electrical Engineers has also
enceuragei research in conducter vibration and the conductor
vibration session pf its fall general meeting in Oklahcma City
in the year 1980, gave & number of papers on this sub ect which
15 & great store of knowledge i‘w the new investigators, To
nenticn a few other xnstitutiong wvhich have conducted studies
on this problem aresthe National ..esearch Council of Canada,
Etate Colleges of lowa and washington, Universities like Purdue,
Notre Dame, Bristol, Utilities like the Aluainium Corporation of
Anerica, Preformed Line Products Company etc., the Naticnal
Physical Jaboratory of Fngland and others,

Thp papers of iaportance in the sxperimental aspect of the
subject are by Stickley (1@32)(6), wWright and Mind (193‘)(7)"
Carroll (1936)‘9). Tornguist and 3Secker (1947)(13). Lummis and
Kloptenstein (1950)'35, ravard and Madeysii (1856)1%),
Farquaharson and MoHugh (1986)(17), Tompkins, Merril and Jones
(1956)(18). Davis, Fichards and Scriven (1gea§"’ and Ratkowski
(1"3)(31): Messers Bdward and Madeyski have teen working on this

broblnn for years and their contribution is very noteworthy, They
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haveo cenductch leng €ozn otudice of tho vihratica phoeneacaen
ucier varicae atnoopherio aord notoorolesicnl codiClions and
havo odtained veey valuadlo Infercaticl.

“eatapcacnt and Sontpol of vibrat!en tosto hao aloo boca
a polativoly ypopuldar £201d4 and o neader of individunldo havo talica
bocn intopeot in iy and havo brought adbeat o vast rofincacnt
ond ogophiotlonticn o tho fnoctpa.cataticn. “ho £4rot papor
dovoSed catircly to noadtupcnent and gonteol appcarcd in 1961‘12)
Dy 0, ‘ove nnd uns felloucd by various othepro, Tho papors by
-aulins and Huvvry'(l@ﬁﬁ)tggja,Hmhlaaa,?affnnborgor and Uroooe
handdce (1@5@)‘30)ana Geheabarg and Teobby {1980)(83) havo given
olcatrenioo Ato auo-glgan-in-tha inotrunontation a0 cloo in
gentrol, Wheoo ecmtriﬁuﬁinnﬂ.uva oot notcverthy cinco thoy haove
inorcaoncd tho pvccin&dn nnd facillity or the ncasurcacnto ocvepnlde
fold, o ococnd paper glives tho roport of o nobile vibraticn
labrpatery andt {(Jynalab) vhich ¢an bo tabon £ren ﬁawér to
Soucr and thao naking tho job ef sutdoor lino opan taoting very
ough Sinplop, Tho unit has bDudlt in tolcnotey vwith variouo typco
of cleoateic teoncdugcrs indieatcd for notoplng diffcreat quantie
ticg, 'lcotroiies no Jeabt imercaoccs tho ¢gapllonticn of building
tho inotruscntaticrn opotcao ond of handling aftor aosocsbly, but
that 20 incvitnblo 82 oonoitivity and oolcetivity of inotrunente
atlen opotca 16 te Do opt hinhe Uoucver attcuptt havo beon ondo
to produce cosilliozeaMic rooerde of tho anplitudo and Leogucnay
Aata €8 n peacceinhly aocurato mature with oicplo cleatrecacohianico,

ceaznet 1noteuscats, fne o2oh boing tho 2ivo 1ino vibzatien
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recorder projuced by the Cntarioe Hydro, an account of which
appears in a paper by Fdward and Soyd (1963)‘32).

The literature on the means of suppressing conductor
vibration 18 alse lairly large. The first paper giving the
desoription of the Stookbridge damper was published by Stocke
bridge himself in the flec, ¥orld in 1985‘45). In {ts original
ferm it wvas a crude device, iut with all the refineaents which
1t has undergone it has bectme the mostly widely used dauper,

The earlier practics before the advent of other types of dampers
was to use aracur rods, festoons, preformed reinforoing at supporta
cable sbsorbers ete,

The paper by SBpeight (1941)(11’ suggests the use of
torsional damper which has alsco besn found to be quite effective,
?hc latest among dampers, the single degree of freedom type has
been suggested by ouche, FPnsor and fbnggul in their 1963 paptr(ao)

Besides these papers there are others like those by Fdward
and Bproule (19&3)(23) wvhich have tugggttod‘nuval methods of
suppressing vibration, | |

Most of the above schemes provide urotecticn against aeclian
vibration, The galloping sesms to be a lot more 4ifficult to
suppress, However partially successful schemes such as winding
P.V.C. tape on the conductor to mske its oross section aosrodye
nasically stable have been suggested by Davis sichards and sorives
(1063) %),

‘Analog studies of conductor vibration is a refreshingly ney
aspect as it eliminates the tedium of actual line testing, Electric
analogies and othars such as the structural beam analogy have made
the work very mueh simpler, Hovever a perfect analogy i.e, the one
that holda true under all conditions is 41ffieult, but reascnably
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accurate sinulaticn has been possible, T e papers of importance

in the stady of ti.is aspect are by Tompkina, lerril and . ones

(1988)‘18), stetdel (1359)'%7) gte,
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2.1 jeolinn Viheati-nsg

“he basi¢e physical phenomenon behind acolian vioraticn
18 acrodynanio and can be explatined in torms of the dynauic
benavicur of the mediun in which conductor ioc ouspenied,

“hen a £luld mediuz cuch as alr or vatcr flous past an
obotruction in zke its path, eddico aro produced behing tho
obsctruation (.ig, 2.1). If this oustruction is gymuotrical in
erooss goction as ccongidered froc tho dircotion of the £laid flou
(e.g. 0 cirole) the cddies thus formed will reaot .imilarly on
each face of tha odstructicn (the top and the botien), 1o the
£iuid flous past the obstruction, becausc of tho minor irregue
laritios on the curface the frict on on the two oideg is not
exactly tho same at any particular Ingtant, Ao a resalt of this
tho velesity of tho £luid near one gurfaco will tend to do hisghor
than that near the other, ceording to the vwell knewn lavs of
f1luld cechanlies the pragcurc of tho fluld coving with hisher
spced L1ll 5o loucr than 1ts counterpart noving near the
opposito {ace of the odstructicn, :his 4ifferenco of prescuro
on the tuo facco of the oaetraQticn giveo rise to a soree at
rizht angle to tho tluld notlicn but acting on tho chotructicn.
"Towover tho non un&fefmity of t.ic dengity of t o £luld medium
in t:0 tvo arcae causos a {lew of fluld frea the high dénaity
cide to the les denoity cido, Jhis noticn of thao £1aid is in

tho fers of ¢didiec or cwirls which in the acrodyminic sarlance

¥ .
are callrd ac the Taﬂman'ﬂ. vortices, .o tho rarified area 1o
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on that oilldo Lo pcduccd and tho dnpuch of ¢44400 accolopates
t10 noticn on the other ovido, 0 a pocalt cf ¢ 10 tho £1luid en
thio cii0 nev govos with highce veleeity than on tho op.ocito
surfacre 2lCarkly tho cituaatien hao heen poverssed and ot thio
iagtant tho eddico ecaoo frea tho provieas gide ap? bdbegin on tho
othiop, Thio oyelo of ovonto io roprated ajadn and ggain,

due to tho fluctuntion of volocity of tho fluid on tho
tvo clleg, tho proamusc_difforcnce 2loo ncguiros tho pulcating
ppoygerty and thiso glveo rioo to o periodie Lorco on tho ohaotruce
ticn in o planc ot right anglou to tho flou of tho £luid, 7his
king of periodic fereo is rooponsiblo for tho acolian vidration
of tho overhcad conductors. vhio altornating fercofd 1o procont
only vhon Hoynold's nuzbor (i = G380 V¢i, vhopo V 40 in £t, pcr
bocend ond @ 1o £,) £a1lo botwecn 100 and 200 090, Undor
n 8 100 no vortex 4o dctached and over (4 = 200 000 tho dioturbinoc
in the wako appearo to bo randez, Uhen tho frogucney of tho
altereating ferco i noar or cqual to one of the natural frequencd
of the conducter opan roconant vibrattions rosult.

whe fregueney of tho poricdic forco can be shoun to bo
cqual to

€ o E%‘.—E 510000 25 00 €% W0 8 4 05 0 0 09 0 3 90 03 (8,1)

vhepo K0 10 tho dinonsionlocs Gtreuhal nunbdor and 1o in
the neighbourhoed of 0,106 in tho mormol ootcorelozical conditicnt

7 15 tho voleadty of tho nlr stroan in oot pop cceond, d 10 the
S

oo

dianoter ef the oo ductor iﬁ foot,
Fex caocth alivoulap eylindcrs 8 18 2o0ncidercd to Do

suhotantinily cr2stant botweon | «l30 nd . o G) 000, ilcucvar
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. under i © 100040 £allo eff charply uhilo over . o 100 000, LD
incpeanes very papldly. A0 capdained carlice the cddy chedding
cn altcrnato cidoo ef tho eylindcer cauces o harnonieally
vaeying fereo en tho eylindop 4n a dipcetion poppondicular ¢o
that of tho otrcan. Tho tazioum intensity of thioc foreo con bdo
vpitton in the foro wounl for nost ncrcdyncnic forecs (ocach ao
14£¢ or drag) oo £Blloys

is (0 \3‘%; V2,0) GIN s @ o = = - = (2,8)

Tho ouboeript & otando for Rarodn, iy bolng APman
iorac and Cx tho dﬁﬁcaaichléﬁa;ﬁérmén fcroo cocffictont, Cho
valuo of Cyp 10 not preodocly knoun but roaghly can bo talon to
bo cgual to unity whic& holdC good fov d lorge range of xoynolds
auabces froz 10% to 107, @ 1o tho donoity of tho ncdtun,

in n'frﬁﬂly suoponded uiro, acouning tha‘tonnicn to bo

conctant of o trandverss wavo propagation volesity 4o

v aJ17a B NI o eweewowl(23)

v 2 Jrlogity of vavo, foot por cce,

T o Total tonoicn in tho wipo - pounids,

0 @ {lass pcr foct of wiro,

v 2 Uoight por foot of tho uiro in peundo,

¢ = dccoloration duo te gravity, foot/oced,

Tho volocity reanining the gono tho proeduet of the wavo
longth and froqueoncy 10 conotont and 18 cgual to tho voloeitys
that 40

Al n vy cwooeoenone (2,4)
vhero 1 © Tho 4ictanco dotvecen nodco,

£ @ _prcguersy in eyclceo pop occond,
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Hence the natural frequency of the span is found from

lequating the equations 2.2 and 2.4,

24 .f =\/T_.-.E- -eeaee(2,5)

or f!—l—’ ---000(2.6) //

r

If the line is vibrating in its fundamental mode the vale
of will be equal to the span length L; from which

for = 5y \/ Le ... .- e (2,7)

The higher natural frequencies or harmonics will be simple

multiples of fne, the fundamental natural frequency.

A relationship betweeﬁ the wind velocity and loop length
into which a given span will tend to vibrate may be obtained by
equating the frequency of the eddies of the wind (egn. 2.1) to
the natural frequency of vibration into loop length ), .

M:‘- _}_\‘m - . ®» o = :
d 2 W | (2.8)

-L z:-—-d--—..\/T' -.-.Q-ﬁ
2 Ks.v "'65 (2.9)

L T.z
or n = m—;—:— - e e e (2‘10)

where n is the number of loops (any integer),

o V= 2,_;‘_%‘_.1:. /T_V% e e 2.11)
value oF
Ve, = .,9.‘__... A AL S Hre ~wm [ V for resonance
2:ks L W
(2.12)

Aeolian vibration from the above explanation of its
mechanism of exeitation can be looked upon as a forced' type of

vibration, The alternating force producing the vibratory motion,




16

a0 uvill bo olsorvcd, 10 quito indosonidont of tho uotien of tho
condquoler and In foot it otarto brfero tho notirn origiantos
vhich 10 tho aritorien for any typo of ferecd vibraticon au

dcfinced in acrodyninico,

2.2 ZaMening

dalloping 16 o ondo of 0cMf czeitod vibrat' on cauocd by
tho wind on a wino uhich has aosuncd o non circular croso
ceaticn dun to oay agecumulated olcot or any othor rogoon,

“hen wind bleus ngaldnot a perfeoetly omeooth circular
aylinfor (Pig, 2,21) 4t cxorto a force on the cylindor having
tho gamo dircet on ao tho wind, Thic is ovidont fren oymmotry.
Jer o rod of nen eirculap croosc ocet on (Fig, 2.2b) thio 4n
gencpal doco not held truo, but e anglo will bo included sctucen
the dircet’en of tho uind and that of the forcc, 4 well known
manple of thio 4o givon by an airplanc ving whoee tho forco 10
ncarly perpondicular to the dircet'on of tho vind (rig. 2.2¢).

Lot uos viocualise tho trantmiosion lino in tho procoss of
galloping and £ir our attontion on 1t during vay tho dewnuard
oteelo, If thore 1o no wind tho viro vill fool oir bdlewing frex
oelos Detaase of ito deumiard motion., I thoro 18 g horicentol
04do vind of voloeity V, tho viro noving dovitsord uith volocity
vy Uil) cauericnao a wing oloving at an angls tan°1 v/V slightly
fron belcye If the wiro has o cirgular croos gseoticng, the foreo
cnepted by that wind vill havo a 6731l upuard ceoponent (i ig.2.3).
wingo tho wiro uvao uoving dewnsard ﬁhim uptard force ccoponernt
cf tho L ind cxepto o forco in oppouition to tho dircetion of

roticn i tho viro and thuo dnono it. leucver, for a non civculap
»
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orous sceton 4C cay woll bo that tho ferco ézcrced by tho wurd
hags o doyniard ccuponent ond thus ferniches negativo donping
(:ig. .2b),

conulijcr ng tho conditions luring tho upiapd otrolo ef tho
‘vibpaticn 4¢ cam 90 socn 4n a of 4lar canncy that tho rolative
wind £elf by the viro ccaoo obliguely frea abovo, ing 2henforoo‘
caused by it en o cdrcular viro hao o deun.ard ecaponont Jhich
ealoeo dompinge . Or o non eircular ocet'cn 4t cay bo that the
forco has upvord cesponent, and thio cenponont boing in tho
dircet'cn of mot'on acto ao o argative danping.

If tho cheot aecunulated on tho uiro gives a cress
coetion cxhibiting tho rolaticn botwoon tho vind ang the Eorce.
dircction schoun in (L ige 2,2D) wo have a ¢nso of dynanie inotae
bility. If Ly ocuo chunco tho virpe aeguires a oanlld upsapd
velogitya the uind actlion puchos it cven noro upgard, till tho |
clactic or spring action of tho wire stopo tho moticn, Thon thio
clactic foreo moves tho viro dounuard, in vhich presese tho vind
again holpo, oo that Gaall vibraticno ccon build up into very
lapge oneg,

The a@foﬂynamzc instability of tho gocaotrical crooo
ocetion of o conductor it can thuo bo ocen 40 alenc rouponoiblo
vith the definition of o oelf cxoited vibration vhoro in tho
foreo whiab cuastaino tho motion 1o ercated and centroilced by
tho notion itoolf,

It 10 therefero noceucary that n eriterion Ho doviocd by
vhich tho otability or inotability of any particular creoo
ordt'en could Lo preciooly prodictcd, ihio bringo uc into tho

4Cnin of acrodynizico and of irpcaalap @rosc ocet en vhere 1ittlo
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goneral kﬁovlcd;t‘cxists. in the ease of simple geometric proe
f1les of econductors such a predietion through gualitative
rouu»&lng';t positbli‘but a general sethod for all irregular
cases is not avallable and then the only seans available is the
experimental study, We wiil newconsider the quﬁl!tutivc‘rcaso~
ning fer a typical ease,

The uost Anatable cross section so far known is the
Seuicircle with its flat face turned towards the vwind, Fig.2,4
shows such a section in a wind coming slightly from above,
corresponding to the upyard stroke of & galloping line, The
air streau leaves the sress asstion at the shirp edge at the
bottom but can follow arcund at the upper sharp edge for some
distance on account of the wind coning from avove in a slightly
inclined direction,

The region riilcﬂ wlth dots is f1lled with very irregular
turbulent eddies the only known property of which is that in
such a reg.on the average pressure 1s appraximately equal to
ataospheric, On the lewer half of the circular surface of the
oylinder thus we have atmospheric pressure that is the pressure
of the air at some distance avay from the disturbance fSreated
by the line, Above the section the streamlines curve downwards,
This means that the preasure decreases vhen moving récn a to b,
wvhich may be seen as follows, Consider an air particle ina
streamline, If no foroe were acting on 1t the particle would
Rove in a straight line, &ince its path is curved downwards a
forge sust be pushing it frex adove, This force can only de
saused by a greater pressure abdove the particle then below 1it,
80 that pressure at b must be lower than that at a which being
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¥ap avay £re. tho dioturbanco 10 atuoospherio, (hug bezawso the
proscare O tho lewer half of tho odpculnp pcriphepy 40 groater
thas that juct i7.c3istoly a ovo 1t tho ¢yLindce capericaccs o
vertical fereo apoapdo, Thio bolng 6o durlng Cho uprard olrelo
of tho eroco ocgtion conotitutos nepalivo dauping and gives rive
to oclf <zeited galloping,

I 40 obvicus that thio kind of qunligativo rcavening con
not ho appiicd to nld crooo soct'ons and o nero eritical aqypree
ach 4o peguircd, "hio nocd io oot partially by o cathematical
oun graphical cothod vhich will bo prooently doceribcd, vor cﬁae
parpooo 4t 4o coocntinl Co doi'ino two acrcdyninie gquantitico
¢allcd tho 'Li€e* and tho & 'Deag* on o oroso ccetien, who forcer
10 tho roselvcd ecapeacat of tho total adr foreo (uvind ferco)
in a dircetion porpendicular o that of tho vind voloesity rolativ
to tho crooo poetion donoted by L and tho lattcr 10 tho
prooolved aoaponent 4n tho dircotion of €ho pclativo vind
volecaity and 1o dcnoted by D. |

Cenoidor any arbitrary croos ocotion Lig. 8.8 noving
Aesmiopd $a ito vibratery notion oo that tho uind appearc Lo
cc20 £rca boloy at an angle‘ﬁ o tam“1 v/V, Tho 14£¢ ond drog
L and D havo vortical upopd scaponcnts opposito to tho 3ircde
tion ¢¢ ¢ho notion of 1 cod ;f ond D oin <, Tho total upvard

danping £orco 7 of tho uind

¢ o L cea'ﬁ ¢ D blad ccwesesona (2,13)

eho fesec I’ in itockf 40 not of nuch significanco but
{to pato of viriatlon uith respeet to tho anslo of attaeh &
ig (g%), 10 lens 06 ¢ paanino ooll 4t con Do ecasldepcd to
bo cqual to v/7 {padinnd)e :iCPCIOPO £ accedon pbocduto viad



20

voleaity V to oo conotant) indircetly wo aro eeasidoring fato
of varinticos of tho forco uith tho coujuoter vclcoitye.

10 Anpertanao of Chio qifiorontinl dan Ho ciplagncs ao
£olicuwo, .0CEe <%§ to bo scro ot ald tinco, ‘ho infercnco 40
that tho forco 10 indoponidcnt of tho cotion of the conductor
and 4o cevotant at 40 wvalud, Any vibratlion of gnllopling wealdd
not ¢hango 4¢ and 1t naturally vould not havo any cffcet on ¢ho
vipatien (a0 long ao 4t $0 net altcrmating), Cn tho othor hand
ncorio .%g‘ 10 ncaativo vhich would tican that ¢tho upwgra ving
£cpoo 1agronues Lo doercasing valuo of o, wochening o pooitivo
in tho cecunter clockuwioo dircet iony, and tho forco pooitive in
the vpuard dipcotionythio vould mcan that ao tho co-duotor hao
- af deercacing demuapd voloedty or incrcasing upuard veloeity
tho £oreo ' in upusard dircetion inorcapen, This elcarly io
anacarag ‘g condition fer negativo danping and producing galloping,

Thopoforo tho oritorion for dynanie inotability 4o that

ar _
T be lcac than oopo,

‘%é <0 oonds  ANOLADLIO wecws ‘Bald)

o ‘gé cqual o or grcator thnn soro tho dymnic coaditions

apo gtadble

$2 o & (LoonceDotne) wows (2,16)

o %ggga « Lotn @ ¢ LoinceD cood

) ap .
aaind(-ls‘*"gg)ﬁcesd(%g*'m

for t=ald ofp c0d < 40 ualty and oin < 40 nogligible o ceaparcd
to unids,

o s §§§ f%§~¢ ) ©ceessooes (210}
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Therefore the conditicn for dynamic instability is that

g&QD < 0) o eoaooeeeos (2,17)

The values of 1ift and drag of an arbitrary cross sectiocn
ean not be calculated from theory very precisely but can be found
from wind tunnel tests (Chapter 5), The results of such tests
are usually plotted as Lift vs, angle of attack and drag vs,
amgle of attack curves Fig, 2.6,

Dnaving these
The givan cross section/vhese Lif't and Drag curves s

un-tabin if 3 |
Ihe negative slope of the 110t curve is greater than the

A csrau section ean therefore be sta.hli for a certain
range of -c and unstable onr thl rut of the range depending
upon the nature of L vs « and D ve a curves,

From Fig, "23,"6 it can be observed that elongated section
is stable when held along the wind (;M)) and unstable when held
'across' the wind («=90®), 4 transaission line conduetor after
fce and sleet format on has and oross seotion more or less
elongated 1n vertical direction = a condition obiviously
conductive te galloping, B |

contd.
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the preblca of galleping or daneins of conductors 40

addit cmally ecaplicated by the intecduot'en of toroclonnl
noticn &n tho genducterd? (0 o goncralication throo types of
galioping eculdd bo eoncfdorcd, Tho £irot 4o tho terston £roo
galloping uhich dood not poguiro toroiona} noticn cithor Go
ctart €2 to maintaln vibraticn, GLceond thero 4o 0llipticnl
teroiomilly nedificd galleping, wialeh too doco not reguiro
terolo al ootien $o otart or caintain 4t but which duo to 1to
ceecntpic eroos accgion dovelopo o toroicnml notion uhijh medifico
the ootion of tho condugtor. Third thoro 10 olliptical teroiemadldy
centrollcd galloping vhich reguires torsiomld sotion /6 otart
and mointaln 1%, A ceoparloon of tho throo types cf'gslloping io
given boloye | |

~ iho torsicn froe galloping occurs, usually after light
ico dcposits during lov or medarato vind velceitlos, tho motien
hoing 1o vortical plano uith Littlo or no tescicn, Gho &b frogue
cagy of gudloping 1o tho matural frequenay of tho lina, Thio
kind of cotion 1o gencralldy initiatca by a travolling vavo
vhich al60 controlo tho nodo of tho vibration, In opanc vith
dcad cad  thio typo of golloning 1o unucuanld,

®® Lecording to cortain thooricso, tersional ctotion 1o an
intogral part of tho galloping pheneaonon and §88 ccupling
vith tho tpanslationnld motlon i35 peoponoiblo in nost easceo

for 10030 anplitudo of vibraticn,
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Sho 'tersiormaliy nodifind gallopingt dioplays an |
0llintiend woticn undep cedcrato or lov virnd volooitics, iho
greqacaoy 40 again ono of ¢ho matural frcauosics ef the 1inc,
“he teroioml cotion cacuro at tho cano frogucney and 4o unually.
cithep &n phaco op 100% out of phaoo with verticnl cotion,
Jalloping of thioc typo in tho £4rot oole 10 unacweal in opano
Lith dead cnds,

tho torolc-ally controellcd gnlloping occurs ot high vind
volooitios after heavy feo doposits on tho lino, It nloo tracos
an 0l18ptical poth but tho frcquenoy 10 not alwoys At o maturold
fregucney of tho lino, tho £irst nedo galleoping 1o found oven
in opans with dead cndo, Thio kingd of wetien 10 not initlated
by any tpivelling vavo but by terpion,
2,4

Vibhrations of lapge anplitude and low froquongy causcd

by nero cuaying of tho conduttors by wind aoro fcund to oacur

in all trancaiosicn lincs vhen tho eoenductors are strotohed

vory ticht. This {0 called no vhipping ond hoo harmful of£catoe
Viheations duo to coromy offect appear only vhon tho lino

iu cncpgiocd, Theooa aro not vory ooriocul,
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QILA LR rPa e N
CRITINAL ATVITY O B0 UNVEILZEAL, DUPATITR O

ATOFEA

e ""‘i*rv?f! , -:'—,

i:‘ 4’40- ’I:}

303 ficnomnR

“hio ekapter vill denl vwith tho povicy and epiticicn
e? ¢tho 1mlycio deno oo Lap in the d4no vibratien investie
mat cage It 40 not howover intendcd, to give actual vathee
cntianl fernulno depdved in Cho varicno gapopgdy horo. Theoo
411 bo fcand 4a chaptcor 7.

*ho amalysic of acolian vibration problca fer pcacons
to an cateont alpcady disoussoed, cainly cenoloto ¢f ovalunticon
c? tho frcqucnaicm'no functinnc ef tho lino paronotcro, tﬁs
otpooocs ond otralng at tho oupporting oteucturco. Joing o

feracd Eind of vidbratlon, tho proocnco of on caterenl £oRGO

10 oboolutoly coocentind for 1%0 ocuotalnanco, ZTho Lpcgueonaey
of thio atornal fer20 1,0, tho otrouhnd ¢ddy L£rcegquonocy &0
indopcndcat of tho natarnl £roguongy of the linc, and dopends
¢ Ao windg voleoity and tho conducter dinnctor only, Tho
pcoonnnee oseurs vhen thio fecguongy coincided with eno of
e mtural freguoncics ¢of tho line, Tho onopgy deopived £oP
. tho noticn io ontircly frea tho vind o0 thoro 40 no ouch

thing oo o negativo daoping proocat, Tho offooto of aooldan
‘vibrat on on tho conductes apo cntiroly confincd to £10 Dtros
ooco »t tho csupporto nrd at tho podes of notien,

210 galdloping bolng a o0df caedtcd poticn tho presongo

cy on cateemd ferec 40 not olriotly ncococapy. Yho soticn

Ao cecitedy controdded and nestdy cnorgiscd by 880 cum DOAS
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and therefore the power input from the vind 1s not a very
impertant factor and thus has inspired less detalled studies
as far as galloping is concerned, The Iroquincy of oscillations

in this case can de any of the lover natural freguencles of
the 1lho in whioch the conductor by acclident happens to start
vibrating, The negative damping, which 18 a characteristic
of t-e conductor cross section, will help anintain wvhatever
kind ¢f motion the conductor acquires due to the initial
disturbance, The stresses and strains problea is entirely
similar to the aeolian vibratiocn problem, exocept perhaps
that the loop length for the latter being much smaller (or
the nusber of loops greater) as compared to the former, the
bending is more and correspoadingly the stresses are large,
As explained earlier, mechanical dawage to the conducters
is rather less frequent in galleping but the electrical
flash overs are couparitively very much more serious owing
to the lnrjl amplitudes of oscillations,

Because ¢f the above reasons the analytical iavestigae
tions in asolian vidration phencmencn are largely acnfined
té»tho streases and strains studies and in galloping to
developing criterion for aepodynamic instability of the
condustor profile, '

The damping methods, the analysis of dampers and the
eriterion for their efficient and optliuu use form an impore
tant part of the analysis, but these are studied saparately

from the general vibrat on analysis,.
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oacush 0ll tho ahove aspeets ef amalyolo havo beea
pdven 4o bAts in o nembor of papers &n tho laot 39 ¢o 36
yopo, o oeapecheasivo traatoent ecudining all of tha 4o
pot avalinblo 4n wny 04a330 papcr. Tho carlice invoutigoticno
vero 4n faet baocd on vory littlo cathcoatical anlyoiseuhate
cice tihat vas aado avallable by Hclf, Cuory Jornoy nrd oo
Tarteg (3 85 2 4)o fho uork ef tha L£irst throo Ut eF0 vaD
cofnly in tho rogion of dotormimtion of rangcos in which tho
otrenhnl cddy £roguoncios ond tho lino pmatursd frcguoneics
san coloeidoy, whiech vicucd £froa tha proscat otago ¢ dovolepe
ncat iz tho amldyolioy, vas vepy clcacntary and cven inoignie
£icant, *holr moro importont coatributicon vao vo tho theoey
of tho problca, in the sonoo that thoy vero tho £irct to
loe: dooper into tho pheoncicnon and otploain tho bloie
ncohnnicn thepcof, oicflor wvork &n tho £4io0ld of gnllepins vao
decac by Jon Hagtege Ho mot only pave tho aiplamatien cf tho
oeohnandca of gadloping but gave, though not o fully rigorcno
ond catheoatienld, o graphicnl cun cathcanntical nmldyoio
rcgarding Cho prefilo ptability. «hat 40 fnportant io that
thooo theerics havo oiopd tho toot of tino oinco thoy wvoro
propoundcd dn tho caply tuenticd ang thirtaoa poopcotivoly,
and have got bocn dioyroved till tednye. In abocnee of any
othop theories cf ogunl paticaaiity, theoo have by o lnpgoy

beea acoepted w0 Chcy apo all tho cabocgucnt fnveotigators,

Jho oaly minees 2 Lopeltango in Cho omlyvis cf acodinn

vibraticns apo Lhesoe Dy Lappenh:wpoen and uouagh‘lv’ ard
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stoiaol(QT). The firast one, which is a joint paper in faot

with ref, 18, gives the relations for the energy imparted to
a span by wind, Fxperimentally this has been verified very
exhaustively for variocus types of conductors (roughness
varying from ssooth circular to 6/1 A, C. &. R. conductors)
and a kind of generalization has been achieved, The authors
have proved experimentsally that the pattern of ntrundlng'or
the conductor rcughness has very liittle affect on the power
eurve in the low amplitude reglon, The general relation ochta~
ined by curve tittih; for all types of conductors shows that
the energy imparted to sach foot length of the span 18 a
polynomial (as ascending series) in the ad amplitude of osci-
llation, The actual expression will be found in chapter 7
which deals with all the quantitative relations., Prior to
this paper rather scant imformatich wms svailable on the
wind excitaticn in quantitative terms and therefcre this paper
nust be termed as a major dbreak through for further investigae
ticns, The conclusion about the independence of wind energy
and the degree of roughness of the conductor itself is very
iaportant, Mathematically this has not been proved and perhaps
BRY n-vcr'bc proved be¢auss the approximaticn is true only
in the low amplitude ranges {(as are normally encountered in
aeolian vibrations) and in the higher ranges the departure
ia quite apprecisdble,

The stresses and strains in conductor at the points of
flexure has also received critioal attintion. Initially it
wvas thought that the structural beam analcgy vould be sminently
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Bocful apd tho bending otrcooces gcudd bo caoily vephked ¢ale
Tho »podica heuovep tupncd cat to DO nich poro ecaplientcd
thp ¢hio, Deoauso ef tho proocngo of dymnfe bending ocacnte
and cheap Loroco duo Co vibrat en and thole suopcrispooiticn
ca tho otatice bonding ncacnto and cheag £o2ged Degaupne ¢ tho
eccaduetcs Cage -18ditioml ceaplicaticn wao tho abocneo eF
totnl £lczibiliity ar total rigidity &p tho clanps aB ouppoeris,
{100 2 tho elonpn $hit have boca in ago Sor tho lnot two
dcgades or nopd tavo tho roguircd £lczihility intpofguocd 4n
thca thecugh eapoful dooign. imadytically thio io voppy Giffie
cult to talto imto acecunt. Tho papor by Ltlohicy (0}0 Lodved
tho eano of tho gonduetor vibration alnoot ceaplctoly £on
otatic and dynanio otroooes vwith tho ocoouapticn ¢f obooduto
rigldicy eﬁbmugporﬁs, Thio woo Lfor reagcono al&Cnﬂy pentiencd,
on fnccaploto colutionm ong had lingted applicatiens, Ito
fnportanco ot that tino vao oush boeouco of tho foet oven
thio hind of pelution wad mot edtaincd provicus to thio apd
ocloe beeanso tho cotinaten of oLpeCooQD méa otraino vhGon 4t
todo vCro on tho consepvative oido, | -

rurthop ciplopaticn ¢ thio aopeat acndﬁncﬁ ncylcoted
for o long tine aftce tho pablieaticn of otighloy?s veelk ond
it vao ealy in 196D thnt o rigorous ocolution of otreosop aff
flcziblo Cupports w0 availablo in €ho paper by uﬁoiacl‘37g
In gnot €40 papor dealo vith all kindo of oupports, nIOOLY,
tho ¢odnlly rigid (e tho 1lincs of Gtickley), totally £icniblo
(24Lc o bean ocuppertcd on hinges) cad ¢ho noot dnpertant that
10 ;apCindldy £lcniblo aupporeug «ho codutica invelves GLLLCr0e

nbind czintiono that are vocd in old tho wcenld bonding caloze
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laticno, Undcer rigid danping or tho opposito that o im tho
binzcd or pinned supgporto tho apprpeachk involved noro cubotie
tutica ¢ tho neecovary boundary conditicns (tho deflcetion,
otope cr bondirg neacnt a0 tho 000 Gay bo) in tho jcncrald
colutcion of thcoo vory thingoe o2 partinlly £igid clonpo the
tho bBoundory conditicns aro raither clucivo, Sho paper by Ctoidel
10 rcanpknblo (n tho senoo that with an prigiml agppecach this
aifficulty hao Loen overecan. Iho sothed sonsloto of intreduee
tion of o parsnstor & vhich roprosents gho téaotian of tho
actundl conditiont that cam bo roprescuted by tho pinned ond
conditiono, Tue fraction 1 «'¢ roprosonti that portion of the
omazdoun bonding mement for tho fixed ondo (or rigid cndo),
uhideh netually cxioto ot tho slanp. Thio focter (1-€) 20
enllcd no tho dogroo of £ixity.

Tho actunl approash ¢of the amlysls 4o ao undep,

+irot tho otatic conditions aro considerod, that 4o,
“vith no vibratinn proocont, Tho oguations for tho'dofloction,
- plopo, Honding weaent and chear forco at any pelnt on the
cendustor vith general ond conditions (elampod, pimncd oto,)
abo derivel and stresces and giradins wvorked out fop tho
¢eaposite sondustor as wndl ap tho outer nost, uitrands, necore
44ng teo tho rlcueatary prinaiploo of otrength of taterinls,
Then, the oti~n of an cicient of tho conductor 10 aonoldored
»nd wesceding to tho woston'o occond law, tho dymnic foreog
aeting en the senjuetor Guo to cheawy tancion and dioplacccat
aro czusted Ce ite Hrolust of ...o0 wad neeclepation, Uoing the

gencet} cgoatliens for Gcflcatisng theap otse unier otatde
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cenditiono no derived carlior, tho fimal cguntlion ¢ votfcn
of —otdon ( o partial diffcrential cguation of fourth erdor)
40 chtaincd, This cguatlon for ivsy celution will pivo tho
vortical disnincraont as a funelticn of vino and opaco (1.0
tho diodtnanco frea the origin ). Tho solation 1o found by
yoctding it £o 90 o prolact of tuo funations cach o poly-
neiial in ono variable only (tino or spacole. The tino dopone
dent colutiecn ip rcadily found by classical notheds, Tho
| uvpago Jependent solution is thon found sinilarly, but the
aryitpary cocfficicnis of tho sclation polyncuial vwill dopond
on thre actual boundary ceonditlens, 1€ ono locp of the vidroe
ticn ncar eno support 1o considorced (tho cspan vidbrating in
n nunbor of loeps), then tho soandary conditionc will corroge
pond to pinned - partially pinnod onds ho caugc tho lcop
eonsidoraed hao the ouppert ¢lamp at one e¢nd and a nedo at the
othor, Thic nodo bohaves 1iko a pinned sad i.¢. the dloplacce
nont ot 4¢ 40 cero and thoeo o no rigidlity, thofoforo tho
bending oonont 45 aloo pero, LoP tho particlly pianed capport
tho bending nement Lo equal to (1 =€) tineo the vanizus bonding
neacat Jor o £ized cnd by dcfinition, the dioplaccacnt again
befing zoro, Uith thic cuhotitaticn it 15 ponsiblo to ovaluato
tho nrbitrary coctricicnts and thuo £ind tho tine indopendent
ooluticn, The cexploto volution 40 tho product ef the tine
indopcndont and tho time dopondont celuticn,

‘mowing tho naxinua bonding ncaont at an actual cuopone
oien clnnp, tho loop longth of the firot loop froa tho 2loop
and filciural rigidity of tho vablo, weuld onlo 48 possibdblo
to cviluato  , indicating hou wold o given ¢laop deodgn
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rcduocs or alleviates tho otreocos dao €o wind induecd
vibratiens, (It thoreforo chould bo o uscful paranotor 4in
the iroroveneont of clanp desipgn o Che optinun dosign bolng
that whieh chevs the highcot valuo e€  ovor tho £rogucnoy
ranno vhero the noot dooapge o cabdo 46 sustained,

“fteor tho ovaluatlen of donding menonts and dio0placce
cent the otrocoes and stralns ¢an be worked out in a cannep
igentical to that fer the static ¢anosd.

iho aralyols of daapers uscd for ecabating acolian vibe
raticn 19 found in quite a £ aunber of papors, Tho papor
by ‘trun(la)ﬁCals vith tho Ltsckiridge dampor analysﬁa quito
olaborantoly, in a conventiomal way, Tho torsional damper 16
amlyscd partly oatheaatically and partly oxporimentally in
the papop by Gpﬂight(ll>9 again in s vonvontional manncr, Sho
sinzlo dogreoo of freeden dampor‘as)haﬂ not boen cubjooted to
nathcantical treatrent of this eort go yol, uo it 40 ceaparie
tivoly ncy, fHeoweover the anal;ois of dunpcere 16 apireachod in
a0 cntipcly 4ifferent vny by Teapkins, lorril and Jonootd8)
1.0 on the basic of elcetrencetanioal analegics with opoclal
pefcrenuo to tho mochanical Lspedanze of tho damporse Theoo
ap0o dicsucocd in dotail 4n chapter 8, Thio zot .od hao noy
deecne the otandarsd mothod of dampepr analysis and prcdiction

of daopor porformance and tho gonventional not odo aro paroly

pooorted to.

+Clativoly fouce nunbor of papeoro dcaling with cnalyoio
of nlloping arc avalladlo. 2cn artes's graphical cun pathce

ratieal anslysis 46 no dcubt wocful but 10 oot ccaplotely
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a:tinraetory>nt it 13 based on a nuaber of assumptions, It
does not consider for instanee any forees on the cenductor
except the 1ift and drag, vhile there are many other which
are gquite important taough hot as important, such as inertia
- forees, the visions friotion forces etc, After Den Hartog,
'upto 1960 hardly any paper has becn‘yrittcn which analyses
galloping mathematically, Hdclanlel's paper (29) 44 an impore
tant break from this staleante, The aspect expiored is zgain
the aerodynamic instadility of arbitrary cross sections, but,
this has been done in a far more rigorous and precise way and
no resort has been mede to graphical or txpcrinantnl nethods,
MeDaniel's paper analyses galloping in the following
nnnnoig
First the varicus forces aotih; on the conductor are
considered, There include 3
1) Inertia forceseprpduced by the conductor displages
soents =~ acting through the centroid of the cross
section,
2) Wwelight of the conductor acting through the centre
of gravity,
3) Viscous friction forces = produced by the displace=
uent < aoting through the centre of viscous friction,
4) Horigontal and vertical components of the tension =
~ aeting through the shesr centre,
5) The serodynamic torces, namely, the lift and drag
forces acting through the aerodynamic centre,
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sho sua of tho pooelved ccaupencnto of thooe dn tho
vértiaul aad horigontnl dircctions cquoatced to scro give uc
two yaptind diffcrontial cguaticas occond orderx,

£ho poticn of tho eonductcr im actual vidbratliono 46 nct
cniy tranclational but thope 40 aloo o toroicaal or rotatiomld
aotien prosont, Yo tako this into nceount, various térqaos
acting on tho conductor aro considcred, Thoso conoict of
in 2dditkon €0 tho torques anntributed by nll tho adbove forcos
{czeopt tho IV wiieh prooes throug: tho gheap ccntro) about
tho thcay contro, thoe folloving

1) Incrtian torque = duo to rotational disploccucnt

2) Adotational viccous friction tui%ue

Th0 rotatioml aocrodynanic terquo ic algo thero but
ot lovw wind veleccitico &t Lo oo conll thot it oon Do neglcoted,

Cut sumnaticn of all the torgquoo liotod abovo and cguae
ting then to scro onothor partisl difforontinl cguaticn in
tine and cpace (distancc fron the origin of tho point consie
dered co the length of tho aonﬂucturi, 10 odtaincd,

“he three partial difforential oquotiono {(cach of ocoend
ericr) that aro thus cbtainod dooeribo tho metien cemplotoly,

19 golve thone ecguaticns &t io agpuncd that tho horizon-
éai, veptleal and rotutienal dlsplaccoonts of tho orost ocgtion,
sencist of 2 time depeadont and o timo indopendont part. Coly
tho tine dopendont soiuticn 1o sought to dotornino dynunie
ins%tadility and to do thio the partial diffcpcntinl cauationo
afo Pid of the tino 1mﬂc;cndcn£ ternoe. Tho puniliary boundnpy

eoniitions Jerived by coldifying the actanl beandary conditicns
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to cuif tho nodificd 4ifforontial cyuntions aro subotdtuted
{n tho ooluticns of theso (obtaincd by olasuvienl not odo)
vhich are ebtaincd in torno of &y o agoplex variablo,

Zho ecaplen valuos of U, catiofying tho selation and
having positive rcal parto iodleato strotehed otring vibrae
tions vhich inercise in amplitudo cxponentially with tino,
t{hat 10 ouch valuos ifndicato negatively damped 104 godf
czcited vibeaticns, The positive roal rooto can bo 1dentificd
by ucing tho wsunl uouth's critorion,

Once 1¢ has beon ootabliched that sach roots oxiot, it
pcinlns to £1nd them cut, Thoy will opeedfy tho freguoncy and
pato of bulld ap of Inostability, The root ocelving o a
ccaplieated proceony but uwolng tho nuzcrical amalysio toghe
niquo o foirly nccurato oolution con bo found,

(36) sots up tho approze inmato cquations

Blnbucn'a papor
of ootion of oinglo opan trancmissien linc coploying the
prineiplo of virtanl work. 3y meanc of matrixn notation uscd
the theory ean bo extended for multiopan 1ines, Instabilicy
10 agaln ddentificd by Nouth's eritorion applicd to tho tolue
tien, 1t 46 dirficult to comparo tha relative aerito of tho
tuo papcrs, cach boing equally useful im ito ocvn way. Ldore
ococas to bo nero pigoar in tho lattor and tho epitepicn
dovelopod aro complcx. It doco not lend itpolf casily to
nppiicaticn to overy individunl opan, bocause of tho anount
of labour lavolved, Zoleulations by lens hand acthodo aro
virtaally inposuiblo and digital cexputor otudy nmust bo pooge

PLCE £0s
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(31) gives the gquantitative rolaticns

tintheysokito papop
fer tho intcopml encrgy diocoipation of otrandcd conductors e
an aopest hitherto negleoted, 1€ onould bo uncful in the Jdcdie
¢n and coordimiion of the vibratlion schenct when thoy aro
available. cor palleping howvovor no cuceasoful laoping scheae
h:e eco far boen dosigncd, tho enopgy novociated vith it being
toglarge to be spont in any dicuipitivo apparntus, Sare is
impouuvible, preovontion nceods woro inveatipationa, This papor
aloo deals with tho wind cnepgy inpuls to galloping opans, the
ecoputation bolag done frea the dntn uvalladle fren wing tunnelo.
An colcaont of longth of the conducter 4o considerod and tho
inetantunecut vertizal cemponont of tho 14t and drag forcen
{obtualacd by wind tunnel exporinents) 18 integratod cver the
dictanco travelled ao tho sondactor moves threush ono aysle
yields tas wind enoergy inpet to tho cleaont, Anothor intoge
pation of tho enorgy input over tho catire span will rooult
in tho tolal eucrgy Luput tc tho span in onc byclo. A mothed
1o oy coted to porforn taie double integration by uhat 1o
colled oo tho uso of non dAlsoncional guantitito,

anothor izporiant sontrldition of tho papor 4o tho dotere
ninatica of the genaral charastoristiss of tho teorsiceally
aodificd ond torslonally contrelled ralioping in addit on to
the ucual cercion froe zalleoping, an avpoet on which ruthop

soznt infeormation 45 avatladlo,
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4e2 Qemernd
210 dnportanse of tho aperinontal invectignt on of Lo

vioration phencacnon can not Lo toe highldy caphaoiscd, ALtee
oveoything 1o caid and dono 4t rceaing a fact that tho thceree
tical analyouic of this cuhrjeet 1o fap frca belng rizorous in
overy acpect, and 10 based e3 many aocenpiicns cadeo £fron 8ine
to tine to oinplify tho werk favolved, Tven the ocimploot of
6aapcra.maﬁoly the stezbldbrideo dacpor convidoring nll ito
nedos of vitraticno, degrocs of frecden, natural freogueneioo
ncehanical peaotanced ote, proosento o foroidadly caaplex
‘cathcaatieal cxopcioe and ite anmlyods wvithout acounptions
and olnplificaticne veculd bo virtually iopooosiblo, Ao such
any prodicticno rozarding vinration phonoicna in gonoral veuld
be inecaplota wvitheat caporiucntaition a0 o ccans of prodo ad
voll ao varification,

Tho azpcriunontal verlk in pochanieal vibrations otudico
of overhead conductors gan O broadly claouificd intos

1) .401d studica or ocatdoor otudico.

2) Iiaboratery otudics,

Tho foraor can bo gplil up inte long term or celcondced
otudlcs and ghord torn otudios, “ho latter can be further
clnousificd into ¢

1) %ho uind tunnol studios,

7))  7ho aocdol stuldico with artificlal nechinieal czgitat'c

3) sho amaldcey ctuiles.
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in thig ahaptor the oatdoor or fleld tests will bo studied
uhile tho rconining oned will bo dealt uith in tho follovwing
chaptors.

.10 long teps outdocr otudles conoict of obocrvaticn of
the dyraafe bohaviour of tho conduetors over an czicnied
perlod of tice which nay Lo seovoral aonths and oven an year
cr —ore, rhe data oro reaorded pericdienlly for a shert
duraticn earc bolung talon that conopisucus bochzvlears do not
cteane attontion, These data nay Do collooted in tho form of
csceilleographic recordo or in tabular for. but tho forcor is
wore ugual, iftcr tho cntiro dats 18 obtafned it is reduced
by olininating tho inconopleucas and leoss inpeortant parts and
then cnalyocd to odtain a gencralizanblo conclaslion and algo
for varification of theoretical prodictlons for thouo
particalar spano i any have boon ando, Theso studies gro
vary laborious,tale a lot of t3wc and are rathor eiponoive,
Citen 1% hanpong that the offort invelved in reducing and
analysing the 4Aotn 10 ontiroly out of proportion te tho valuo
of tho rosalto obtatned, Jut ihey aro indisponsable in tho
gcneo tiat uithest thez tho vicration anslysio 1o o acre blingd
cearshe Iare o7d prudcnge hovo therefore to bo oxercised in
- geolesting tho oitoy torrnin, upang, wcjthcr cenditlon ote,
cugh $rat thero 40 a very olninuam of unncecssary data.

, chert teps studics aro rather 100 infarmativo Leeause
‘heg 90 not 4n eneoad, poveal tho cedt soveps caabinmation of
vibratien gonditicns that are olocuntercd en the line, fhoy
aro g vort ¢i ccorcidse soturon Lho cxpcnuive and tedicus
leng serm Cooto and tho £imnsce amd €ino cdicued, In

naptioular ¢i6es Loucver thay oy bo as Lupertnt as any other



&hese otadios, 48 harlly necd bo canbnaolscd, aro

conductcd for both tho acrolinn vibrationo and golloping

ocparntoldy,

4e2 holao of ito

It 40 obvious that only ouch opans of tho transaicsien
1¢nes aro chesen for ctudy ag are coot guggoptible to vibration
Jnuago. -00lian vibratien 1o generally prosont, in all tho opang
that aro otrung at 2 tenolien of coro than about 10 por ceont of ‘
tholp ultinato ptrength fop anything betuwcen GO to 80 por gont
of tho timo, coverc freguoncies and auplitudos are found vhen
tonoions aro high and vind copcedo rather low beeause ac the vind
opocd incrcasces tho .oynold nusdber (.0 = G380 V.d) increages and
vhon thic valuo 1o groaterp than abeoat 200 000 tho diotursanco
in tho condueter wako breemes randea and turbulant with Cho
oftcet that tho poricdicity of tho altornating forge aloo boceaeo
randca and rosomnce deas not otay. “ho weather 16 not importont
in other respeets (temporaturo, rain and snoufall otee) in
those kind of studioesg,

“he r.oot Ipportant opans that provido very wvaluablo - -
inferaati:n in golloping studics are the lons rivor crosoingo,
In thoso tho danecing io very scvero and troublosone. Thioc 16
becauto tenoirno in theoo eaties are high (28 per cont or ooro
of tho ultinato ctrongth) ond thio in the firot placo reducos
tho internal danping of tho conductor duo to intcpotrond
fricticn, Aloo tho longth of tho rivor puts o greator dicoie
pativo lead on tho Jdaapinz apparatug at c,an ondo than in tho
noiroaldy chorter cvep land spano, Thio 40 oceange ao tho opan

longth insrcaccy tho pouce fre. wind aloo ingecnascs in dircst
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proportion, (i!igher tcnelona have another disadvantage, they

not oniy enacurage higher freguency of vi raticn and a greater
nusher of fatizue cycles per unit tine but way also resi.lt in
rore {lexure of the cable in each cycle), The galloping as

has been £aid earlier ocears mostly in cold cliuate in winter
aiter a snow £all zand 1g rather infregient, All these considers
ataoh: must be kept in xind whilet selecting a aite for vioration
field study,

“he uantities to ho neasured in the galloping or seolian
vi ratien outdeoor tests nre nore or less the same, the only
diTverance being 1a tho magnitade of the data fn the two casfes
and the ranges of the instrument required, The general data regule
red 18 as ander 3
{a) gZonductor Vibrition 43ta
1) Amplitade or displacement; both translatiomal
and rotatiomal.
2) reguqney,

3} Loop length,

4) Conducter volooity,
§) Strain,

(b)

1) wind apesd and 4direstion,
2) lormal ¥Wind Velocity,

3) darcaetric preascures

4) dumidity, |

8) atmospheric tes erature,
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(0) ougainted dngn

1) Conducter toancraturo,
2) Conductor tonoion,
3) Clanp sovccento,
4) Danpeopr noveacnts,
Ucogides thege thore nay be tany othop guantitico to bo
ncasurcd doponding on tho objoot of tho particular czperiacnt,
A1l thogo gquantitios can bo noasured by the convontionnl
insctrunontss The drowvback howover 1o that rugged outdoor typo
inctrugionto of conventioral principle and dcotigng,vith adcguato
procicion and scnnitivity, as aroe roguired for thooo £icld
otudlcs, aro rare and not casily availablo, lewover with tho
intreoduction of clcetronic inctruacnts and cleetric translucors
this nood 18 fulfillecd to a proat oxtdnt, Tho conventicnal and
speefal instrunents beth arc dioccussed in thé follcuing paras

graphs,

4,31 Anplitudo

L wido varioty of inotruaents 1s avallablo for tho
ncacurcacnt of aoplitudo, In genernl tho various invostigators
have deoigned and fabricated theip oun typc of viorntion
rceoricro, shore aro iirst ceoehanisal roecorders wiich proguco
cocillearaphic rocords of tho ocelllatien on o roduscd oenlo
on nollo papor or o wan ¢osted chart turncd by acchanical clock
novcacat by cuitablo steings, lovor and otyluo arrangcncnt‘gﬂ).
Legerds by meano of.high opond ¢ino eancras 2lso have bocn ebtoe
incd en £1230 (by coanting o tapget on tho cendueter nnd

photesraphing fren ground, later applying optieal correoctiono



42

for the nngle includaed between ax1s of the camera and the plane
of wovenont of the target), iy this means (cine flims) the
records gan :fve ;ath the tranalaticnal motion and rotational
(16). deceantly a

new type of viiration recorfer has bern davisvﬁ(sg) which is

motisn which are usotul for galleoping studies

af . sinyle and rugned desizn, 18 capable of being installed
cn anergized confuzier without rauovinz then froa service and
reduces 1onlitude and fragueaey regords on o cellulose tape
“hizh doec not rejuive aqy chemienl prpaess;ng. The resulting
records can be analysed “y eye tunedlately nfter a test (

Ihwe sanlitude or 4isplacerent ~an alse he telenetered
by electric trancilacers, irst tre velogity ef the conductor
is acasured by velnoity ¢iclk ups (self genorating transducers)
ung then the dlsplaceaent 18 ohtained by intogration of the
ngtpaﬁ of thess dck uns ny sianle inteograting aircults,

| “ho donville row2r Mainistration and the Aluminiun
Company of acericn have in the nast dsveloped vibraticn recorders

which had b=:n usc for a nretty long time(BQ) but now are

raplaced by aodern el-ctria transfucers and other recorders,

4.,3,2 srecnensy

the siaplest tyve of freguenisy counter 15 the Jacguet
eyole coinker which totaliszes tho nuuber of viratlion cyoles
nhove a ceptain base auplitude lovel (which can be adjusted)
cccuring within a narrow arejuency range (which inciudes all
normal vibrations of the conductors), Lhe aot&al rreguency

of ¢nirse has to ue worked out by dlviding the pnauder of
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eyclo rceorded by (he Juratien of the intepval., ipca tho
oscillosraphic reeords nioduecd by any of tho "imetruscnt gleo
tho fpcquongy ean bo vepited cat oindliarly.

Tho prescnt trond howover 10 to measupo tho fregucnoy
iron tho oceillegeaphie rcoordo produccd by tho otrain pgaupcs
(vtroin = ondergocs o oyelo o. reverysl  in ono eyclo of
conductor oscillatien). An old and popular nothed hao been to
uso an inortinl moou and o cwitching arcungcacnt on the auplle
tudo noasuring aro of tho pcoordert to yreduce dec. puloos
through an L=7 61rcu1t,

rop tho age of vibepatirn protcation ceritcrion baoed on
tho eandnun percisuiblo patos of vicrations (lic/ycar) tho
Jagauoet oycle gountor 1o 4t4ll tho boot a0 it 1o handy, 14{;ht
can bo uced on live lincs api i vory cheape

ihcre aro many typcs of handheld vibresotors., shoso
providb inotantanocus reoadingsd only and thorofore tholr uses
fulreos is linited in application, Thoy offor no vay of dotope
gining tho durat on of vibraticn or wvhcther tho pcampling

rogreocenats o panioun, mininus or averagoe conditlen,

(o3.3 gonduater VUclocity
Tho only mothed of 1irectly nntering tho volesity of

tho ¢onducters 1o by ucans of tho solf gonerating typo SronGe
Auccro used as volecity pick ups, Indirootly 4t can bo ncacurced

froa tho aaplitude and frogunney dotae

C00e@ Lfin0Ns0s nnd {(teaing

.y fap tho nedt accurato preocont cothed oF dotepsining
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tho eyclic otroccos in cendustor otrands 1o tho uso of reoicte
ango typo otrain ;oujoo ccaonted to tho otennds acar tho ond
of tho cusponsion clamp, ihoy fora ono ara of ao theatstono®s
bridgo eircuic, Tho strain gaugo olczaont whieh undopgeos tho
oone strain as the otrand 4¢ 10 connceted to hno o dircot
relaticnchip (1incar) botveen 1¢0 rosistance and otrain, 3y
ncacuring tho rosistanco on Wheatotone's bridge circuit tho o
strain ean be calculaggd and thus the otross, Tho colegtrical
1cado fraa fined armofthcatotone’s bridso aro brouzht out to
an asplifior and ooeillograph for oscillegraphic records,
<rior calibration i6 then noccoioary. Tho prinoipal dloadvantape
of tho otrafin gnn gauge tcchniquo 18 that lino muct bo deonoprs

glsed for thosce tosts,

443,56 Jloxamnl vind Volozity

Jounlly tho more iapertant quantity to bo mensured in
tho wmotoorologlcal date 1c the conponento of tho wind gpecd
uhich 1s nordral to tho ﬁﬁnductor'ana this s obtainod by
ceapounded aneamoncters with diroction vano driven oino

potentioaator,

4,3,0 Yind Gpood and Dircetion

Wind gauges as used In the aeronautics aro quito cuaite

ableo for theso wipoerianents, Oscillographie records vhich are

reguired can bho produced with thesce,

In tho intcrest of portabdility and ruggcdncuss tho

conventional inotrpuaents aro disearded nnd opocingl transduccrs
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(potentismeter type f'or pressure snd Vheatstone Iiridge Lt pe

{or husldity) are used,
Stues: hierie touverature in £iolds 1e measured by there

wistors or thermecouples for the convenience of osoillographie

record! "ge.

4.3,8 Zonducter tempernture
“his is weasured by ther.ictors,

4.3.9 Tonslen

Jopomeasuroneat of tensi-on Lhere are wariocus types of
1nstrumaéta avatlable, To cantien only one, the lond cell is
3idte fraguamtly used, Toyaver conuerelally avalilable Instrie
wents sorve the purpeds enlneotly,

Jhe novemonts of clagns nnd Janpers are meactured dy the

eoLreroltlily wwvailable aceclare .eters,

4.4 mohile Laporateries
ror an exhaustive field study ef the dymmzic yhsﬁiéal
behavicur of the corfactors 1t 16 r~usential thnt A1ta be collee
cted for = nusber of szans for 3 prolonged peried simultanecusly.
Iris requires that elther a great avount of duplicate Instrunene
tation be Installed on a falrly pereanent .2810 ot a aumber of
represoeutative spaut ovor the entire longth of trinsmission
lines or that o single inetramont .tien ;”:package complote
with operqltlng orew »0d all noeeudary equl. ent a1d facllities
for ecatended cperati-n be housed In an engily transportadle

unit Lo srovide the nigh degree of medllity necessary to obtain
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data freo o varioty of googeaphieal roglens and peuote locaticonge
<any attezpto to bdbulld such ladboratorico havo Leocn godoeny gocd
ond ougecsoful czanplo of thoso 1o tho Dymalad (trodo namo pgiven
to tho noebilo viiration laboratery unit) cado by tho Frefarméﬂ

(88) it mao o

Lino Profduoto Ceapany of Cloveland, Chio, Jedede
very cephisticated instrunontatiern gysten constructed in it for
nocunulnting data in fi0ld otudies by tolcaotry. with o 1ittlo
caro 4¢ 10 capablo of citraciing daty from live 7,1, ¢ondustoro

vitheat disturbding tho gcontinuity of supplys
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.1 Intrciugtion

4 very cnlightoning and opitisal otudy of tho vibration
phoneacnon ¢an do oado 4o tho vind tunnolo vhioh aro goncrally
ugcd £or aoroldynrnic casorinents, tho facility ¢f varying cost
of tho vibratica poranotcero vhich tho wind tunicl, offordo,
nakos it o very valuablo picoe of cguigzont, ..any ef tho
fnportant concluoicns aboat coenduoteor vibrati » phoacaonon
have either beon direstly dravn frex wvind tunncl tecto or
confiracd through theo,

8.2 Dggcgggging

_ In ococeongo tho vwing tunnol consists ofy as tho nano
iupllooy o tdnacl of cuitablo cipo through vhich aly can Lo
- made to flov at o controlled veiosity by ncans ¢f iopollors
ariven by wvariablo opoeld motoro, A unifora veleeity 48 obtaincd
over tho ontlipo oroco ccetion of the toot scogticn of tho wind
tunncl by ocuitoblo dosign. In practice thero arc tvo Linids of
tind tunnolg, mzelyy opon circuit and tho closcd circuit
typos In tho firct, oir 1o dravn in frca ono cnd of tho tunnol
fren tho atmooghoro, forecd theoigh tho tannol and lot off at
tho other cnd, In tho closcd eircuit tumsncl howcver tho taneo
air ip circulnted in tho tunnol ovep and over agnin threagh
a cleocd pathe oy thio ucano n geatrel can bo czoreioes on
tho toaperaturo and asroscupo oF Sho circulated olpr €2 Cho

cadjenoios of €ho czperincat deonnd 4t. o2 weot of tho goadacte
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vibraticn caperineato, tho open eircult wving tunnol 1o quito
ontircly adcjuato. Joo of eleond oireuit vind tunncis hao 6o
far ot oren peopertcd o tho cxioting litoraturo on thig

cuhlcote & Coticzatic ghoteh ¢f a ecoom wind tunnol 1o choup

in . .g.d. 601.

069 Zgat icdclg and Testing Methods
+or tho octudy of the vibration of any prototypo oute

doer toot opan ito acdol gocnotricnliy gsealcd deyn frea 4t 1o
- Bo.ntcd inoileo tho uind tunzol ot desirod anplo to tho uind
steenn. The wind volceity 10 variod ovey tho rango poguircd
(uvhich 1o aca;lly botucen 0=80 m;p.h., tho louvor part of £ ©
rango used ser necollan visratien and the upper part for
gaklepins) aad tho rooponse of tho toct span rocerdcd, Tho
quantitice asially rocordel or coaputcd are : agplitado,
fregacnoy, logaritinic dcorecament, strosses nnd otrains at
tho capaorting otracture, onergy input fren the wind and tho
aepcdyranie progertion of thoe uviud sueﬁ ac wvind spcod, dirceticn
(nn3lo o yaw), :ieynolis nuabaep, IJtrouhal osumhor ete, .\ rocord
of tho barcioteole proosure, temperature ang husidity way aloe
bo neacooary in tho final analyois, .roa the acredynenic
aorrclation cguat!ens tho obocrvaticns cetually rcocordcd for
tho nedold enn ho tranosfornod to givo tho rocopenco of tho
rcoulap catdoer prototype trancnioolen linc cpan undcp the
crniotivg gonditiens, Tho eoffeet of vibration gapproocing cehczos
ean 2160 ¢ ptadicd in the vind tunnolc,

In an ingenious mnthoﬂ‘a?) of vind tunnol otudy of

cendueter viospatien, inctcad of o ecaplote nodol ¢f tho cpan
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with its proportionately secaled down end attachments, only a
small section (about 70 inches) of the model is mounted

inalde the wind tunnel attached at the middle cf suitable
vertical ¢oll springs at either end. In this way due to

vortex discharge in the conductor wake the whole model
vibrates with a constant amnplitude all along its length, As
this model ia considered to be enly a smnall slement of the
vidbrating span, the results thus obtained can easily be
extended to cover the sntire span by a simple process of
integration, For example if the energy laparted by the wind

to the vibrating span i3 tc be cnleulnt.d. and a model vhose
cross section, profile, weight, etc, are directly scaled down
from the prototype (not necessarily, however, the mass radius
of gyration ¥ if no coupling between translational and
rotational motion 1s assumed,) is used for wind tunnel study,
thinthn sir forces on the model reprasent to the correct scalie
the alr forces on the prototype at the sorresponding emplitude
and therefore the ratio of energy tragsftr per unit length is
identical on model and pretotyps at equivaient scaled amplitudes,
The overall ratic cof energy trausfer (energy transferred in
one cyecle divided by the total snergy of vibration of that
cycle) on the prototype where amplitude 1s not constant aleng
the length 1s determined by the summation of energy transfer
on all the unit lengtha, sach moving at its and amplitude or
in other words by integration,

S.4 Zabricaticn of Models

The aotual cenductors that are generally used on
prototype spans ean rarely bde used as acdels in their mataral
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conaiﬁaaﬁoe a0 Canlder oned uoually laekz ctiyfncoo and tho
cxcitatieon apricling 40 vtk a0 200 o jging otc, may Causo tho
aripldtuedo to bo nen unifcrn. “ho darger oncu bDesides haviag
inadcyuato otifineol aro too hicavy to chew cny uverthuhilo
£C0LCNA0C, .Jeoauge ¢f thoco rcagonsg gegactrically osalced
Ledelo the maoso otisfnoos ote. of whioh have boon breoaght to
the dcvel of tho roguircaento of tho caporinont, aP0 NOSCLLATY.

Jtrandcd conducters ean bo rcplaccd by o nodol concte
ractcd of 1inht alusinien tubos colled around a straight ccgoticn
of tubing, taling caro teo oco tuat tho piteh rczains coae in
tho laying of tho goil, lclative notion botuoen tho various
£abod hao to bo avoidcd 1o 1€ pptvos riso to undesiranlde dnnping
and thio ean bo done by £1lling tho inaop tube ard tho Cpacecs
botyorn tho tubeo with ocogo iiaght ecoonting watoricl. looter
cf voriso ean ncréo thio purpeso adnirably.

caooth eirculsp conduotors oan be replnecd by o cueoth
aluninien tabinz vithout Ji€ficulty. In all theoo caoesdér in
tho intercot of otiffneoss tho nodol cross ceeticn usunlly hao

to bo Lot lapger than tho anatunl erost opcetion of the

nPotot, pCe

Lpring cacpcnoien ean bo uscd oo tho cad attachuont in
tho typo of cxperlncont deocoribcd.oornt creoquoney of vioraticn
ic in o vay controllcd Yy the upring cuvponsoicn and thepclero
41¢o dcoign 4o dopeondent on practical cencfideraticne ¢ cach

L0, Joucwsr thopo 10 no czaot tiothed avalldablo fer deeign
ard a lngge Inttitude 40 avatladlo the 14.8t0 cf uueing chapae

etrelulen holag cotabliched by the ctorydy vind veleolly ren’ o
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in tho vind tunnol,

rangtlo Lynhol LandQ £

Jdanoterp a %g © n
Ulatght, unit u w3 o of
. R .,...'.1 3
.oight total 3 w3 = o
. £ i%-
JPOgacnay £ ¥p ® Tn
And vologity v -5% = n
visplaccaont Y 43 5 p

&3
<

iho puffix o otando for aecdol and p for tho prototypo.
Yheuso oeale faclors for correlnting wmodol bohaviour with tho

prototypo aro arrived at fron acrodynanic conoiderations and

can b0 astuncd.

8.7 Anotrurientntion

~ho nortmol wing tunnol inotruaentation 10 uccd for
rogistoring tho propertics of tho wind, Tho £regquoncy and
anplitudo of vipation can bo measurcd £ren oseillozraphic
reeord preoduccd by olcetrical picehk upo nountod on tho gocductor,

I¢ 10 wcually docirable to calibrate tho instrusontation bofero
hand and thon tatto tho crroro into nccount,

contds

/



Carc ghould o0 tghkeon to £oo that the voloaity reaaings
cenotant and uniforn over t(ho longth of tho acﬂol.'fnrbulcnoe
in tho wind gives riogo Lo errers which oan not Lo caticfnctoe
rily talicn into account,

20 cnguro that the eorrero duo to bDeundary layor effect
apo not introduecd in tre data cellocted, tho ratio of tho
Fetioht of tho vind Jot to the dinnotor of tho conlucter chould

altmyo bo greator than 12 (Hef, 17),
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The laeboratory studies of condustor vidbration fora
another laportant part of the general investigation, Though
by and large the schemes employed for these investigation
prlqcipally Are same as in other type of tests there is a
difference in the set ups and certain other specific aspects,
Unlike the field tests only a sealed model of the span 1is
tested for vibdraticn endurance while difference from the
wind tunnel studies lies mainly in the method of producing
or inducing vibrations, In ladoratory scale models the
variable veiccity air streazs of the wing tunnel is replaced
by artifical means of exc¢itation vhich may consist of meche
anical or electromechanical shakers, The Instrumentation
used in there, is not far different from that used in other
tests in principle 3 but becauss the tests are conducted
in door, less sophisticated instruments can be used without
sacrificing precision, Fven the conventional instruments
withoeut refinement in ruggendness and weatherprocfing can
perform their function adeiradly. The live line instruments
are unnecessary and 3o are the electric transducers used for
telmetry(accessibility of the model being high).

6.2  Purnose of the Studies

The purpose of the laboratory studies is usually to
determine the stresses and strains at the supperting structure
and thc’points of attachment of other line hardware to the
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ecaduoter, and o asccos tholr abidity Co vithotand fatiguc,
TgLicacy of vabraticn oupprosoing ocheaco ©f ncy deoigno

o? principlco 26 oloo £4pot ofudicd in tho lnbozotery with
oicalated vitrat'en ocnditiens, Jecclorated ngling t0ot0 cldoo
coniuoted 4n tho laberaterios, 6oPvVo £o doteraino £ho mosnal
onpcaating 1ii'c of conductero £or various valuos ¢ tonoieno
and aloo for tho 44ffcrent typoo of oleonpo ond agecocericn
vhigh inclufo tho vibraticn cupprosocien oehcacs. Inpoopvesonts
in tho deofgn of thooe can bo ouggootcd aftep thoreugh
lnbopateory ctudico, Upediotiono rosording cclcetivo denping
ota. ¢a0 aloo bo nado aftop theooo tooto, dreadly, tho objoot
in thoso otudico 40 Cto fern a cort of prolinirapy invoostipoe
ticn to oupslcacat tho data rogoived £rem othop types of
otudico,

3.3 Lot Upn

Unliko tho ving tumnol studioc (though thoy may aloo
ho conoidcpod as loboratory ctudios) fer thooo tho gonoral
laborateory 0ot upo concioto ¢f a oedol of tho gcaploto
apan, (In tho feroce ¢nly o ocetion of tho span 0 otudicd),
A0 £8P a0 po3cidblo £e tho purpoud of theso otudico tho ncicd
cnan cnd attackonts have to bo ocinudatcd Lo tho ngtuad lino
oupsCcrto o ingepporato oant anount of £lcridility gnd
£peclden of noveacnt, Hovover thio may not aluayd DO poosiblo
nnd 80 o £4rot apprezination theng rigid ocupporto aro ucc@e
a0 40 ofton pequircd o chanio tho tenoieno in tho 1ine nedol
and ¢hcn cno cnd ottactaont oz cupport hao to bo o pulldcy
ove? tiich €ho ceadugoter 4o Galien, AT $hio cz@ ¢ tho condue
30C2 woishie apa attaehed the tendien holng vneicd by
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ndjnoting thodr volghto,

Ged  Satonfiong |

Tho opan nedeio thas oreoted have to bo vidbpated to
pcoordnan o tako obocpvatiens and eollest data, Uind 40
not a eontrodicd faator a0 80 in tho cdpd tunnels « in faol
a2l tho laboratery otudios oro deno in otill afr, [vidoatly
thearcforo, thero 40 o 1ocd o aotunto vibrotion artificinlly.
There arc o renber of Sypeo of ncghanieal acteatoro or
chnkoro, Tho céconﬁrﬂc £iyvhonl placcd in gcatrot vith ¢no
ond of the uirg hao beon aeseacn arfsanlcacnt, Juc to ito
cagentric rotutional cotieony 48 glves peoricdic fnpulscs €0
tho virg ond tho £rcoguenoy of theoo  fapudocs eon bo vardcd

by gdjunﬁxna tho opecd of tho noteroy wnich dpivo thooo
£igvheclo. The matural {rcauecncics of tho opam codol vealdd
Do thooo at vhich 1t vibratcs vith cominun onplitudo, ULth
thib oot upe 4n L:0 first ploco, tho froqucney rogpenacto ¢f
tho cyotca ean bo otudicd, Tho proosont tocad in tho actune
toro houovor 40 to caploy clcebreacohanienl teansduscero €o
vhich vapingblo feoquoncy cutput 1o pivon by clestronio
oo0illntors, Tho vibrationo aro then sustaincsd in o nothed

oinilnp to thosoo of an clootrically driven tunning fo&k..

lor otedyping tho offieaey of the danpers varicuo
inveotipgatoro havo caploycd @isfercent tocehniauc, A0 o typicnd
coanplo the caperincatu sonductod for Cho otudy of tho tingle

dcapco ¢f Srocdent Coope? oo poported iAn ol 29 can DO
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oitcd, Zho 0ct up van ol undce

In thosoy tho gonductor 1o oinudntcd by n ochert notad
pcd and tho ¢aopce 46 ottachced to 4. another ped wolded
pcepcaddculap to tho ofnulnatced ecnduetor pasucd theagh on
ovczoizoed clceapanae holo deilled in tho danpee ensing ond
1o attachcd ¢o an oclcotredyminie viorat en caedtor bolou,
1ho onéﬁtcy vioratcs tho oinulnted conductor througout tho
anplitedo snd viiraticns range ongountercd urdce f£io0ld
conditicns, Tho ncohanical inpedanco of tho donper L£or oie
nuooildal ooltion 46 meacurcd uit. o gpeainl Cypo ef inpedanso
hcad pecaouras oinultancously tho foret applicd te tho dacpes
and tho rcosulting acocleratica, Tho oagnitado and tho phase
of the foreo ard ncacleration outputo of Ctho dnpcdanco head
aPc acasarcd ca voltootoro and dual bcoan osgillosaopo, Tho
voleadty can bho ncaoured by integrating Cho gocolcration
catput by oinilo intcegeating eirpeulito, Tho ncehanieal fnpcdanac
vnluco cappcocsed oo tho ratlo of Loreo to veloeity aro
funatieno ¢ fecgucnoy. thoy givo acaoupo of tho officaoy
¢f tho danper ot varicuo froguconeico beonune oo caploincd
in ¢azp ohmptcr © tho pcald part of tho fnpcdanco functicn
40 pcopensidlo £z all tho dicoipation of tho vibraticn
onozgy 4n tho dampop,

2ho ethor iopcotnnt otudy fo that of tho daopop 1if0,
rollcuing Cho opcolifications 1aid deun by tho ostandapdo
inntleuécs se2 teuting of mntordnloy ageolernted aging tooto
ap¢ gonjuctcd, 0 in thic paptioulap cianplo Cho rooprcao

£31iing of ¢ ¢ cpeage danper (wco chaptep 0) ocalicd at
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2285 £or upto GO days oSnudnteos 69 yoaro of cutdoer CIpODErC
210 C00t0 a0 DCSoRo, aro gonduotcd aftcr ncecdcrated aging
and peefornaneo ¢f Cho Qooper odoorvcd. donpopso ard other
soecouerico oro capestcd o have o noroald oczviee iifo <8

00 o 30 yCarlo

GQO | : ”’ Ha_ s

noitn clostreacshanicnl amlesdcn oo czplaincd in
ghaptor O the vibmetion otudios apo very nuch aiaélificao
Ticotrieal ladlop o cguivadont notwerlo aro buldldt Co sioue
into tho vibeating coduotcy tho éinper bHolng Foplaecd by
luipod inpoianeo, Tho rcooponoo of tho amlo; nedeol to an
altopnating voltage wvhich roproscato tho wing foreo 20
regorded ao g currcnt (vhich roprosonts tho vologity of ¢ho
conductor 07 tho daaper) in  tho approprinto branch of tho
notu oz, rouce 1ot in tho ltnapcd clcaont roprpescent Cho donpey
disoipation « o geacurc of 1ts cffcetivenoss, a1l thooo
quantitico arc vory caoy to reoerd ocellleographically with
pcauircd prceicion unlilko tho ncshanieal weasurcaonto, 4200
tho oot up ig sucgh icoo gashoroeno or unwioldy,.

4 gero ecaplcio canlamtion ¢f clectreoncchanicnl amae

dozicu vill Ho feanrd L0 ochapic? O

segerdinf Co gedera trend in tho 1adoratery otudico
of tho gcaduoter vibratten, procicicen 40 ocught o bo
introivecd by vhnt 20 ¢idicd cu tho auto. .tic oclcotronic
gentpol o thclo vﬁnsataoaaoIXB tho vivwratlen preduced

by clcotpencobaniend toano tho feciucagy at vhich the ceniuotes
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40 drpiven 40 upeally dcteraincd by o varinblo fpcgucagy
clcetronio cooiilnter, initlally oot co that opcpoting
£regucngy corrcopondo to o mtural pedo of vibration of O
00t oonduete?, «4th Cho conduator vibrating im o Peoonant
nodo tho anplitudo of vibratien 40 adjasted to tho dosired
lovol by goln controls on tho /mnplifices vaich depive tho
oldaﬁrcnaehaaieal crunaluccéo. Guch o gyuten 4o 4lluotratcd
in +igo God Dy o bleck dingrice

In thio othed of opeoration, tho driving ferequongy
15 dotcengncd by tho variablo frcguency oceilliates and 40
cooontinlly scnutanty any changes in tho mtuead frpcgucneicd
of tho toot eondactor duo to changos in length, tcnoion,
snbiont tcnucraturo, £atiguo offooto ond vibration anplitudco,
will ferco tho canple into non rooonant vibration,

Uhcn tho driving nocshanica 40 csoontinlly o conotant
Pefic Do fOrgc doviccy no are opoot rlectrodynumic chakoro,
deviation frea reagenang £roguonsy oporation 10 invarinbly
acacapanied by significant rcdustlon of tho vibrdtzcn aaplie
tudo, For conotont anplitudo opcrationgeontinund oporator
suporvision of cguipnent 10 rcquired for ¢cmponcating mcamnld

odjuotnent of eoelldator froguoncy ond poine

07,3 ixgancney Centzed,

Tho nain rcquircacnt of auteoatie controd in cuoh o
Ccauo 40 g oyoten in vhideh tho gcontrolled frcoguonay Varios
in accordanece vith ocoxduster coaditicas $o caintain peioe

naNaCe Thin oam Bo ceecapdiched Ly doriving o eontrod
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vodtano £raa o vibeatieon plolk up counted on tho tooe
ccaduotor 1% thoe point of atiachnont of driving Cronocdueocr,
3y judioicus contpol cf 'the cognitude and phato of tho
vibratiaa plolr up oignal, 4¢ can Lo oynohweniscd vith the
oinnal fren tho vardable fecogucnoy cicetronie osoillator
controlling tho eonducter vibration, Lhen thic conditicnd
ca, doto, the visrot cn piek up oignal ean bo cubstituted
xo# that of tho oceillator withcut affceting vibrat on
gonditionn, Tho cntiro'syatcn'ae thes opcrating ina éolf

| caoitcﬂAcacilluto?y nannoe 00 indieatced in [1g.G.8. [1cge
trieal oignmlsc controlling € © vibration trovel thecugh
syutes over Sho path ohewn and in tho dirceticn indiested
by AP0,

The ncchantcs sustaining tho vibratlen can do ooro
fully underotood by conoidoration of conditlong caioting
at rodenancs, hen a oyolen 1o drivon by oxlermal forcoy
reoomnen 10 tho cendition vhon rosponse 10 paiaun but g
aore bacie esondition 4o vhen the cxcitition (forco) and
rcopenso (veloeity) aro in phaoo,

“hen sncpgy loos of tho vibraticn io scall echparcd
fo the cnopgy stored pee eyelo, theoe two conditions coour
sizaltancriocly. 1t highcr thon rosenant froquencico forco
lcado that volacxty and 1ot for froguoncics lcowcz than
roogmnt onco, iho forco produgcd by the olcetrodyminie
tranodaser 4o in phaso vwith curront floving in ito
vindinzo, v ek at o glvon Jeeguenay varies Dy o ceenctant
angle £rea tho piaaso of the foput controel volinge which oy

bo £rcy tho coollilater of freou tho vioration pick up 8Ccolf,



62

Yo obtain a Crancducos Lforco 4o phaoo with gonduetces
volocity 4¢ 80 ncocscary to chift tho phaco o2 piel up
uvignnl properdye. -~ hiom thioc oigend roploeco tho ooeillater
catput ony deunuapd chifs in tho natural conducter fecquoncy
#i11 ¢ouso tho phaoo anglo of tho velesity to lag nencatarildy
behiind that of tho driving fopeo, Hovover sireo tho nedificd
cignal o in phaoo with tho volelity and doternimas tho
forec of tho shaker,a corroctison of ovorall oyofen £pcquency
is nutooatieally inotituted to roturn tho foroc ond vologity

to phase gprecacat and rosonange $0 naintained,

Go7,2 Jnplitnda Sontrnol

Tho posor pogquircd to drivo o conductor o o opocifie
anplitude of recomnt vinratien varico ad tho reoomant {ro-
qucnoy ohiftsc and honco means gust Do provided for maintale
ning o aapardto naplitudo centrol en tho test opcelnon. Thio
can bo dono by cnintaining tho ovorall sycten nnplifieation

to o valuo caprcesved as

g=kR %c (e = t'v) dt,
thoro g = systca oin
I = A presct ecnotont dotornining tho poopenoo gpocd
of onplitudo corycation
Mp = .lofcronco voliago
" = Valtage pPoport'eml to averaze voluo of test
cenductor vibratlions anplitado,
The veltn;io Tv i dorived fren tho vibentien pich up
by reotif'fontion ang £ilterinz,. Tho pcferonec volthge e
20 adjustablo,ﬂﬁa tasnitude dotesuinins tho 0tabdiliscd »
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vidration level, Operation is then sustained st an amplitude
for which Er = FEv, Whenever Ev is {less than *r the error
voltage is positive, This 1s applied to an electronie
integrating oircuit whose cutput controls the gain of the
amplifier, When the integrand is positive, the value of the
integral will shift to more positive values, '

There fore wvhen actual amplitude is less than the desired
anplitude (Rv<Er), the amplitude vill increase at a rate
deterained by K and the differsnce (Er « Pv), This increase
is accompanied by an inorease in the magnitude of Ty causing
the value of the integrand (&r = Ev) to approach gzero thus
the rate of correction is reduced as the actual amplitude
approaches the desired preset level,

These kinds of automatic electronic control can be

used for actual overhead transaission test spans also,
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The third quantity being due to rotational inertia and tno

first two the torque contrinutien due to the two 1nertia forces,

7.1.2 Vlscous Frigtion Forges

In x direction
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7.1.,5 Torgue tesisting thne Twist 1o the conductor
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Fguation o0 moelld
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o :n‘jx @ "!K }1 ;-» P N [ IR3 =~ m " d.}c » -g-mr\ o 1w ? - ?3
-t G oL
s Tl e b Lhts egquatls toar oproper substitoting

Solution of tris aguation i

vy = o (=) . . (ty A
where
T(t) = ACoow.t + b, Bin w . 1 a— TG
and
+ A% ~Ax +R % k ox

X (x) = Ky oG tKg . E 4 K. € +Fa . G

alss = Cy CosAx + Cp BLudx + Cg Cosh R x + Cgq Sinh X . x

y N
X - —_— s M Wn H

P +

4CET), i
EDe | 2(E 1),

2 L )
2 H
173 + T Wn _ =

4CEXY (E.1)2 26 1),

1l

P ——

By, &y Koy X3y By Uy Coy

Cq and Cgq are arblirary consitanis

-~ on - v,

For pinned - partially ninnes boundary condlitions with 4 degree
£ fixing = 1 - § (Bae chapter 3)

[jaoundary couditions at x = 0 arey =X Xp (2) =0

2%
and (¥,1)g . -‘33‘;;-{5’ = (1=-%) (M Jyx=g
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7,3  Enerzy input i‘r..gé.!},._:a:,iné(l?)

The exopression which can be used to deterising the energy imparted
to a vibruting conducteor whose oscillographlice irecords have been obtains

by wind tunna2l tests isg

. . 3AEH W s 3 . i . X '
Fn o= 1,386 VW, ™ T N\ watts wea 7,31

79 . g

wherg Y le tns amplitaede of vibration,

8z is ths Logarithule deoereament dus to the wlr forues on the

+

,_L.

conGuetor, conviderud positive whsn the tapllitude increases with tlae,

- [y L [ ; + ] ] * t‘»
7 YLh i1s the emplitude io the nth gycle and YLHH in the (n+1)%"

eyclo theu

g% u Mwn_ - 7,32

M
i

ne lozarithale dcoercamont Ltseli has been found to hHo o fupetive

of thu maxlmon amplitud

i

PR
g = A+ B 'Y\m + C “T\m @aw f.38

.‘-\

Whore A, B ané C ure constants for o sariticulcy eonductor . IF
fres axprrimenteld fasts thess values are worked oubty than the final
aquation io: €he cnuigy fuput due Lo wind hin bean shown to be eqgual

to

bt

5 = 300 . 840 (- Lo g 19 aa (4 3
5. o a2 ) o o4 .M+ 190 . 264 (3) . 8 N

[
-
£

3»]

[
e
-
&

wd

+oga . 025 (4)

L s L

Farguaherton cod HoHugh haveg gbhrerved thol the encrsy lunparted
to a viorcting cooductor off glven wesn diameter 15 aliwost irndependent
of the pattern of “tranding cr conlucitor roughness, iz, (7,1) shows

the curves for various types of models hy which this concliusion 1is

borne cut, The average envelope of power curves is shown ia Fig, (7.2,

-
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a8 a further gzepsrailsation the curve in fig, (7.3) is given,

this curve the epergy corresponding

to any typs of ooniuntor L0 fhe alaoeter, freguency and amplitudes

al'e KNown,

(31) .

ven sxolored by nakowskl ine rejations

ted interoelly in the condugtors fivstly as

RUre Doaganss the goclensls

sudjected o @)

themselves, and scgendly due to Irictton
betworn wirs strands, wire stfsaheouts ete,
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Jagdep thio bread penceal heading will Do octudicd tho
cfidclicat and optizun uso of vibpatlicn oupprosuing a0 well
ne gouater pretcosting ocheaod ao are in uod, .. poferengo
©vi2} Do t1de to Caclr dravbacks onrd iondcguaeicd rogording

particular gancso,

Bel cannpiliagion

iho oothods of provonting fotiguoc foflarco in gonduge
tors duc to vibration otrecooos doveloped, oro &n gencral of
tve typos, ihc £irot 10 to protost tho eablo, agninct dolce
tecrioup cffceto of vibraticn withoal trying to lozscen 1ty tho
ocgond 40 tho dacping of tho vibraticn to tho catent that it
is not ooriocuas. Cozing undep tho £irot gategeay, aro tho
nothedo of pciusing Cho otiffncos of Linaticn of tho eablo
or ito comiceticnethorcdy rodusing tho otroosos of vihroCiong
and tho gpplicaticn of n protcativo gcovoring to tho rozicn
of high otrcco wvith tho afn of ving tho protcctivo govering
carry Coa3t of tho ooeilinting otroos vhilo tho cablo earrico
only tho dircat tcnolien,

Jho ceheacs whton peduco tho otreooco of £ization of
gonncotion coaoict of dooign of opcelal clonps which havo
nore $£1c2ibilicy ~nd frocien of notien, 4 notablo ccanploy

beofdes ¢ho neroind Gﬂridg incalateérs (vhioh has inicront



P V077 T

(Y.

C

- s ﬁ_.ﬂ‘ cokov g
gt TS ST R e

N

SIS s e

-~ S0t .&

Pia B4R DEX TJVT L ABLE ABSURFER.

,
) L1 RSk -
R {T}’ ST U T N e v,

i 8 1Ub)TAPERED ALUNMINUM ARNMOR ROUS

. o
P
T e Tt N i '.4;’\2“‘%\_\5\\17 TN LT
g o~
5941 -

Fi H LICIHPREFORME D RERNT IRCING

Fli S-3uld) F IS TOON.

(7



78

flexibility), 1s a special type of strain insulator which
has betwveen the conductor and itaself an oil 4ashpot which
allovs i relative motion and at the same time absorba soze

snergy in each cycle,

8,3 Sgve .i@ on

rrotective covering at the point of stress concentrat on
i1s provided in many forws, Chief among these aregthe cabdle
absorbers, tapered aluminium araour rods and preforcsd ree

inforeing at the supports,

8.3,1 Zable \dsccbers

The cable absorber shown in fig 8.1a consists of a
short piece of cable of the same material and size as the
strung cable and clamped together with it at the support as
well as a number g{ﬂother points, The usual length of the
cadle absorbq;»ii‘abgai\a.faet on either side of the supporet,
To avoid stress concentraticn du§ to clamps thenselves usually

aluniniun is used as a material Lfor the slamp,

8.3.2 sfmour .ioda

The tapered aluminium armoir rod {uea ig., 8,1b) has
been in use for a nunber of years, logether with stockbridge
dampers it was a satisfactory answer to the aeolian vibration
 proslem in they early years vhen spans were shorter ani line
‘tensions szall, 18 the name suggests it consists of a tubular
tapered aluminiuz covering whioh 1s slipped on the conductor
before clamping lnldona at the supports, It is very effective
in the sense that it may reduce conductor stress by 18 mucha
as 80 per cent,



Fia. 8. STOCKBRIDGE DDastrin

FIiG, - 8,2
(Reproduced from ref, 18)
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me ureforned retnforaing (£1g. 8.1 @) 16 sinilar to

arzoar reds exeept for ite physieal shupe which is cylindrical

instead o1 tajseped, e e really useisl coth the arnour rods
and preioraed reinrerceing is grovided lor w length of more

tvan 4 {eet on either Jide of i, ort,

LY C3RUePE
413 these wethods 28 expinined earlier do ot contrie
hate angthing to Lhe duping aad? abuorption of enerzy of the
viorating cﬂfdacéers except periaps the case of the oll dashe
pot strain 1culator, o therefore they 4o not fora Dy
themselves . crialete protecticn, (arioas Zinds of Awssing
szhemes bave peen In age 274 the chiel anong these are the
srovigien of eltber 8fookdridge er terslcnil or tic ¢ingle

degres of .Jreedos sprge Tiiper,

Hodel gtogxhrijse  nupep

The otockdridee dauper (Lige 3.2) L& erhaps the
slmplerst ani the oocuonest tyge, It consiuts of a plece of
strainied steel onule whigh hasd welihts gttached to its
ends, Jhie gentre of this steel casle 15 clunped on to the
conjuctor. L€ grale wuts 285 a saring nd 18 roughly tuned
to the Jre.ucugy ol the exaegted vicrat'ion, ny motlcn of
the line at the cianping point wi.l cause relative otien

aetween the viricus strands 1nd the friction thus uprotaced

41881 putes ~nergy., ite point ol attachuent is &0 chosen along

the line t-at 1t can not aeoinciie with a node of the motion



Figuie 4. Torsional damper for 795,000.
circular-mil ACSR

FIG, =~ 8.3
(Reproduced from ref, 11)
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where the jauper would He uscless, This rules out its inatae
llatisn at the soint of sugpports « detalled explanation of
the chelce of duuper and its spacing frow the supporting
structure wi’l be 1ound in chapler 2, ihe jazper in its
original forz was a cruade device, It has unjergzone many
refinements since 19285 vhere it was :irst suggested, Jogether
with inespan dacping wethods and stabllizing weights it has

been foand to coabat aeolxan vioration 1:4rly well,

The torsicmal 4dauper (£ig. 8.3) was 4evised Hy the
Hydro Ylectric ower Joamaission of COntario for siallar

(11) and in a wvay 18 uaore ef icient, it

purpose in 1941
consists of a duxd bHell type escentric welght clauped to thay
aondaator withj%eﬁillent arn (to avold stress congentraticon

Jue to olawping as well as the act'rn of the weizht), It acts
on the principle of vonvers{-n of translati~nal zoticn to
rotatiomal motion, it 1§ well kacwn trat when a verii.al
wotinn {3 lmparted Lo an u-lasyed s.an the resulting travelling
wave may be clearly identified a.ter several cycles o travel
petween the towsrs, «en a1 torsicnal motlen is iaparteld to

the same span the resalting torsional wave' gets attendated
magh rapldly, . converter to transiors the wind imparted
vertical cscillatirnsg to the Highly Zanped torsinnal wave is

in {ts simplest fora a mass clamped te the vonductor with its
gentre of gr.vity horizontally ilsplacei irom the gentre of

the conducster wnloh s what a torsicnal dauper dssicslly is,



Fig. #. Sponge damper on Drake conductor,

"1.1-inch diameter. Damper is constructed

with necprene sponge confined in a cast-iron
cesing, 6 inches long

FIG' - 8.4
(Reproduced from ref, 30)
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cod notienlcous 4 syneo and tho notion of ghe codvetor
goanvecieo the £112cr motorial vhich breauco of 880 otiffness
Ceevlies o pesleting Sergo apd dn he speccoo ablocsy tho
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8.8 Opfiran anpina

geoexding o tho gseaveatioml prastico cach conjdueter
Opaa i providegd :.4¢th two duopero attached ot cither cndo,
Ca ordimry opans (Cho opansd in wvhich tenslens wpo opt
betuocn A0 = 20 por ocat and havo lengtho upto 1800 foct),
kacee tho tondeney f'er covere viorat!cao i{o looss spoacunccd
thic uns boca cucerved to provide coro than adcguato dampiagtga)
and in fact seae cocacay eould bo arfoctcd by rpcduein; tholy
nUGICR, J6a0 1nventizitors aro of tho opinien Cint umrocarcy
SOl conducter mpay withotand an indofinitoly larfo nunbor of
6erose roverialo if ¢ho opcrating tonoion at GO dogroct - 40
lcoo ¢han 20 per cont of the ultimato otrongth of the conducter,
There Yo boon dovoloped o dofinito wihration proteeticon
critorion frc oervico enperlcnco(ag) uhiich con bo wocful 4o
colcotlcn of cpano on uhich danpors choald Lo inotalled {£i7.
0.0)e It conointo of o oot of curved for the varicas typao
of conductor (uerandcd, arpourcd, uwmirnoarcd) drave botwocn
tho 4iznotor of tho conducters and tho vaninun poralosiblo pate
of vibrati-n of tho co:quotor in acogacyaelcd por yoar,; goove
vhich thn inctallation of oupproouing ocheancs io indleated,
“hio rato ¢f viwpaticn for caeh opan or tho poproccntative
cpant enn bo acasurcd by the dacguot ayelo countor diceusced
in ohmpter 4 L coe 3,84 it 10 0 chcap and 1isht ¢notrumcnt,
wodnhe nbeat 10 onneco and ean bHo ofinaped €o tho opars LY
ucing tho mercal hot 14no toolGe vithoat dicturbing tho

contiruity cf cupplye
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Jrotcot on providcd on the bhnoio of this critorion fo
caldlcd ae CVLTORIVY HAC.TO2iC0. HMewoveop thic eriterion doco
not givo any idcen ag to the pwbor of d.npore that nocd bo
inotalicd on {ndividuad opand, 70 proveont conducter failurs,
it 8e ncacotary cnly to provido oufficiont vibraticn control
to redugo tho slresses to a dovel boloey that vhich eauses
fatigae fasdares of tho conducteor, UUith tho torcicnal dund
Boll typo Crapero AL not tho Utockbridpe typo ceoncay and
optinicaticn could perhapso bo offccted on ordinmapy opano (no
cxplained carlior) by providing only ono duupor per opan
vithout Jcopardising cofoty. “hic hao boéa tosted and varificd <
nany &Spang in Jaonada and tho rosults of tvooo tosts baap tooe
timony to the conolusion, and is therofore voll vorth

kocping inm nind wvhen dooigning transnicuion lincoe with the

ain of roducinn eapital coote
Tho nbove 4iccussion doos not hold fer tho cpano ef
cztro ordinzpy length and tonslion ags nloo thesco situatcd inm
placos ef advoroo vecather conditionn, It 18 in faot in thooo
capos that vibration 40 o major problea for wonsond discusocd
carlior ond theoeo foro exoh of then hao to oo attended indie

vidunlly cnd 1to proteoet on ocheao vorked out.

B, G MU0 Datipinn

“he problca of ncolinn vioraticno of leng river erooce
ingo hao boon oolvcd to o great cxtcnt'by vhat 46 oallced ao
tho not o of ineopan danping as pccoznonded by tho Alunindun
Jempany of dnerica. Tho appreach 16 based on tho prinsiplo cf
shoprtcening not tho netuanl spop Dut tho offcotive opon dcoith
ongd conointo of Anotalling stadilizing voi-hto at cno ¢
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several points in the long span and to apply normal dasping
arrangenents adjacent to these wveights as though they were
~ towers, (¥1g.848),. Proper or predicable operation of damwpers
requires their 1ﬁltu11at1an near a point of wave reflection
so that their location with respect to ncdes can be predetere
mined, Support points ususlly comply with this reguiresents,
But heavy stabilizing weigzhts can also do it, In this case
therefore the effective span length becomes the distance
between adjacent stabilizing welghts or a distance botween
i tower and the nearest stabilizing veights, The dissibutxvc
load on esach daeper is thus reduced several fald, It has been
cbserved that damping can be effective 1 two dampers are
spaced properly with each other far out in the sapn without
stabilizing weights, However placing a single damper far out
in the span has almoat no damping effect,

in evidence of the above condlusions the ALCCOA has
given the :allawlnk gist of its observation on test site

{a typical long river crossing)

[} L]
{Conventional sIn=span :.Rnuurkl
¢ damping Aanping ¢

1. Persistence 34 per cent @8 per cent A reduction of
of the vibra~ of the time of the time E£2 per cent
tion (ground
wire) |

2, Persistence l4 per cent 2 per cent A reduction of
of the vibra« of the time of the time &8 per cent

ticn-conducte
ors

3, Amplitude 100 percent 60 percent Total reduction
(ground wire (reference) in severity of
and conducte vibratien, 938 p.c,
ors). . for ground wire

and conductors,

N
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in the above table the product of durution and
aapditado 4o wecd ¢ 0 on indez Lor tho covepity of

vibraticons,

Jcrresien of 4n

)
-
=~

<he fnotallntion of docping doviced 46 a practical
prepesition for uitigating the offcots of acolian vibration
only., .Pca the aove dicecucolcn 4t So oleor that this acpeet
of tho genrral vibration preblea 1o {alrly sepletcly tacklcde
Unfertumitely, Lo can not be oald abeat nilloping, <cne
o7 the 2dovo duuaping sohrsod would discipate oven nn
Cuppreginhloe feaction of tho vibratien cunorgy and 4n fret Co
4issipato the cnorgy corroopendling to amplitudes of 90 foot
peg: to pealk nt 1 c.p;s., «tockbridzo or othop dompers would
have to velzh coveoral tong virdeh 1o ovidontly otirciy
inpractieal to uoe,

Jeenuso tho neohanios of excifating of tho twvo phoacnens
is difzerent tho appreich o tho aBlovintion of tho problcao
is also di.fcrent, scolian viorntion io umvoeldible beenuso
it does not depend on the geczotric eress seoetion of tho
ecnduetor, .ind beocause this grodlen ¢an not be solved at the
‘eauso! 2nd 1t 5 taeiiled at tho toffect' ond, ‘lowcver in
thio catlor the gallioping phoneacnon dlifero, cglaoa it
depends on the pgeeaotrieal profile of tho conducter there
ic ono &actor on uhich control onn be crerciced, That 1o

in othcy vordc €46 proslea can bo tackled at tho *eauscet
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cnds Inotcad of lotting vibratiens bulld up and then teying
to duop then cffort ccald bo nudo in thio eaoo to roduceo o
olininito tho caoitation to tho viorntion itoolf, Yet tho

problca 4C not ao siuplo ao it cight leck, “lthough caling
of tho prefilo of tho conduster acrodyninically ctablo s
tho etraight forvard colution tharo aro aany diffiecultics in
doing it., Jndor non foing gqonditions tho gress oceticn of tho
conducters cxerpt in cagses of strondod condustors 15 qopodye
nanically quite stablo (eirculor conducter profilo) ond
tongeney to gallep docs not canifcot itoelf, wtranded
conduoters oven undor non ifeing conditiont way show inotge
D114ty in mony eanscs and tho remedy whileh hao been suggeotced
for thca 16 to oven up their aircurfierance to mako thon ao
ncarly eircalar ao posciblo, This ¢an bo dono in tuo vayde.
Cno 19 to coat tho conﬂactc& with ceao kingd ef greago oz -
ludbricant to £4i1 up tho rcocoocs andvoido, Tho othor ig
to vpap an adhcuivo pyveas tape round tho conducter and
weko 4% cireulup, Tho lattor rcnﬁdy although a rathor rccont
oﬁo has €0 bo foand to bo quito offcetivey the foroce cuffors
fron tho dravback that 4t falls to preoduco pormancont roscult
and pagecaning on otrung condustors 1o not poociblo,

ith a oinplo machino speoially built diocusoed in
reference 34, taping of tho gonductor on tho etrung opang 4o
posoidlo, Tho cquipnont 4o nct live line type but condlGoters
do not have to be talken out froz the lines for this pumpose,

vialch couses tho diveontinaity of oupyly for n rolatively
chort tine,
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For the galleping of the conductors due to ice and
sleet forvation on them and eonssquent instability, an
acceptable solution does net exist, One method that has
been suggested is to increase the I2R loss in the conductor
by increasing the resistance #so that it may be sufficient
to melt the lce formed but this 1s not an acceptable solu-
tion because considering the large ascunt of heat required
te melt the ice it is wasteful of electricity, The prospect
of this drain on energy becoming a permanent feature of the
transmission system 1s not very aggreable,

It 1s in fact this aspect of the galloping whieh has
baffled the investigateors so far and which requires an urgent
soiution,
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The differential egquationsfor a vibrating conductor with
negligidble stiffness - ) \ §

A\ i

%%gu g.+ . %f—; on..+ . .g% N CR S

%g%a g.-%— . %25 + @ ﬁ.c* . %.:. cosecns (9,2)

i
The differential sguationsfor an sleotric transaission
line with destributed constanta s

\

%gg * L. C, %f'% +(HC + LO) g‘% *R, 0.V, weses (9,3)

g%% = L, c, S—:é $(AC + LG) -g% 8,601, w=enwe (9.,4)

vhere F is the force normal to the axis of the conductor at
any point € the mass per unit length, T the tension, Ry the
mechanical resistance ji.,e, the resisting force per unit lene
gth per unit velocity, v the velocity of the conductor normal
to 1ts axis at any point in equations9.1, 9.2 and V is the
instantanecus voltage on the tranmmission line at any polint,
I the current in the conductor at any tiame, L,C, R and G the
distriduted constants in egquaticn 9,3 and 9.4,

& 1s the distance of the point considered from the cigin

along the conductor,
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If in eguations 9,3 and 9,4 the conductance to ground

G 1s ¢onsidered as zero, then the sguations become

| £ =i.c. £F enoc —— (9.8)
and %f‘g * L C. %%é + nc 30 ‘gé g (915)

Which are the same in order and pattern to squations 9,1
and 9.2 vhich hold for the mechanical vibration, However

. this similarity ceases if the corductor stiffness in 9,1
and 9.2 and conductance to ground in 9.3 and 9,4 1s
considered, However neglocting these gquantitivs is not an
1riuttona1 assuapticns and experfience of people actively
engaged in vibration research has corroborated the argusent
that for the purpose of analysis these may not be taken into
acsount for most of the practical purposes,

Thus there 12 a clear analogy between the two phenomena
and this has been found to be very useful because the conduce
tor vibration vith ik can be studied oritically through its _
simulated electrical network, ;

9.2 Analogous uantities
The quantities that are analogous to sach other in.

these tvwo physical phenomena are

Xegtrical Mechanical

Voltage : v Force F

Carrent : 1 Velocity & v
iesistance: R Mechanical resistance 3 Ry
Induetance: L Mass per unit length 1 €
Capascitance: C Reciprocal of tension 3 %
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9.3 Upe of the Amalogy

The techniques for handlin;rllcctrlcul transaission
lines are qu1t§ vell developad and with this anaslogy they
¢an all be applied to the theory of conductor vibraticn,
Solutions thus cbtained of course do not take into account
the stiffness of vidrating conductor and are to an extent
appraxiuatc; but they are very useful nontheless and errors
introduced are rather insignificant except perhaps at higher
freguencies, However methods have been developed which parte
fally coapansate for these errors,

For convenience of this analcgy we sssume that the
energy input from the wind to the conductor is imparted at
the centrs of the span, The apan can then be conafdered as
ﬁi snpnrnti halfl apunn‘uith;half'the total energy input going
into each half span which then can be considered as beling
driven by a harmonie force at one end and terminated at a
fixed point at the other, The half span 1s analogous to an
open circulted electrical line with an alternating voltage
applied at the generator end, This is true because the fixed
peint at the end 1i» at zero vnloéity which must correspond
to aero current or open circuit,

Application of dampers near the end of the span can be
considered equivalent to insertion of a Jumped' impedance in
series with the transmission line at a corresponding point,
if ve asaume that econductor clamp has zeroc length that is its
action is not on a distributed part of the length of the span

and alsc 1f we assume that the dampers can act only as a force
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at right angles to 'aterest' positicn of the conductor,

Shown in Fig,23 is an analogy of the damper mounted on
the conductar, power xXp input being assumed concentrated at
the ccntru‘at the span, The analogy dictates the inclusion
~ of series impedance to corrsspond to the given damper insta-
llation bacause the velocity of the damper claz) will bhe same
as that of the point on the conduoctor to which it s connee
cted and same velocity would mean same current in the simulated

network.

¢

9.4 Matched Dagpers

The most arrtetiie damper for any given frequengy that
can be insgtalled near the end of the span would be one vhich
fis able to absorb aaximum possidle power from the conducter
at that freguency, Thia will make the power 4issipaticn maxe
1:&-, and the conductor vibration a minimum,

The mechanical problem of specifying the characteristics
of such & damper is similar to the slectrieal prcblom of spe=
cifying t ¢ characteristics of a luaped impedance inserted
near the end of a long line 50 as to provide for the maxinum
transfer of pover from line to the terminating impedance,

From the applicat' on of maxigum power transfer theorem
to long transmission lines we know that the power tranafer to
the terainating impedance is maximum if its value is equal
to the conjugate of the characteristic impsdance of the line,

The characteristie impedance Zop 1

B LML
* Ggeguc " RetiXxe

[ 2
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where Ro is the resistive omponent and Xo is the reactive
component of Zo
Zo for a losa less line is squal to 4??

From analogy has been developed the concept of mechanical
impedance which is the ratiof ef excitation function (force)
to the response funct cn (velocity) in the case of any meche
anical vibrations; just as elactriéni impedance is the ratio
of voltage funetion to the response or ourrent functlion,

In the case of conductor Wibrations thefafore, on the
pattern of long transmissicn lines we define what is called
as the characteristic mechanical impedance (Zy). This quantity

for the assumed half span is egqual to

Zg = JT.E u\/fzi vhare W 1s the weight of the
conductor per unit length,

For an idealized conductor the mrzimum possible damping
vould be provided if the termination of the spap presented a
mechanical impedance squal to the gonjugate of the characters
istio impedance, or, since the imaginury part is adbsent in the
characteristics impedance, simply equal to the characteristic
mechanical impedance,

If a lusped impedance Zy is conneocted 1ato an electrical
transaission 1line gt a distance h from the open circuited
sapn, the impedance of the *atub end', the portion between
the location of the lumped impedance I, and the xay open end
of the line as vieved froa the location cof 2. is

Zs ® 2o cothih il
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vhopo 25 40 tho fopodanco ef tho stub ond,
Yo «€¢ 34D av g~ Ve
Faz nn 14ch1 1ino vith # and G botn acro oo cgualo .o and
otub cnd 4-pcdanco bBooenos o puro rcactanco ad Top I breenoo
Cjun} to JulioC
'p @ g eoth (FVIC o M) = afkg ooth (W% , h)=jRe coth [h
N s WLl 8 Ul o 20,F/FoA T 20/
v o vyeleeity of prepapgation and 4o tho vavelongth,
38 vicucd fres tho gonerator ond tho 1ino appcaro o
bo teraimated in an iepedanee 4o
Bo @ & ¢ 4o cOthT b
oF in tho fdcal eascc
2o © da = § Ro coth poh
#4092 111luotrates the variatlen of tho otub ord pcactance
with tho diostanco ., If h 10 an odd neaber of gquartcor vavee
longth tho rcuctance of tho gtud end 1o zoro, In this enso
for panicun poucr trapnofor &, ohould bo o puro roolistanco
cqual in magnitude but gppesitc in olgn o tho rcactonco of
tho otub cnd and tho reoiatanco conpenont of 2, chould be
cqual to Uge
ror tho 4d4calincd meghanical problca, for maxinea
posoiblo douping tho danpor should bo designed o havo o
ncehanicnl 4npcdanco vith tho rosictanco ecaponent cgunl to
tho charactcrictic inpedimeo of tho visrating conducteor, aftd
Pcactaned ccapeoncnt ogqual but oppocito inm oipn to tho paagtanco
of tho ctub cnd vhieh &n 3dcaliced easo weuld bo
o © @ § £y Coth Ml@
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U0 far, tho probics of catehing tho daopor charagtori-
sticc uith thooo of the lino upponrs to bo fairly ¢asy. loue
cver tho problea ie quito coaplor beecauso of the fact that
tho viorating opan dooc not havo a singlo rogonant frequonay
and therofero the oxciting Lorce functicn hag sultiple frogue
encios., 4 solution found to bo optinum for ono Lroguenty, nay
provo out to bo entiroly fmadequate for the othor hormonie
froquendioso To neot tuéfrcquirementn of those conditions,
ve hove to develop tho rolaticnohips for theo ronges of frogue
enciced pracont and thon solcoet and apply practical danpors for
optinum damping over theco frequoney ranges ond thon doteraine
thofir offcotivencos,

If tha terminating impdeance has not been matched uith
tho lino proporly, wvo know that it glveo rioce to otanding
vaves because of reflection froa tho recgeiving cnd. The powér
tranofored to terminatisn {8 t 48 ¢asc ¢an bo sh.own to bhe
oguol to

P e (Ioag )2, flge + (9,%)
vhore Ipnnye 18 the mognitudo of tho current at eurrcent canima,.
© 18 ¢ho rﬁtie of tho cffcotive rosictanco of tho teraination
to the characteriotic resictanco of tho lino ond’is the
ratio of the offcetivo rcactance of the toroinotion €o tho
charactorigtic reacianee of the line, If the lotSeo in tho
line aro ncgligible (f.0. Go 16 zoro) then . {(O,X) can beo

sheun te do cgend to

contd,
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N 20
(1492 4 8) + JUHRE I + 42

(e page 892 of Heference 18)
With the line properly terainated the maximum amount

of power {s transfered to the termination and this is very
closely

Ppax® = Iggx2 . 2o

In idenl line without losses

Paax ® Inax® « Ho
and then |

P = Inex® Ry ?.(G;X) = Puax ¥ (840)

F(®,; ) ‘?/Plgg e o - |

" The values of ¥ (9, ) are shown in &'13.9‘3 for various

values of © and ‘. It ean be seen from tﬁiﬂs that the changes
of resistance have a lesser effect on F (B,C), the fractien
of total maximun power transferable that 1s actually transfe~
rred, than the corresponding change in terminating reactance,
This ean de con;trutzl in the mechanical systen as to mean
that the reactance of the damper and its spacing from the

supporting structure 13 core important,

9,6

Coming baak to the seleotion and placing of the dauporl
on the transaission line ocnductors so as to cover the entire
range eof wind volﬂéitiqs. Obtaining in the terrain in question
it ean be sald that with the insight provided by the work done
80 far in the vibration research and analysis, it has been
nade possible to rind a falrly acceptatie solution to this
preblem,



103

The inherent powar dissipation in the conductors due to
interstrand friet cn and other causes is proporticnal
apprezimately %o the &ixth pouer of the freguducy, while the
power input from the wind to it fer a given amplitude varies
a8 adout the third power of the froquency or the wind velcaity,
At low Iregquancles the power dissiputed in the conductor 1is
small tut wt higher frequancy it increaces gt a auch greater
rute. than the pewer fmput from the wind and therefors the
yawai dissipation required in the conductor initislly increa-
ses with the increasing freguency then reaches a maximum and
then decroasses duc t¢ self damping abilities of the conductor.
For the usuul dasper applications, if Fmgx is the fregusncy
gorresponding to the maxinum veiocity at which vibration could
‘be sxpected in the absence of dampers, it is found that the
maximum power disstpatdon in the davpers i{s regquired at
approximately Q.4 fgax 0 0.75 fmgx, depending on the ampiitude
of interest, If the d&mpnr i» located so that it would be
one half of 5\100p length frem the span (7/4) at 0,8 fy,4 the
reactence of the stud end positicn of the conductor would
be sero at 0,5 fpaxe Siwilarly the mechanical reactance of
the damper passes through sere at its patural fregquency. The
net mechanical rescteance would be suzll if damper is selected
whose upper natural freguency is about 0.5 fmax.and is located
a quarter vavelength away from the span at 0.8 fuax,

The nechanical resistance of the dauper would be expec-
ted to be egual to the characteristic resistance of the line

Rovever to thw improve the effectiveness over the entire
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frequency range the meghanical rcsistance has to be kept ..
several times the characteristic resistance, This requires
the study of the line on th‘ analog meodel and choice of a
suitable value which 1s satisfactory in each particular
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T PPAGACH

Vibration studies of simple mechanical systems are
usually done by methods which, though not difficult, often
require the sxpenditure of encracus amount of time vhen
done by hand, The use of computers doth 4igital and amalog
type, shorters ths time considerably, As will be noticad
in the emapter on quantitative relationships, the algedralc
axpressions for stresses and strains aras guits cumberscae.
Digital computer studies would allow s vory much more precise
cosputation, and at the same tize enadble the solutions to
be worked out fér a large number of working conditicns
~ and thus pro#t to be of anarnéut holp in the design of
supporting hardware,

Analog computer studies could be useful for these
a8 vell as for the damper analysis for which ready made
differential equations are available, 1t needs to be stated
here that the study of the effects on damper impedance .
minute changes in the design parameters, on analog ecaputers,
is perhaps the best approach to damper matching, This is
all the mors so becauss the analog computers are capable
of dealing with tha nonelinesr driving functions and
discontinuities wnich other wiss reguire simplifying
assumptions which affect the validity of the results,
The particular soluticns of the differential equatiens



106

give the steady state perforaance and the complimentary

selution gives the transient performance,

In the more straight forward differential equations
for the asrodynamic 1nltnbtlity coming under galloping
the 4igital compaters have bean used for root solving as
well as for the ether and there is a trssendous amount
of them = arithmetic al calculatiocns, The equations
arrived at aiter consideratisn of all the mihur and aajor
forces on the conductor as in ref, 29, are so involved
and the final eriterion containsg the eleuments of such
inwieldy determinants, that computer approach resains
the only solution. The digital cemputer with the usé of
matrix solution methods has already been put to such
use and has enabled valuable informaticn to be obtained,
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Ro detalled study of aeclian vibratlion or galloping on power
eonductors has 8o far been done in India and therefore mostly the
protection schemes used are exactly those which were in vogue in
thﬁ vestern countries a decade ago. In fact the only dampers seen
on Indian transmission lines are the Ltockbridge type because
the importance and utility of other types of dampers has not been
fully appreciated, Conducter reinforcement at supperts is done by
tapared aluniniom armour rods only~but that is quite adeguate, Ine
span danping and eoplimum damping techniques are not exployed and
all spans long or short carry same atandard pattiern of two
Stockbridge dampers per §épan which might be uneconomic for one
span and inadeguate for the other. On long river crossings
conductor fatlures as well as tower fuilures have been reported
but nothlng is done beyond jJjust repairing thaen,

Asolian vibration and galloping under non icing conddéions®
are perhaps asuch nore important in general from the point of view
of Indian transeissicn asystems than the galloping under icing
conditions because of the hot climate, However in the northern
most part of the country, ice and sleet does form on the cenductors
during winter after snow fall, At present there is no important
transmission system in that region hut chances are that the huge
potential power resources of the Himalayan region will soon be
harnessed in stages to make up for the power shortage in the rest
of the country and then long transmission lines will be laid |
in the design of which one of the first and foremost ccnsideration
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vould be to reducs their vulnerability to galloping after snowfall,
At present however this trouble confines itself to the telephone
vires and the distribution conductors mainly in the coldest parts
of nerthern India. A8 discussed in chapter 8 the sclution to galle-
oping under icing cenditions does not exist, It would be 1in the
interest of the Indian pover su;ply conpanies to keep themselves
abreast of the new develepment in this side of the problem as a
lot of active researeh vork is going in other countries wvhere
the problem is very much more acute, ilowever the study of the other
two sides namely the asolian vibrations and nonicing galloping is
" rather more justified ¥long overdus in India,

Firstly the schemes of in-span damping and cse of torsional
dampers as well as the signle degree of freedon dampers will
have to be given their dus place but at the sane tine all these
things san not be used blindly as they are used slsevherse, The
vibration protection criterion would have to be modified for
these scheass 80 as to auit the particular types of conductars
and supporting structures as wvell as the prevalent stroubal fre-
quencies (which depend on the wind velocity besides the conduotor
diancter), Also the spasing of dampers should no longer be done
on the basis of set formulae but consideration must de given to
mechanical impeijance matehing (chapter 9) so that & more efficient
use could de made of the siges and their characteristics can not
be changed, Fer roprumt;ltin spans and for extra ordinary spans
the analog model studies are to be recomasnded as with them the
cenductor perforsanse would be easily predicted, difficulties

foresesn and alternative arrangements vorked out,
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The galloping under nonicing conditicns has also to

be studied in detail te reduse span vulneradbility. For the

present the laping of the conductors with an adhesive p.v.o.

~ tape 1s the best solution and this must at least be done
 730 leng river crossings, Where due to its large length and
" tension the eonducteor shows the maximum tendenoy to gallop.

Stranded aonductors should in these cases be taped before
installaticn as far as poasible othervise this operation
would have to be done on site under strung conditions
wvhich is rather inconvenient (but is possible) circular
conducters need not have any such treatuent given to them,
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CHAPTER =32

The discussion in the preceding pages indicates
that vibration predlen of transmisslion lines 1l'by no
means as innocuous as it appears at first sight, The
vibration considerations if not fully appreciated at the
design level result often in substantially high costs of
repairs and replacenents due to the vulnerability and
susceptibility of the line to the damages described, A
nunber of preventing and reaedial measures that are neow
sconomically feaaible deserve to be zade best use of,
These are for reascns already diacu;lcé, gertainly not a
couplctily satisfactory solution, the complexity of the
problem belng almost unlimited, ¥van the aeolian vibration
wvhich ia eluiicd to have bcin tackied completely is troubde
lesome at particular freguencies with the tuned dampers, It
1s true that this problem is more amenable to sclution
than 1ts oounterpart that is galloping,.

Inspite of the coasmendable amount of work done on
galloping its solution has been possible only under specific
conditicus namely the noneieing cnes, Inveatigations are
still going on and it can be hoped that in near future
specific methods for reducing the conductor instability
under all types of conditions would be available,

The analysis of aeolian vibrations is more or less
satisfactory although one wishes that more regorous infore
matisn were available about the energy inputs and dissipations,
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