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SUMMARY

The results of wind tunnel tests on a series of
two~dimensional models simulating circular cables with various
ice formations are presented. The stebility of small oscilla-
tions of a transmission line in a steady wind normal to the
span is considered, and the wind tunnel results are used to
calculate the behaviour of a cable with D shaped falrings.

The results of dynamic tests with an oscillating model show
reasonsble agreement with the theoretical predictions.
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hThe study of the galioplng of transmiésibn iines is
reniered extremgly ééﬁéiéx by “$hd’" nnmber.of vaﬁigbiéérinvolvé
These include £ nnmbeémwﬁi@h ehangg frcmlgﬁaﬁ %o spaﬁ‘bﬁtwééé.
approxlmatelypééﬁgﬁant f@r 8 givéﬁ span - iength and size ng“

@on@u@tovg‘end fixings tension’ nd “the “nétiire ‘of the surrouﬁdm
|' }) :u,f".' P PE I " R

‘ing cduntry31de & agd othefs whlch ?aryﬁffqmdti to tlme - wind
strength and airection9 and the form &f 166 deposited ﬂ; )

R uhe
circumstances considersble simplification is necessapy if any

IJ L30T

by

hasic causes of galloping are to be dlsclosed

Den Hartegi) considers a twomd1m6551onal bbdy‘éuspénded

i,

. ndﬁmar“ﬂo“é)’%ead horizontaihwind Te shcws ihat simple vertical
oscillations will teﬁd £ e unstéble o the negaﬁlve slope‘of
““thﬁVIift Gife PIE greater Ean tne ”éfﬁinate of tHe" drag @ugvém
’““ﬁﬁbﬁr@) showé‘%hatta 14t Stfiﬁgﬁlth Tt dnlong p‘“allei 44 the

wind ﬁill“%%éii Ste 1f i 1 e REE t%ist ’élthough ‘Den Ha ﬁdg“s

48 P enns et

ETERATARE T,

' @rlterioﬁ is not sétzsf it Niv"j? suggests fhaf'gélibping ‘San

- g
{int

iyt

énlwith the w1nd biawing aiong ﬁhe

Fgpan.” H&%rish) considers “the Paite of enargf’input £6"% D “dection
b J“{

oééiﬁiét~%§ $21 '8 ‘WtdHay nonmai wind; ‘He' aied dedérivds exPer ents
sﬁé%lﬁé tHat the Beetion 1 moré}likely‘to gailoP whe't “the wind is

e{u Pheo oo ol o beyusadtn s idoas el g Dol
Hot nddial” to the spa AN
[t zowvns dannoamaid Femar daW o wds To Duogromn

Conon e v 7
et Bl In the. present ygﬁmeI tion ig limited to a simpl@

case which is known to cause gailbﬁinggrthat ef 8 eonductqr with

be caused By ehanges of ‘tenk

an 1ce eoating in a steady wind approximately normal to the span.
The sections tested represent formalized fée formations on circular

cylinders$ but 14 18 tﬂbught tHat he' Yibge of shapes ' Hab ‘besk

il 4.-..-.\)’4 AT '}ﬁh(”ﬁ’ A EET s o a('.' £ -'5\-'{~5

o s
. & '“3’

éovere& falrly adequatel

. S . I I e VT
o PPy hadgsascos w0 odfoses sl SondvavEwan Ll

From Fleld, repor@sgiit seems 1ear that, ga;lopingm when
1t does occur9 starts usually from small osclllations and builds
up slowly, It seems reasonable, therefore, that a study of the

UL TN R I i
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stability of small.oscillations iwill be of use in determining
the damping necessary to prevent some forms of galloping. This
Torm of anaiysis does not take account of the increase: inddamp-
ing which may occur at 1arge amplltudes, and some unstable small
osoillatlons will not bulld up to an amplltude sufflclent to..
‘cause damage, 1t shquld however, show which cases are 11ke1y to
be. crltlcal, and 1t av01ds the necessity of making step-by=step
calculatlons,ﬂ thtle attention has been given to partlcular'm
_cases; it seems better that a falrly general approach should be
‘glvea, and that application to varlous test ~spans should walt
- until later.

T T A AR S FA

WIND TUNNEL TESTS

. . _’; fests”on a series of two-dimensional models (Figure 1)
'ﬁwere carried out in the 21 ino by 30 1no horizontal w1nd tunnel
"of the National Research Council the wind speed was 50, ft /seco
’for all models except the D sectlon, (Non 8 Flgure‘ ). for which .
‘;it was, found necessary to reduce the speed. The models Were sus-
‘Jpended horlzontally from a: strain—gauge balance frame? and passed
dthrough the tunnel fPom s1de to side, the holes in the tunnel
;walls being kept small . The sectlons chosen were meant to repre=
;Jsent 8 1-in.. cyllnder with varlous ice formatlons- the shapes
”uwere based on reports on sections which had caused galloping9
'and on the sectione observed to form on a cylinder in phe iclng
wind tunnel of the Naticnal Research Councll s Low Temperature

: ”“Laboratoriesof The D section was included 1n view of its general

“use ‘on test spans,"“'”

N ‘ ‘ The fittings were made so that the angle of attack
"oould be adjusted at, 1ntePVals of ‘Fql_degreeso It Was found 1ater
that closer spaclng would have been‘ueeful over a few short ranges,
it seems likely, however9 that the results as presented w111 be

'”qulte adequate to glve a gulde to the forces 11ke1y to be met



.Of the normal Wlnd _yelocity, (Figures 10 .and 11

| STABILITY OF A CABLE UN@E‘”AERoﬁiNAMIé
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y A1l models were:ltested normal tolthe windb. twoiwere
tested also: abrangles. of yaw of. .30 degrees, which:was: the
maximum possible with the -mounting useduawfhe-forceaum@asured
are shown in Figure 2, the 1ift and drag being measured aldng
‘the vertlcal .and horizontal normals 1o the ‘model ax1s§ and the
1ncidence and p1tch1ng moment\about that axiso viThe ‘résults

{!are shown in Figures 3 - 12, giving forces and moments in

pounds anﬂ poundwfeet per foot length of model at a wind speed

il 'i'? -:”

of 50 ft /Se@oiw RO o [T Y N

it
The effect of small changes in shape is most marked,
Models 3 andthfFigﬁiés”S-éﬁﬂﬁﬁﬂfhé&éﬁﬁiﬁfﬁkimﬁiélylﬁﬁewéﬁﬁé
sfmount of tee ! but the changes in Wwind ‘TErées ake ¢onsidersble.
Yaw of 30 degrees was found to. have 1itt1%‘éf?eé% Béyond a re-
duetion.of the forces approximately: in proportio ktovthe'square
; énd Figures 6

J!‘V
L

LA ORI R LR

“and 12)

pgel g
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3.1 General Theogxr LSRR far Rl s Srisnentos

ciotp i od Fosdhes free ogceillations.of sugpensiopichains have been
astudiegﬁhy1Rputh5lhand@%mogegrgcenﬁlygubyqEngalay62§ cdnhoth

cases-the mass rdisiribution.,glong the;chain.was.assumed; to.be

<ofra form:which . .would make-gelution of thereguations.ofumotion

a7 possibley : Insthe PD@SQQtﬁ§9$§Lthemﬂgfm@Of$95§@l$a§iﬁﬁﬂ§§2ﬂ&

L e faes

assumed, and end effects due toradjacent.spens :ignored, hut,the
effects of torsional motion, and of aerodynamic and. damping
forces, are includedo_ Oselllationshin a horlzontal plane are
excluded, as it seems unlfkely that thesé will affect the stabi-
lity conditions to any great extent, |

“Let” xs y b& the coordind%es of any poinﬁ P on a eable
LEes

When hanging in equilibriumyland 1et s bé the distancé along the

|||||



. Page=il
MT=1 b

~lengbh! oftuthe eable’ at P,/ Whenh.thescable' is - executing a small
oseillation!suppose Py . at time: ;- doihave: coerdinates x-+:&;
siycdamyithen theséquations of motdon ape iiv ~ il nuy win e

““é’ Ry E Ea ay 64 b DTS ENENFEE 2 I 4"::-'.: ERERERS
o,y ZEI =~;ﬂ P F B
Sreantr oy domers ab oyogla ndmegdiha s DA T RS
where Lrigy th%weguilibrlum t¢n81on in, the cable, N
ﬂ;ﬂqmwﬁLU.ls the 1nereasewip“§§ngipn,gt.time t.when the cable
w38 IRWOLION, S o i finat aer cueegai OF

ity Lrdn

oo Bt i feeonay
T “EI% 2 f G IETG : N apss thé forces due to theé additibnal
AR - B Sk g*

| 2 bending of 'the c¢able’ while 1n motion9 if “the curvature

is small,
Pi, Pa are damPing for‘cess and :
Py, Fa ape”the - changes in aerodynamic forces due to dis-ji
placement from the equilibrium positlonoza,ﬂﬁa* e

CavEd o Intphepresentsinvestigation it is proposed to ignore
/éhanges in tensiof,vbothialongithe span -and with'time; and’to
“oonsifler dnly>oBediildtions of thecable normal to it equili~

“UPpitm poBitidhy ! “This 18 equivaléntito neglecting among other
thiﬁés“%ﬁé“ékéitét&bn“fr&mﬂadjaééﬁt4Bﬁans; “Theriy, 1f we'take the
U HRLs tangential‘to "thHe v edBlé at P9 SLmd L LA

P OTONC RS 8 SINY IR TS AR R SR rY I B S AU SO P

o 111 =nll-+ Pa ¥ ﬁé] ;va“”

SONEFV TN CR AT AR

'381’ o
Siredae Fetag gae 00 enld R

. _ﬂ « The damplng term Pa.Will contain eomponents which are
functigns ef different derlvatives of 'y with resPect to Ty
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convenience, however, 1t is assumed that we can write

Pp = =P %% , With P constant, so that the equation becomes

?n _ 1 Tfﬂmg ”_EL@ 9 , S (2
R e A A (2)

In consideringxtorsional oscillatiensy it is assumed
that the cable behaves as a stralght rod The equation of
motion is - : o

20 1 aao 8y _' Y |
2 Ie {S CPS & at :'Ma]g g (3)

where 0 is the angular dlsplaeemsnt from the equlllbrlum
p081tion at time t, | : L R
_AIQ ig the moment of* inertla about the axis of rotations
8 is the torsional stiffness of the @ables.

R QZ is the damping eouple, assumlng damplng of the

8t
same form as for vertical oscmllatlonsg w1th R

. 'constant° and ‘ L
M is, the aerodynamic torqueu”}_=

Let L, D, and M be the 1ift d.rag9 and pitching =
moment per unit length of the cable at an angle of attack a
to a steady wind of velocity V, o being zero when the cable
ris at rest in its equilibrium position. Then, when & = O,
L= Lo'and M.= Mo, Lo and Mo being balenced out by mechanieal
and gfavitational forces in the static equatlon ef equillbrium°
At time t ' :

19 o R S -
A= = o ol L

e 8L oM | o o
and if 3o D, and -are constant over the small range of «

aa

St
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required, and are not affected by derivatives of a with respect.

to &, : ' . . , s
0

= (D - -plon
Fg  (L Lc) D vy
:.Qéa-<aL )1311. (5
da oo V 9% . _
My = M - Mo | |
oM . 1 97 | |
=28y - 1L 21y . . 6
do < v at) I R o ).

so that the equatibns of motion become

2 o :-"‘_- :
Q—Tl:{mgiil EI oAk p_ﬂ.,..__zjf_.(il.,‘_,...]))_lgll}

9t m [ @s® ‘8s% . 8t aa ac v ot *
2 2 - o .
a’}:‘—i—{s A A aM( ?19-:(.1.-}0-- o (7)
V ot

92 Iz Bs ot  du

- If we assume that both vertlcal ‘and torsional oscilla—
tlons take place in a number of ‘sinusoidal loops, wWe can write .

';’l = T]o sin ars
& b'Jcs-

_iE

Vg sin e

when 1 is the length of the cable‘@na_s is messured from one end,
and we have

92no ans _ 1 am\® amn Mo ..
Py 8in T m{[TmJ( ) EI1T}0<1> P vl

_ (8L N1 9o i 8%8 0L 4. DES
(aa*D>v at]51n-1-+aa-°s 1)’

Q . .
312 1 - Is LI 1 Bt 2 1

°
¥

méﬂi'msini@
so ¥ 8t 1
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a2 :1_';u. .gg;_ an e 178 w\Ton aL)
m{n[ﬂ(l) +E11<1)>] {P*V(aaf}))]at'bﬁaa 9
_-t}q ’ ' (8)

JISCRE SR S

It will be convenient to write these equations in the form

@
RlE
S

el at2 ‘ at ,’“ cmde e _g9)_

azﬂ' -é& wy : A'..1.aM‘W=H '”f1f;am‘a o ifnﬂz _f ‘
_ at2 f ! 3# + <f§ : Iz»aa"ﬁ~ ‘ Via ga at;f*_ e §1Q)

Em [f * ( * D)} ‘*A‘_f-mv(aa_f D)V’:f?.:

Where_g_
B =‘ ']—?—9
4
%) +m«< 9

: ‘-":ffE:,_;‘f: bﬂ) UEREES BT

and to consider oscillation31n 3 cases=

i

£y

(1)‘in the. absence of wind’ forees;

7’(ii) oseillitions under wind loadlng9 but with no
et torsicnal mct10n° ' S

.~f(ii?) osclllationsunder w1nd 1oadiﬁg with both vertlcal
o _and torsional motionour
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3.2 Free Osclllationa in the Absence of Wind Forees

In this caseg the equatlons (9)9 (iO) reduce to

’—-n"i'ﬂ‘i“n‘i' fﬂ’]

= 0

_at2 at -

- 320 o =z
So*+ fa? =0

BtE :% e T R T T

~ where Aq¢ = P/m; These ape .the equations of. simple oscillaa

: tions with damping, if the damping is small, “the frequeneies
are ﬂmdf1, g—dfé for vertical and torsional modes respeetively,
and the times for oscillations to damp to half ampl1tude are

2 1og 2/Aq, 2 log 2/B. ThlS offers a convenlent metho& of
findlng the constants fq; fa, Aq, B for a test span. .

"3 3 Oscillations W1th Wind Loadingk but’ Wlthout Torsional
Motion .

In this case equatlon (10) vanishes, and equation.'
(9) becomes '
N P O;g"T(
at2 8t "= |
3The cable will therefore execute 050111ations With frequency
hwdf1 if the damplng term is small, the stability of the oscilla-.
1 /8L ,

‘tion depending on A = Ag + ARG D ‘In‘the cage of thél._

D section with flat face normal. to the wind <§m-+ D) 1sﬁsma11;_
.end, within the accuracy of the present experlments,‘appears'tO-
‘be positive; Lanchester7 , in discussing the:"aerlal tourbillion"
:makes it clear that it was " Btable while at rest As the sectiod
is rotated or moved S0 that ‘the’ flat face is no “longer normal tof-
the wind the drag diminishes and gL remains nparly constant up to
. AO?P 50 that gg% + D} Decomes increasingly negative over this
‘range - It seems nlikely, however, that this factor is of great
=1m;portance in practical cases, in view of the marked 1nstabllity

1nﬁroduced by permlttlng ‘torsional movement.,
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3.4 Oscillations with Wind Toadirnig and with Vértical and
. Torsional Motion '

N

O thls case the equations 'of motiof aregfés (9),

N 2
(Cr) gt'l: +

ALY ST minat ing O ive ‘AdveEn

(11{

It

o
=+
e
Sl

3

!
&

) A3 =¢f 1B + fal
k] AN O BT} S T8 LIRS A

S ST RCRNRE SRS 5 B S S R CR & LTS I aM LIRSS N RN EEE S v S DN I £ S
o 7\‘4f 1_—‘;:(1:1'?. = i;ﬁ Y R LT R P S I E A I R S (12)

Ul Ui o0 yormads sl o gennd Daw mop o g Ao s e
The conditions for the Stability. oﬁ>thls motion Bre ) that ..
. 7\.1, 7\,2, ]\3, 7\-4 and. 7\,5 7;- 7\.17\,2?\»3 = 7\.,2‘=- 7\. 7&4,{3110\116. all be
pos'tlve,_ Generally hg, hg and ka need not be eon51dered

SN L et Ty 5

. SEQ%?at?}yi ?%_;f one of these vanlshes Rs 1s usually already
i_\rnegaygve, The vanlshlng of 14 indicates the onset of a divar—
ji génce, the negative aerodynamlc tor51ona1 stlffness becomes |
i greater numerlcally than the torsional stiffness of the cableo
In this case it becomés:hécessary to consider second order terms
Lt Foppediet - tHE "behdviour 6 the' cable:  "'The ‘vanishing of As
indicates a critical speed, at which ‘the ‘oséillatiohs have -

neutral stability; at this speed the frequency of oscillations
.1 3 _
18 ox | Av
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" =:A35<f2= I, 3:—) K AQBKf*' e 'I—E%%’)B ’-T;.J”V:am gg gi} N
" A[.quh B(fq waa + 112 gg’D + vi‘gm gl‘i 21; in S -i'l;gi“” B2>}

the stiffness terms, and we can write

vo = [afer s e v Aoy 1o o
\ I, da VIgm 3a da

) e 1 aM aL }E | - .
VIam 305 Dot Pk ( : )

5 The aerodynamlcvforcesware~stable when %% > O and
ag < 0: but for any non-circular sectlon there must be a range
of" angle of attack in which one or both of these ‘térms' is
unsta‘ble9 50 that any section will have a tendency to gallop if

placed at a suitable angleito the{w1nd L e PR

ThlS ana1y31s gives no direct 1nd10at10n of the mode
in which dangerous galloplng will begln0 There is evidence from
fdynamlc tests 1n the wind tunnel and from fleld reports on gallop-==

into a dlfferent mode which may not be unstableof Results from

SiJ ol

":‘best spans should be useful in solving this prob;emo

L Gt s R

: Thehapplication of. the: theory. to -a, numper .of practlcal
 cases is. dlscussed below., o o
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-using D sectlon fairings.,on, 336, uOO AGCSR te&t spans.
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APPLICATION O THEORY

Test Span w1th D Fem:i,r»%m5 '.. !  7 o  .Lw;J_JJL, e et
1t T PRSI T

The Hydro-Electric. Power ‘Commission of Ontario is S
'The" cala"
culations outlzned are based .on figures supplied by themg'”“'““'
although it -has been necesgary to-make some assumptlons in e
estlmatlng the meehanlcal properties of the span,- The ‘torsion-
al characterlstlcs schogen are those..given By the: Hydro for the
cable alone, ythe moment of cinertiaveingicaledlatéd on' the'
assumpt1on that thehcable is homcgeneou59 .and .the hysteresis
loss

I ‘ I -‘:"'E-"_:'A"

”been takeh at the more optlmlstle figure of 4 per.centr
per cyclé;_ The vertieal stlffness was calculated on the assump=-
tion that the 1ength“pf cable behaved as .a taut wire9 having the:
mass and'ten51on of fhe‘test span, but vzbratlng simply with- <
ends flxed ' '

= ‘ DR ,-] ,

L'The figures dbtained are glven\;n Table. T, G Vs

TABLE I
PROPERTIES OF HYPOTHETICAL' TEST SPAN

336,400 ACSR cabie,' 550 ft. span, m = O. L6453 1o, /ft - 0,02 slug/f‘t.
291 %:107%. 1b, ft?/ft. = 9, 03 % 10~ 6__ slug £t2 /7t

g . Ten31on 209941b° s .. 700018, TSR

| ey 3,28 | 11,39

? W : PRIl AR S TS st RUN

L IEg 266" TN et o

| pea L 1R G 0107 04140 S

The aerodynamic derivatives.of the D segtion ‘teésted in:

the wind tunnel (Model 8) are shown_ln Figure 13, It is assumed

tha%‘%£ %ﬁ and ) vary as Vﬁ‘“ Ag the, angle of attack is changed.

from O degrees to 180 degreés ths derlvatives %%@ and. . %ﬂ'become-,

mikss ,
stable apd unstableLat Antervals, while <3E:+? | is unstable o

(negatlve) only over a short range between O degrees and 4O degrees,
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The stebility limits of the span gre: shown -in ' S
Figure 14, The damping is sufflciently small for equatlon(1u)
to be used throughout Except for a short interval (a = 90° to
120°)Lwhere aa is- negative: dnd ggipositive ‘the-vertiecal damplng
As is.unimportent, This is.true only beeause (fi & fa) is "
negative; with (fi-= £2) >-0; 68 in the dynsmi¢ tests diécussed
belcwg_the t0P51ona1 damping would: have ‘no effect over -most” Qf
the incidence range: -Over the:range 50! degireds to 120" deébeésg'
Sor is positive:andra-divergence appesrs, “but génerally at R

higher speed than:the critical: speed glven“by Ny =047

Croie

[ I\ T

" The'effdet of - changing “the’ tor51onal dampiﬁg 1ndepen~¢
dently 'of the ‘othér: parametersgland of reduclng the ten31on frcm
700011, -0 2000 -1H. whieh’ produces changes 1n most of the paraq
meters, Is shown in Table II Tfor the test span thh D section
fairing at o 0";'i T WiT e sééh that changesllnfthe mechanim
cal constants’ gve 1ikeTy to have relatively small effects on the

eritical speeds,

ar et TABLE. TE O e W LI

R IO O A Iy o {
Tension . B " o ey ~-f§f}f”i ﬂCri%ié%I”Spééd“
o . R res B R
7000 1D, 0,140 11.39 ' 466 4.2 £t. /sec,
7000 1b, 0,280, 11.39  L66 . 20 ..rt. /see.
2000 1b, 05107 3,28 266 10,8 'ft, /see,
hq?:;Dynamichests-on-D“Séstion"ﬁ'Lﬁ;w ﬁimfitﬁ“ﬁ*ﬂ G

The ‘modél used ‘to measure the forces on.the Dﬂi b
(Mo, 8) was mounted ‘{n."the w1nd tunnel in sucp a way that it
3ETTORE f Pl

could oscillate veptically and in torsion under,xhe snrlng 1oads
and damping: due tOfits supports° T WBS'found initlally Yhat

P R “ FEET N
- - .- P R e AP IENA RN S I IR AL
R Y Rt I R L TP o T\ SIS S [RBEREE 0N BT WA
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if two modes were possible the model would etart smalloscilla-
tions in one mede9 and. then the energy. would be fed into the
eeeond higher frequeney9 mode whieh wae dempedﬂ the movement

was t efefore reetrieted to a elngle modeo The Wlnd epeed at

whie% galloplng etarted Wae then meaeuped fOP varioue etiff-rﬁ
NeSEes,. and eompared w1th that pvedleted by the theerys as‘l
ehown in_Teble IIIO= At the 10wer epeede egreement was geed

too 1ow, 1t eeeme 11kely that thie wee eeused by the 1nerease

1n damping caueed by the pull due to drag foreee on the reetrain=

ing 11&680 T S S SN EUNOY SRR o [ W P Y ‘ S
With some improvement in the method of suppert, the
model was tested over a range of angles from O degrees:to.

180 degreeeu, Tpe dbeerved gelloplng epeed,e9 together w;th the
theoretical erltieal epeeds and divergenee epeeds9 are shown .
in Figure 15q Agreement 1n the range. 0° < o< hO°_1e good in
o1 the‘elope of the 11ft eurve changes too
rapidly for accurate eetimation from the measurements taken9 and
thls, together with the difficulty oﬁ gettlng precise readlnge
of the true mean angle of attack of an escillating model9 may be
reeponelble for the lack of agreement ehowno, No galloping wae

t

cbserved nﬁthe range 50° g @ < 8Q,9 the oneet of the divergenee

being avefaed by the model twieting to another angle of‘attaek

In all cases where galloplng took place, the actual
,rotat;on of the model was small ;end mlght not have been noticed
by casual, dbeervationo, )

R PRRS - I T I, .
I L A S S [ SR I DA S SRS B MRS Tl 1 T S S T BN T

:Y“I i {';r?"'l LIRS RN ?:5 T AR S |f“* TABLE III . 0 ' ¢ b ; '( P | [ECARER
FREL OSCILLATIONS‘OF Aﬂe'emcmxom'(a =0° ) e
..jwr‘ K f1 . : . i ﬁﬁ N Atg ] 1 , : .. L B N Ig‘ -lCalco o Obsc . , s
1383 T b S IR
96,5 b1 0,256 0.ou8" 2k s
?2 o 1 ‘Ll'1 O 256 O 2-“.8 56 5 wf . L!‘2 RSS! SE v
103 83 0,267 . 00175 17.5 16
76.3 58 0,183 0,131 18,5 o1
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o Approxzmate llft and pitehing moment curves of a o
flat plate are sketched in Fig&ﬁe ﬂ6 It wiil be seen that’
if the flat plate is nearly papallel to the w1nd streéﬁwgﬂ e
is positiveg aﬂd at a suitable bpeed ﬁhe seetion w111 become'“’
unsteble as R4 becomes negatlveu Thls is the case eon31dered

by Ruedyz)' HOWeverp as Den Hartog points ou‘tm)9 as the '

'angle of attack is increaaed Qg’becomes nagatlve but at. about

5el 5aq,
50 degrees to uO ﬁegPEES'%%'also becomes negatlve9 and the_="'

‘strip will have an instability similar to that of & D sectionn

Wlth flat face approx1mately normael to the wind,

LR RN

“From the tests’ that havg been madegfiﬁtappeabs’ﬁhéf“

the W1nd forces measured on statlonary models can be sed to
caleulste the atablllty of Sl oscillataons of ide~laden -

{fconductors normal to a’ sbeady Wind;h Although Phe measurements
baken are not’ wholly sufficlent to gz%e an aecufate valne of

the derlvatives at a1l angles of attack@ they undoﬁbtedly give

'a satisfactory idea of th@ 90531ble Peglons of 1nstabllity and’

the magnltude of the forces to be expected The analySLS des—

' cribed can be used to estimate the stability cf a conductor

v1brating in any mode9 although for s;mpllclty only the first
has- been.con51dered R L St :

If the hypcthetical test span considered 1s a reasonn
able approximation to a true span in that the topsichal fres- =
quency is higher than the flexural, improvements in galloping
behaviour are most. 1ikelj o be, obiained by contrelling the
torsional motiono It this could be prevented altogether- it
seenms eertain thaﬁ a 1arge nunber of cases of gaTlopzng would
be avolded Increa51ng the damping in torsion W111 cause- some
iﬁrse seems to be the

1mprovement but the most profltablei;u
increa31ng of the tor51ona1 frequency, or at 1east increasmng
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the numerical difference between the two stiffnesses (£¢ - f£2).
If stiff ties between phases at points along the span similar
~.to those suggested by Mr. Henry 1) are pracgticsble they would
seem to offer a solution.

L This eaue considers only the one ease of an ice-
‘loaded conduetor in a steady normal wind, An cbligue wind or
one parallel to the span may have_51m11ar or greater tendency
to cause galloping, but even in these cases it is thought that
 ffreedom in torsion, even 1f the tOPSlOHal motion is small, may
”be of 1m.portance9 and. thlsg together with the serodynamic

"end effects" on models of finite length, should be watehed
carefully in making tests, | =
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