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1 Introduction

Aeolian vibration is a low amplitude (conductor meter) high frequency (5 to 150
Hz) phenomenon. Aeolian vibration is one of the tmimsportant problems in
transmission lines because it represents the majge of fatigue failure of conductor
strands or of items associated with the suppo#, asd protection of the conductor.
In this phenomenon, conductor strand fatigue fagusccur at the suspension clamps
or at the clamps of the other devices installethenconductor such as spacers, spacer
dampers, dampers and other devices.
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Fig 2.1 typical broken strand due to aeolian vibragfter removal of suspension clamp.

Forces induced by vortex shedding are the caugbi®ftype of vibration (Blevins-
1990, Buckner 1968, Claren et al 1969 & 1974).

The response of the conductor to vortex sheddingagion is strongly non linear in
terms of the vibration amplitude. This non-lineaii related to both the conductor
parameters and the characteristics of the wind ibigwacross the conductor.

In this phenomenon, maximum vibration amplitudes lba, at maximum, about one
conductor diameter (peak-to-peak) where they carsecdatigue of the conductor
strands due to bending. The problem may be defagdontrolling the conductor
vibration amplitude in order to maintain the stresthe conductor strands below the
fatigue endurance limit. Adequate control can bleiea®d if the correct amount of
damping is present in the system and if necessadyjtional damping can be
introduced in the form of damping devices suchasfkrs and spacer-dampers.

The complex phenomenon of vortex shedding (fig),ZrBm an engineering point of
view is simplified through an approach known asekyy Balance Principle’ (EBP):
this approach does not reproduce all the phenoméatares but allows for the
definition of the maximum vibration amplitudes urgiene by the conductor due to
aeolian vibrations: the steady state amplitudeilmfation of the conductor or bundle
due to aeolian vibration is that for which the gyedissipated by the conductor and
other devices used for its support and protectemuals the energy input from the
wind.



The energy introduced by the wind to single anddbeinconductors has been
determined through wind tunnel measurements. Vodeedding excitation on a
vibrating cylinder, as already said, is quite a pboated phenomenon, which will

cover aspects as vortex shedding frequency, lockyimchronization range, modes of
vortex shedding, variables controlling the phenoomeand energy input for both

single and bundle conductors. The energy dissipayethe conductor and damping
devices can be determined through laboratory measants

From the comparison between introduced and dissipahergies, the steady state
amplitude of vibration (fig 2.3 and 2.4) of the doictor can be evaluated together
with strains and stresses in its most significaatisns.

Fig 2.2 Flow visualization; identification accordito (row, column): (1,1R=1.1 (Taneda) ,
(1,2)R=9.6 (Taneda), (2,13=26 (Taneda), (2,28=140 (Taneda), (3,13=2000 (Werlé &
Gallon), (3,2)R=10000 (Corke & Nagib)

Displacement |

.

Fig 2.3 Transient response measured at the antiofoale aero elastic model of a conductor
after Brika & Laneville (1993)




Fig 2.4 record of natural Aeoclian vibrations (EPIRI79). Amplitude vs time.

2 General Approach

Under moderate wind speed (generally lower than /%) ifon Karman vortex
shedding will induce vertical vibrations at freques depending on the Strouhal
relationship (the Strouhal number is about 0.18%fiotypical power lines cables) :

f= 0.185% (eq 3.1)

Where V is the wind speed (m/s), D the conductamditer (m) and f the vibration
frequency (Hz).

Thus a given diameter and a given wind speed atiegia frequency of vibration.
That frequency is always close to an eigenfrequeridjpe span concerned as these
frequencies are very close to each other, sepabgtéte basic frequency, close to 0.1
to 0.5 Hz. It is generally a very high mode num2® to 80 f.e.) which means
numerous loops in one span (fig 3.1). The loop tleng simply given by the ratio
between the the wave propagation speed (= squatefthe ratio tension/mass) and
the frequency of vibration, generally the wave kang about some meters.
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fig 3.1 typical wave shape during Aeolian vibration

Example : twin 2x620 mm2 AMS tensioned at 350000Ndctor on a span length of
350m. The subconductor of 620 mm2 has 32.4 exteliaateter and a mass of 1.7
kg/m. Sag can be estimated at 7.3 m (ratio sag/s2ah%)

Wave propagation speed : sgrt (35000/1.7) = 143 m/

Basic swing frequency : (0.56/sqrt(sag))= 0.21 Hz

The aeolian vibration frequencies are (range wpekd 0.5 to 7 m/s) : 3 Hz to 40 Hz
Wave length of these frequencies : 48 m (3 Hz3.6om (40 Hz).



The Energy Balance Principle (EBP) (wind power irself dissipation + damper out)
is used for analysis of the system, it helps tongedmplitudes of vibrations at each
frequencies.

Next steps are evaluating maximum bending strainthé conductor to evaluate its
protection against Aeolian vibration and to hightigif any, dangerous frequency
ranges. Dangerous range are linked to fatigue liwit the corresponding

cable+fixation system.

One hour vibrations at 20 Hz every day would me&hdlegacycles per year.

To apply EBP numerous investigations have been dormketermine basic inputs to
be used.

2.1 Conductor self damping

A stranded conductor will consume energy when ligaded, mainly due to friction
between the strands as they moved relatively th eficer. The dissipation energy
increases with increasing frequency, amplitude@rmtiuctor diameter. (Electra-1979)
Conductor self-dissipation, it is a function oftgtaensile stress in the Aluminium
layers. The higher the tensile stress, the tigitedayers will lock, and the less inter-
strand friction, which is the main source of s#Hsipation, will take place when the
conductor is curved during vibration.

Conductor self dissipation may be calculated byetingirical rules Electra 1988):

I gm
po=kAt [W/m] €q3.2)
where:
Pc = power per unit length dissipated in the conduct [W/m]
k = factor of proportionality [see below for tjni
A = Maximum Amplitude (pk-pk) [m]
f = frequency [Hz]
T = Conductor tension [kN]

The conductor “k” factor is a special function itwiag the diameter, rated strength,
and mass per unit length of a conductPRI 1979].

k = S (eq 3.3)

JRSxm

Where d is a conductor diameter [mm], RS is rateghgth [kN], m is mass per unit
length [kg/m].



Quantities|, m and n are amplitude exponent, frequency exponent andiden
exponent respectively. These exponents are inastdoy many investigators varies
a quite a bit (see table 3.1, Electra 1988).

It is to be noted that moderate differences in ¢éxponent values lead to huge
differences in the self-damping values.

Table 3.1: Exponent values for self-dissipation

Investigators | m n MethodSpan Length, m

Tompking 25-25 s50-60 1.8 [SWR 36

Claren & Dianal| 2 4 2.5; 3.0 1.5 P.T 46

Seppa 2050 50-60 2050 |SWR 36

Fawling 22 54 ISR 36

Lab A 2 4 P.T 45

Lab B 22 52 PT 30

Lab.C 2.44 55 [SWE 36

kraus & Hagedorn 247 53 2.8 PT 30

Noiseux 2.4 5.63 2.76 ISWR 63

Tavano 1823 35-42 P 92

Wocks & Schrnidt 245 5% 2.4 P.T 30
[SWH [nverse Standing Wave Ratio Method

FT: Power Method

For example, Noiseux’ s exponents may be used l&svio to calculate the self-

dissipation power (Pc) of conductor :

A2.44f 563
For reduced self-dissipation the formula shall be;
P 1 AT
f 3((;4 = d 56T 276 f 2'63[5} [W. sm?] (eq 3.5)

There exist IEEE recommendations to perform appeitgtestsing to evaluate Pc
with a good level of precision on a test bench EEE993 and Electra-1979).

Visualisation of reduced self dissipation is shawrfig 3.2 and 3.3 with different

scaling.
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Figure 3.3 Results of Power dissipation (Bear cotat at 20% UTS) (linear scales). The two
extra curves are the wind power input (see later).

It must be noted that there are big discrepan@ésden actual value and formula as
detailed in (Electra — 1988) and shown on fig 3.4.
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Figure 3.4 : Data scattering of Conductor selfigesson. Dots are covering all ranges of
frequencies and amplitudes.



More recently, a better model has been developed based on a needed test lab on a
conductor sample. That test is purely a static test and is evaluating a hysteresis
curve representative of the inter-strand friction. More is detailed in the exercise
proposed to the student.

2.2 Wind power input

The mechanical power transferred from the wind taelbmating conductor may be
expressed in the general form:

R, = Lf°D’F (Sj (€q 3.6)
Where R = mechanical power imparted by the wind to thlaole
span of a conductor (W)

A = vibration amplitude (m)

L = span length (m)

f = frequency of vibration in (Hz)

D = diameter of conductor in (m)

F (Sj = a function of the vibration amplitude

F(Sj is a nonlinear function of the dimensionless wibra amplitude. Several

laboratories have tried to express m%) Their results however differ a lot even

shown in logarithmic scale. This is because thesmeaents of these small energy
levels (fractions of a watt per meter of conductmg very sensitive to disturbances.

F(Sj is given in [Rawlins- 1998] for different turbules levels (1, 5, 10, 15, 20%)

An example of wind power curves for different tukdnce levels is given in fig. 3.5.

Alcoa Laboratories has made a study in terms ddrpater, related to a wind power
input, which is a function of reduced velocity \imensionless amplitude [Y/d], and
reduced decremerd, .The reduced decrement can be converted in redwoed

power, P%3d4 , through this relationship.

P ﬂ-z Ymax ’
f 3"(; - = P9, T[T} [W.s¥m?] (eq 3.7)

Where p =mass density of the fluid medium; 1.2 kg/m3
o, = reduced decrement

The value of reduced decremat, for different amplitude and for different level o
turbulence studied by Alcoa Laboratories are giadate 3.2 belowRawlins- 1998)



The reduced wind power,le,
fd*

which is a function of relative amplitude, hasibe

drawn for different level of turbulence, skgure 3.5. Increasing the turbulence level
decreases the wind power input.

Turbu]ei 19% | S% | 10% l 15% | 20% Turk 19 i 5%i 10% | 1 5%] 20%
Y rmawdD) I 5,1- Tt FPoe f FS dd
0.05 5 & CX] 7.08 AL 0.05 0.45] 0.09] 007 005 004
0,10 03] 36| &3 531 .22 (0,10 0.35] 028 021 048] o012
1045 10,6 2.6 E2 466 6 015 [ 057 041 0,21 0,24
020 3.3 2.1 53 445 345 020 Lie 0,36 0,70 053 041
0,25 3,0 7.5 56 423 .26 0,25 1LEE 138 104 0.78 R |
030 g2 7.0 5.4 410 3,15 0,30 FRE] LET 144 103 [ |
0,25 T4 .4 5.0 277 8T 0,25 2E7 2,20 121 127 1.04]
0,40 6.8 5.0 4.5 2,65 2,78 0.40 5.2% 2,56 2,23 173 i3
0.45 E5 5.7 16 353 265 0,45 323 3,39 2.7F 212 161
0.5 gD 5.2 4.4 3.28 5T o.50 447 =32 225 250 1.30]
0.55 58 5.0 4.1 EXT) Z.41 0,55 5.20 +.44 3.71 284 R |
0E0 53 4.6 33 2,30 215 0,60 563 4,865 4,05 .00 ] |
065 4.2 4.2 36 272 133 0ES .03 5.40 4,50 240 z.43)
0,70 4.4 3,3 3,3 2,50 1,53 0,70 6,34 5,653 4,75 E53 Z.EGI
o.7s 23 & 2.1 z.a2 167 075 548 03 5.13 Z86 z.7s]
0,30 3.6 3.2 28 2,13 153 0,50 6,77 &, 14 5,31 404 T |
025 33 2.0 2E 2.0 144 085 T0E 4% 5.EG 4,30 L |
0,30 30 2.8 2.4 154 131 030 10 BET 520 441 ERE] |
0,35 2.6 2.3 2.1 1,56 105 0,59% 7.00 B.15 5,43 4,17 E.S1I
100 2.4 2.1 13 140 0,35 1.00 713 B3 5.51 4,15 2,51
LOG 2.2 12 1LE 1.21 i, 81 106 F05 521 528 285 z.E4]
110 1.3 16 14 101 0,63 110 5,81 5.62 5,02 352 z.26]
115 L2 1.3 1.2 0,54 0,52 115 TAT 4,93 4,50 3,293 .04
120 2.1 1.0 Lo Q.74 047 1,20 287 4,23 4,14 XL ) |
Table 3.2: Reduced decrement and reduced wind power
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3 Energy Balance Principle

In a wind, with a defined turbulence (1% to 20%g vibration level can be estimated
by using the Energy Balance Principle (EBP). Thibased on presumed knowledge
of (Hagedorn 1982 , Electra-1988, Verma 2003, Ede2005 b):

. Energy imparted to the conductor by the wind &i§ and table 3.2)
. Energy dissipated by the transmission line cotatuéormula 3.2 and table 3.1)
. Energy dissipated by the dampers. (see later)

As a vibrating conductor with fittings receiveseegy from the wind, its amplitude
will obviously rise to a point at which its intetndissipation balances the energy
input from the wind. This is expressed in the falilog equation of the EBP:

Rv =R +H. (eq4.1)

Here, R, is the power imparted by the win&, the power dissipated by the self-
damping of the conductor, arfe] the power dissipated by the damper. Each of these

terms is a function of the frequency and amplitafithe conductor oscillations. For a
given wind speed, or frequency, the equation (&)ig.a nonlinear algebraic equation
in the amplitude of conductor oscillations only.

Power Balanceat 10 Hz
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Figure 4.1 Power balance. The vibration amplitisdebtained at the crossing of the self dissipatiorve
with the wind power input curve. The arrow is giyithe “balanced” amplitude for 5% turbulence wind
input and self dissipation curve as given (for indel frequency).
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4 Endurance limit

The endurance limit of power lines conductors latesl to broken strands. The next

table is reproducing observed broken strands owmlwdaors, including not only the

outside layer but also inner layers.

Broken Inner-Layer Strands

0 1 2 3 4
0 117
1 55 1 1
2 66 4
3 53 19 3
m 4 16 21 13 3
° 5 14 8 14 6 2
@ 6 10 8 17 12 3
n 7 7 6 15 14 3
ko 8 7 5 6 7 7
3 9 4 1 4 8 5
c 10 1 4 1
% 11 3 1 1
s 12 2 1 1
13 2
14 1 1 1
15 1 1

*All strand breaks were found at support clamps after line had been in service for approximately 25 years.

Table 5.1 Relative occurence of broken strandeneii and outer layers of ACSR cabel
conductor 397.5 kcmil (30/7) (EPRI-1979)

5

PRPP®

6

10

11

12

Once the balanced amplitude is known at differegjdencies, these data have to be
analysed in terms of endurance limit. In fact thas®litudes are inducing alternate
bending stress in conductors in each wave (thegémostress at the larger radius of
curvature) but of course any fixed point (like sersgion clamps) will generate larger

bending stress. Alternate bending stress will iedfatigue and are at the origin of
many conductor problems in the field. (Electra-1985

The endurance limit of conductors have been stuliechany years and still subject

of numerous investigations. Over 100 millions otleg have to be tested which is

time consuming and need appropriate test bench. f€seé has to reproduce
appropriate actual conductor vibrations in its atfiitings and conditions (deflexion
angle, presence of armor rods, flexibility of susgpen clamp, ..) which is extremely

difficult to manage (Electra- 1985 b)

Actual situation mix vibrations amplitudes of diéat frequencies, so that a method

has to be found to combine these amplitudes/frefjesninto one evaluation

(“Miner”’s rules are geerally used but the approahtill controversial) (an example
is treated in (Kiessling et al -2003, p 340)

During the fatigue test, conductor strands breakgehto be detected (which is not

easy as they could occur in inner layers-genetakly second one) and up to three

strands break may be accepted.

12



The fatigue mechanism

The fatigue in power line conductors are causedrdtying between different layers
of strands at their contact area (fig 5.1). Somerks appear and propagate. The
stick/slip elliptical contact area is dependingtba radius of curvature taken by the
conductor. During alternating bending stress (doieoscillations) that radius of
curvature is changing continuously. It is particlyjamportant near clamp ends at the
last point of contact.

LY
-

REGIOM OF HIGH
SHEAR DEFIRMATION

Fig 5.1 : the inter-strand contact area where Giratk may appear (Epri-1979)

The amplitude of change of the radius of curvatisreelated to conductor data,
particularly its bending stiffness and of coursedépending on vibration amplitude
and frequency (this last influencing the wave léngitus the slope near the clamp).

As mathematical modelling of a conductor is extrigmaifficult due to strands
interactions, as bending stresses in the stramddifficult to measure, particularly in
inner layers, these fatigue tests are done by miegswo quantities :
» either the bending amplitude,Y, which is the amplitude of vibration
measured at 89 mm from the last point of contat thie clamp (fig 5.2).

Bending amplitude Y}

Fig 5.2 definition of bending amplitude.

» either (or simultaneously with the former one) #@m@plitude of vibration
(more exactly the product fmy where f is the frequency of the vibration)

Difficulties are linked to :

» the ymaxis difficult to measure in lab as it needs longrspest (a minimum of
several waves are needed)aymay be strongly influenced in first waves by
armor rod for ex.

* Yy is difficult to be defined in some configuratiof®&GS, helical fixation, etc)

13



Endurance limit are defined in the litterature lbyemst one of these two basic data
(Ypor f.ymay). Sometimes but not always, lab tests have meddunth these values
during the same test which is very helpful.

The litterature tranfer these two data measurethgdiatigue test or measure in actual
situation, into bending strain (which may easilydmnverted into microstrain) by a
mathematical model. The PS (Poffemberger-Swart65)18rmula is then used but
many discussion exist about that.

Y,d

zjz(e"*” —1+'J_A‘)

E=

(eq5.1)

where

& = microstrain (microinches/inch or microcm/cm)

Y, = bending amplitude

d = diameter of outside lagrand

A = length of measuring arm (3.5 inches or 89 mm)

] =+/El;,/H

H= conductor tension

| +» = Minimum moment of inertia of cross-sectiortatal conductor

E = Young’s modulus for thstal conductor

Strain, being a dimensionless unit, is the samedign English or S.I. units. The term
Aj is also dimensionless. Since the tabulated valtiEyn are given in 1bfin? and
Nm’it is convenient in solving the problems in S.litaro express lengths in meters
and force in Newtons. Solving for Drake conducto?@% Rated Strength and 10
mils (=0.254mm) bending amplitude:

English Sl
El= 154691bid  44.39 Nm2
= 6,3001b 28,024 N
.= 0.01in 2.54 x 10°m
= 0.1749 in 4.44 x 18m
= 3.5in 8.89 x 10’m
Aj= 2234 2.234
Solving Equation (eq 5.1) for the above
values:
£= 266 x 1¢° 266 x 10°

14



There is also another expression to convert vimaamplitude (0 to peak) into
bending strain :

/ m
o =mE_.|—
a a EI fymax

where g, is the stress in outer layer, d is diameter of oldger strand, f is the

frequency (Hz), yaxis the antinodal displacemeia(f of pk-pk amplitude), Eis the
modulus of elasticity of last layer material (geail, Aluminium (68950 Mpa)), m is
the conductor mass per unit length and El the (@hodnductor bending stiffness.

(eq 5.2)

Two extreme possibilities exist for the bendingffiséiss, Ehin & Elmax The
difference between these two extremes can be a$ msc70 times. The “Orange
Book” would indicate that for problems, which relab conductor strain in the outer
layer, a figure approaching &l would apply.

It needs the strands detail of conductor to cateulae value of Elin. This calculation
is explained in many places as (EPRI-1979 or mecently “Overhead power lines”
—2003)

Once the bending stress is known, it can be cosdemto strain by Hooke
relationship, generally the strain is expresseuitrostrain.

ENDURANCE LIMITS
FOR VARIOUS TYPES OF CONDUCTORS*

Sl Units
Endurance Limit
Conductor Type O, fYmax
a O-a fyrmx
All-Aluminum 0.172 MPa-sec/mm 22 MPa 128 mm/sex

All-5005 Alloy

0.172

22

128

All-Aldrey or 6201 0.172 15 87
ACSR (Except 71) 0.186 22 118
ACSR (7/1) 0.148 22 149
Copper (Cu) 0.409 35 86
Copperweld (Cw) 0.299 35 117
6 Cu/l Cw 0.377 35 93
2 Cu/1Cw 0.359 35 97
EHS Steel (Galv.) 0.499 192 385
(Aluminized) 0.497 135 272
Alumoweld 0.498 135 276

Table 5.2 : fatigue performance relative to bendingplitude (source EPRI-1979)

Maximum Safe Bending Amplitudes For ACSR
Tension in Percent of Rated Strength*

Conductor 15% 25% 35%
Name Size Stranding
(kcmils) Yo . Yo . Yo .
mm mils  mm mils mm mils
Turkey #6 6/1 0.97 38. 0.79 31. 0.69 27.
Swan 4 6/1 0.92 36. 0.76 30. 0.67 26.
Swanate 4 7/1 1.01 40. 0.84 33. 0.74 29.

15



Sparrow
Sparate
Robin
Raven
Quail
Pigeon
Penguin
Waxwing
Oowl
Partridge
Merlin
Linnet
Oriole
Chickadee
Brant
Ibis

Lark
Pelican
Flicker
Hawk
Hen
Osprey
Parakeet
Dove
Eagle
Peacock
Squab
Teal
Swift
Kingbird
Rook
Grosbeak
Egret
Flamingo
Gannet
Starling
Redwing
Coot
Tern
Cuckoo
Condor

*For other tensions, interpolate between values given.

Name

Drake
Mallard
Ruddy
Canary
Catbird
Rail
Cardinal
Ortolan
Curlew
Bluejay
Finch
Bunting

2
#2
#1

#1/0
2/0
3/0

#4/0

266.8

266.8

266.8

336.4

336.4

336.4

397.5

397.5

397.5

397.5

477.0

477.0

477.0

477.0

556.5

556.5

556.5

556.5

605.0

605.0

605.0

636.0

636.0

636.0

636.0

636 .0

653.9

666.6

666.6

715.5
715.5

795.0

795.0

795.0

795.0

Conductor

Size

(kcmils)

795.0
795.0
900.0
900.0
954.0
954.0
954.0
1033.5
1033.5
1113.0
1113.0
1192.0

6/1
711
6/1
6/1
6/1
6/1
6/1
18/1
6/7
2617
18/1
2617
30/7
18/1
2417
26 /7
30/7
18/1
2417
2617
30/7
18/1
2417
2617
30/7
2417
2617
30/19
36/1
18/1
2417
2617
30/ 19
18/3
2417
2617
2617
30/ 19
36/1
4517
2417
5417

Stranding

26 /7
30/19
451717
5417
36/1
45/ 7
5417
45/ 7
5417
45/ 7
54719
45/ 7

0.86
0.94
0.82
0.79
0.75
0.71
0.67
0.33
0.22
0.32
0.31
0.30
0.32
0.30
0.29
0.30
0.31
0.29
0.28
0.28
0.30
0.27
0.27
0.28
0.29
0.27
0.27
0.26
0.32
0.26
0.26
0.27
0.26
0.26
0.26
0.26
0.26
0.25
0.31
0.30
0.25
0.32

mm
0.25
0.25
0.30
0.31
0.29
0.29
0.30
0.29
0.30
0.28
0.28
0.28

15%

Yo

34.
37.
32.
31.
30.
28.

13.

12.
12.
12.
13.
12.
11.
12.
12.
11.
11.
11.
12.
11.
11.
11.
11.
10.
11.
10.
13.
10.
10.
11.
10.
10
10.
10.
10.
10.
12.
12.
10.
12.

mils
10.
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Grackle 1192.0 541719 0.27 11. 0.24 9. 0.21 8
Bittern 1272.0 4517 0.27 11. 0.24 9. 0.22 9
Pheasant 1272.0 54719 0.27 11. 0.24 9. 0.21 8
Dipper 1351.5 4517 0.27 11. 0.24 9. 0.22 9
Martin 1351.0 54719 0.27 11. 0.23 9. 0.21 8
Bobolink 1431.0 4517 0.26 10. 0.23 9. 0.21 8
Plover 1431.0 54719 0.26 10. 0.23 9. 0.21 8
Nuthatch 1510.5 4517 0.26 10. 0.23 9. 0.21 8
Parrot 1510.5 54719 0.26 10. 0.23 9. 0.21 8
Lapwing 1590.0 4517 0.26 10. 0.23 9. 0.21 8
Falcon 1590.0 54719 0.26 10. 0.23 9. 0.20 8
Chukar 1780.0 84/19 0.29 11. 0.25 10. 0.23 9
— 2034.0 7217 0.28 11. 0.25 10. 0.23 9
Bluebird 2156.0 84/19 0.28 11. 0.24 10. 0.22 9
Kiwi 2167.0 7217 0.27 11. 0.24 10. 0.22 9
Thrasher 2312.0 761/19 0.27 11. 0.24 9. 0.22 9
Joree 2515.0 76/19 0.26 10. 0.23 9. 0.21 8

*For other tensions, interpolate between values given.

Table 5.3 : fatigue performance relative to bendinmplitude (source EPRI-1979), for different
sagging conditions.

Estimated Bending Amplitude Endurance Limits For
Various Types Of Conductor

. Ybv Endurance Limit
Conductor Tension

mm mils
7 No. 8 Alumoweld 25% 0.96 38
7 No. 6Alumoweld 25% 0.96 38
123.3 kcmil 5005 (7 str) 25% 0.59 23
123.3 kcmil 6201 (7str) 25% 0.40 16
¥4" EHS Steel (7 str) 25% 1.96 77
%" EHS Steel (7 str) 25% 1.67 66

Table 5.4 : fatigue performance relative to begd@implitude (source EPRI-1979)

The endurance limit is generally considered wherimam three broken strands are
observed.
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Fig 5.3 typical fatigue diagram obtained on testdh (courtesy L. Cloutier, Sherbrooke). Essai sur
banc a bielle, pince rigide. OPGW 22.9 mm diamgfiker optic tube 6.5 mm, 8 alumoweld strands
layer followed by 14 aluminium-alloy strands (4nin), 20%RTS = 0.20 x 171 kN = 34.2 kN)
(frequencies between 38 and 44 Hz)

Numerous investigation of actual line vibrationsasigrement is detailed in the
litterature (Diana-1982, Hardy-1991, Electra-1995)

5 Earthwires and OPGW

Earthwire and OPGW have generally lower externahaiter compared to phase
conductor, this is inducing, due to Strouhal relaship (eq 3.1), at typical wind speed
for Von Karman vortex shedding, vibration frequescat higher level (up to 150 Hz
and even over have been observed) with amplitudgouB00 mils (=7,5 mm)
(Rawlins, 1986) at 16 inches (40,6 cm) ( from suppo

OPGW, due to their constitution, with less laydtsjs less contact zone between
strands have lower self damping and even it has besasured that there could be
very sensible decrease of self damping with ag@eftonductor (by a factor 8 in 20
years following Rawlins-1986).

Earthwire and OPGW due to their lower diameter abgence of current flow and
their top altitude position on tower may aggregatae ice/snow during such event.
In presence of ice/snow the apparent diameter beingh larger may generate
aeolian vibrations of higher amplitudes (maximumpéhtude is related to diameter
for fluid reasons) with larger damages.

5.1 OPGW clamping systems

OPGW end clamp are very different from phase cotwtucA recent enquiries
evaluated the proportion of use of each of thesmps (fig 6.1 to 6.5).
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Fig 6.1 So called “helical’ dead-end clamp (moratd0 % in CIGRE enquiry)

Aluminium covered stell (alumoweld) is used for thres of the preform, the
number and diameter of the wires are designed fxhamnical strength purposes and
for compatibility with the aluminium alloy and alwweld wires of the OPGW. The
vibration fatigue limit of the preform is not calated but preforms are tested on the
OPGW, typically 100 Mcycles at resonant frequen&mart-1999). Grade of
alumoweld (typical 10% nominal wire radius thickeess generally the same for
OPGW and the preform. The OPGW should exit theopneéd deadend in a smooth
arc with a radius greater than the minimum bendugadiven by the manufacturer of
the OPGW. This is function of the overall diameatéthe OPGW and is normally 20
times the diameter. The OPGW should not be “kinkeddeformed in this area.
Generally preformed deadend has a set of armow iredalled on the OPGW with
the preform over these armour rods. The armour eydb the preform should be
oppossite lay (RH onto LH) to cancel out the tamsio

CIGRE enquiry)

fig 6.3 so called “conical” dead-end clamp (morartii5% in CIGRE enquiry)

fig 6.4 so called “bolted” clamp (suspension) (mthv&n 15% in CIGRE enquiry)
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fig 6.5 so called “Armor Grip” suspension clamp gmohan 50% in CIGRE enquiry)

5.2 Test Procedures - Fittings for OPGW on overhead lines

Test Procedures - Fittings for
OPGW on overhead lines

TENSION FITTING SUSPENSION FITTING
+ Cyclic tensile load® Vertical load/turning angle®
+ Aeolian vibration Aeolian vibration fatigue®

fatigue” + Galloping fatigue*
+ Galloping fatigue” + Fault current
+ Fault current + Unbalanced load to IEC
61284

" Increase in optical attenuation when loaded upto
SMWT < 0.05 dB/km at 1550 nm

CIGRE Tutorial PB POWER

Test Procedures - Fittings for
OPGW on overhead lines

VIBRATION DAMPER ANTI-GALLOPING DEVICE
Application test” = Application test*

= Reference to IEC 61897 for = Required to limit galloping
Stockbridge dampers

. ﬂnti_-no de velo city < 500 AIRCRAFT WARNING DEVICE

mm/'s ec for Impact o
| = Application test*

damp ers
GROUND CONNECTORS DOWNLEAD CLAMP
= Application test® « Application test*

“Increase in optical attenuation when loaded upto SMWT
= 0.05 dB/km at 1550 nm

CIGRE Tutorial PB POWER
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There exist a large litterature on the subject,(E¢ectra-1994 & 1996 & 1998,
Smart-1999, IEEE-1994, Bellcore standard-1994).

Guide to Test Procedures of Fittings for OPGW & GR#as published in Electra No
188, February 2000

6 Analysis of Safe Design Tension

Guidance to the safe design tension with respe&etdian vibration has been worked
out by CIGRE (Electra- 1999) by the so-called ERXBg). The experienced showed
that the safe design tension in terms of percend&RIS (Rated Tensile Strength) is
insufficient to explain the fatigue damage. Therefit is now considered to use the
ratio H/W between the horizontal tensile load ahd tveight per unit length of
conductor rather than % of RTS. It mainly is thhé tuse of percentage of the
conductor breaking strength is misleading as thlgotor breaking strength has no
direct relation to its damping properties nor ®endurance capability. The catenary
parameter H/w is an image of mean conductor raafigsirvature, it mixes both stress
in the conductor (tension/cross section) and comgdwolumic mass.

The rating parameter, Ld/~/Hm, (where L is actual span length, d is conductor
diameter, H is horizontal tension in the conduetod m is mass of the conductor per
unit length) has been used in analysis of collectibfield experience data on fatigue
overhead conductors to rank spans according tditfieulty in damping them, based
on the line design variables, span length, condwi@ and tension.

The parameter is proportional to the damping edficy required to control vibration
amplitude to a given level. Since the CIGRE hadptehb the parameters H/W, to rate
the effect of tension on conductor self- dampingyas able to simplify the set of
rating parameter&d /~/Hm to Ld/m and H/W (Electra- 1999 & 2005 a). Fig sl
giving the CIGRE curve for terrain category 1 amgl 7.2 is showing about 20
existing cases with and without problems. The foeigian cases under investigation
have been inserted.

x Tesrain Category 1
i3 — SR S
| Special Applizzlion Zone
1% - )
14 B
g 2]
E 1 |sste Design
g T Zone
5 8 [Me Damping
] | Zale I'Il,:sign_
a Zong
s Span-Erd
[ Damping
o — — S
1] Lt FHLNY] 1800 2000 2500 000
Haw, ()

Figure 7.1 Recommended safe design tension fgtesaonductor lines. H: initial horizontal tensi@y); w:
conductor weight per unit length (N/m); D: conduad@ameter (m); m: conductor mass per unit length
(kg/m). Terrain no. 1: open, flat, no trees, notalxgion, with snow cover, or near/across largeiéoof
water; flat desert. Data on other terrains arelalhd in [Electra -1999 & 2005 a.
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Figure 7.2 : CIGRE Safe boundaries according tagrtte limit approach. Basic dots are coming from
known cases with/without problems. The four caddsetgian cases have been added.

Based on this diagram, it is apparent that the i@lgian cases would need dampers.

7 Stockbridge-type damper

The power dissipated by damper may be evaluatdmhsis of complex impedance
characteristic defined as follows.(Leblond-1999)

By supposing the velocity of the system varyinghaymonic law,

y(t) = Y, sinat (eq 7.1)
the corresponding force upon the damper reads

F(t)=Z,y,sin(at +a,,). (eq 7.2)

Here, the coefficientZ,,, a,, can be determined experimentally as functionaof
and possibly also of the velocity amplitugle. Complex impedance coefficient then

readsZ, = Z,,€ ™ or z, = R, +il ;; where
Ril = lecosall’l 11— Z 113im 1 (eq 7.3)

The plots of characteristic impedance curves fareasured damper is shown in the
figures below.
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Fig 8.1 Impedance curves of typical stockbridgestgpmper
(taken at the speed of 100 mm/s). Real and Inmh&g:0

The evaluation of how many dampers and where talirthem is basically evaluated
by energy balanced method using their energy resspganerally obtained on shaker

tests.

But the experience has pointed our these factg({al005 b) :

the behaviour of dampers is non linear , their sasp is depending on the
excitation. Generaly damper impedance is evalutiedlamp velocity speed

up to 100 mm/s

the damper is not reacting only on vertical, it medhat vibrations would

induce vertical force reaction at the damper lacatbut also a rocking

moment. Both influence the conductor shape neacldmap. So that damper-
conductor is a system which would have to be aedl\yal together. Actual

recommendation is to perform test on 60 m spantheimglab using conductor

+ damper system to evaluate efficiencies. Thisxiseeely costly and time

consuming but probably the best way to evaluatpety the interactions.

The location of damper is basically oriented onfte that a damper at anti-
node position would have the best efficiency (as d@mplitude will be the

largest, and so for the speed). But , as a rangeimd speed has to be
considered, a range of frequencies has to be loake®b that damper is never
located at its optimal position for one case.

Some of these aspects are discussed in recentsp@dectra- 2005 b). Procedure for
damper tests are explained in (IEEE-1993 and IE€9®)
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Fig 9.2 power dissipation (in Watts) obtained ytackbridge of 12.5 kg, as measured in our lab.
Horizontal dotted lines given for 1 and 3 Wattssifiation.

8 Conclusions

Aeolian vibration is an important sollicitation pbwer lines and earthwires. It may be
the cause of conductor alternate bending stress ali@ap ends which may suffer
millions of cycles per year. The endurance limitpoiwver lines cables, OPGW and
other cable have been tested in some lab.

The physics of fretting fatigue is extremely comxpénd the fatigue phenomenon is
influenced by the clamping system.

OPGW - earthwires.

The major concern is for th@ePGW and earthwires that are the cause of numerous
aeolian vibrations as their position on the towed their diameter (lower than phase
conductor) are generating more opportunities of enaums vibration cycles.

OPGW are even worst as they have limited layersis, thus limiting self damping.
Thus OPGW may suffer large amplitude vibrationsetdtively high frequencies.

But material of earthwires and OPGW are generalgdenof alumoweld, having
much higher endurance limit compared to AAAC.

Clamping system is a key point. A case by caseyaisahas to be perfomed but
generally span length larger than 100 m in enviremtiriavouring aeolian vibrations
(limited turbulence) have to be protected if thestenary parameter is larger than
1000 meters (open, flat, no trees, no obstructiopsjo 1425 meters (built-up with
some trees and buildings, small towns,..).

Phase wires

Phase wires may also suffer major trouble and thwterial of the outside layer
(aluminium) has a very limited endurance limit. €a flat terrain need appropriate
protection.
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