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ABSTRACT

The paper studies galloping of three-phuse
conducior spans on o iransmission line. The
spans most likely to gallop. the causes, fleld
data, and antigollop device technologies are
considered. The various remedies are ranked
aecording to installation cost, perfermance, and
ather [uctors.

INTRODUGTION

A transmission line in the state of Indiana
tripped, due to galloping of its three-phase
conductor spans. 1t was locked out to pravent
any further flashover and subsequent circuit
breaker operation. The galloping occurred on
February 14, 1990. A brief description of the
line is given in Table 1. The problem of gallop-
ing transmission lines in the United States
dates back over many decades, and this inci-
dent in Indiana is typical. Freezing rain and
drizzle accompanied by little wind caused an
ice crescent to form along the conductor span
during the night. In the morning, a solid hard
glure surface had formed on the windward

(west) side of the cable. The thickness of the

ice was estimated at 1/8 - 1/4 in. (3 - 6 mm). The
temperature was just below freezing. A few
hours after sunrise the wind increased to 18-
27 miles/h (8-12m/s). The gallop was con-
firmed by field observation. It was reported as
involving the entire line section south of
Kokomo, more than 200 spans altogether.
This study was commissioned to analyze
the transmission line, span by span. to iden-
{ify those spans most likely to gallop again,
and to study various remedies that are avail-
able to cure the problem. The scope of the
study includes the theoretical basis for gallop-
ing caused by a light ice crescent, the break-
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down of the likelihood of gallop, span by span,
the theoretical basis for several kinds of anii-
gallop device technologies, experimental field
observation data, and a ranking of various
remedjes according to installation cost., per-
formance, and other factors.

AERODYNAMICS OF THE ICE SHAPRE

The question of ice shape has been studied
for mare than 45 years. A serics of plausible
shapes was studied at the National Research
Councit of Canada [1]. A decade later, another
series of shapes was studied at MIT under
contract with Edison Electrical Institute and
other sponsors [2]. Still other shapes werc
studied at the Ontario Hydro Research Thivi-
sion Laboratory [3]. The mast recent study of
ice shapes was made in Eugland at the Cen-
tral Klectricity Research Laboratory 14].
These studies used wind tunnel models, and
measured the acrodynamic lift, drag, and
pitching moment of coeflicients as a function
of the angle of attack. The Reynolds numbers
for the tests have covered a wide range, from
about 15 000 to 100 000. For the Hght ice (eros-
cent) shape, a series of tests by Richardson
and Koutselos is compared in Fig. 1. The high
Reynolds number of Richardson (Be = 100 000}
yiclds higher lifc than the lower Reynolds
aumber of Koutselos (Re = 33 000). This is in
accord with previous investigations. The
{hickness of the crescent is not more than
10% of the basic cable diameter. By far, the
thin ice shape accounts for most of the gallop-
ing conductors in the United States and in the
Ontario province of Canada 15].

For the purpose of analysis, the thin ice
crescent is mathematically modelled as follows:

= —0.5 sin(2m) ()
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TABLE 1

Transmission line characteristics

Structurc properties: steel pole structures with 10 £t (3 m)
davit arms, two on one side, one on the opposite side.
Direct cmbedment in soil. Single shield wire on top of
pole, spaced at a minimum of 196t (3.9 m) abave top
phase conductor. Electrical clearance 14 £ (4.2 m} phase
to phase,

Ttem American units 8 units
Conductor name Canary Canary
Stranding (ACSR) 547 haf7
Diameter 1,162 in, 28,5 mm
Weight per unit length 1,159 Lhjft 1.738 kg/m
Relative denstty 3240 3240
Breakinp strength 31900 1b 142 kN
Conductor tension 64580 b 28.7 kN
Torsion stillness 907 Ib ft?/rad 370 N m?/rad
Midspan stiffness® 5.2 Ib ft/rad 7 N m/rad
First-mode frequency® 0.3 Hz 0.3 Hz
Second-mode frequency® 0.6 Hz (.6 Hz

“These are for a 700 ft (212 m) span.
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Fig. 1. Comparison of lift coefficients versus angle of
attack.

The maximum lift coeflicient €, is + 0.5, and
the zero lift reversal angle, where the lift goes
from negative to positive, is at an angle of
attack equal to 1/2 rad, or 28.6°. This agrees
closely with the experimental data of Fig. 1.
There is no perceptible aerodynamic pitch-
ing moment for the light ice shape, and the
drag coefficient is a constant (O, =1.0).

Throughout the study, no other ice shape is
considered.

The light ice crescent is subject to Den
Hartog gallop instability, according to
Richardson [6, 7l. The onset of gallop is called
the critical wind speed because there is no
gallop below this speed; gallop builds up in
proportion to the wind speed when the critical
wind speed is exceeded. The value of the wind
speed at this boundary is given by

Uc = —(Ud.[igf’(CLa + CD) (2)

where (|, + Cp <18 the Den Hartog number.

In the case of the light ice shape, the Den
Hartog number iz ~2.14.* The mechanical
damping constant depends upon internal fric-
tion, joint friction, conductor tension, and
temperature. The relative density is approxi-
mately equal to 3000 for ACSR-type conduc-
tors. The natural frequency is inversely
proportional to the span length, directly pro-
portional to the wave speed, axial conductor
stiffness, and, in the case of dead-end poles,
pole stiffness, For the line under study, there
are only three dead-end poles. The remaining
185 poles are suspension type. The natural
frequency for a 700 ft (212 m) span of Canary
conductor, at a temperature of 30 °F (~1°C),
15 (1.30 Hz. This 1s at a final tension of 6449 1b
(28.7kN). The natural frequency of other
spans may be caleulated by the inverse ratio
of the other span length to this cne, This is
the first mede, or single-loop mode. The sec-
ond mode, or two-loop mode, is just twice the
first-mode frequency.

The calculation results for the first mode
are plotted in Fig. 2. The critical wind speed is
plotted against span identification number for
a total of 190 spans. There is a band of critical
wind speeds that corresponds to the range
of span length. The minimum speed is 10
miles/h {4.5 m/s), while the maximum is 20

‘milesth (9 m/fs). The minimum span is 350 ft

(106 m}, while the maximum is 914 f{ (277 m).
The 10 miles/h corresponds to the 914 ft span,
while the 20 miles/h corresponds to the 350 ft
span.

The distribution of span length is seen in
Fig. 3. The number of spans having length

*In all caleulations herein the untwisted Den Hartog
number is —1.07. This is to account for small variations of
ice angle along the span.
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greater than the abscissa 1s plotied as ordi-
nate. The median span length is about 700 ft
{219 m}. There are no spans grealer than 914 ft
(277 m).

The variation of critical wind speed with
span length iz illustrated in Fig. 4 The me-
dian span of 700 ft (212 m) 1s seen to have a
critical wind speed equal to 12 miles/h (5.3 m/
s). Span lengths greater than 700 ft {212 m} arc
ectimated to have critical speeds cven less
than 12 miles/h. Because of the definition of
critica] wind speed, the gallop amplitude at
the critical wind speed is zero. It is only when
the wind speed exceeds the critical wind speed
that the galloping takes on finite amplitude.
There are ne spans greater than 814 {t (277 m}.
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METHODS TO [NCREASE THE CRITICAL WIND
SPRED

Fxamination of egn. (2) reveals the follow-
ing possible ways to increase the critical wind
speed.

(1) increase the natuaral frequency;
{2) increase the conductor density:
(3) increase the mechanical damping;
(4) increase the aerodynamic drag;
(5) decreasc the aerodynamic 1ift;

(6) increase the conductor diameter.

The bhest way to increase the natural fre-
quency is to increase the conductor tension.
tHowever, many conductors which gallop are
already at a high tension limit for other rea-
sons. The natural frequency could also be 1n-
creased at the same tension by reducing the
masg per unit Jength, But upon further cxami-
nation of eqn. (2) it will be seen that the mass
per unit length onters directly into the reia-
tive dengity. Hence, the critical wind speed
would actuaily be reduced by a reduced mass
per unit length.

An increased mass per unit length will
have a direct effect on the wind speed, accord-
ing to the equation. But, to prevent a lower
frequency from accompanying such an ‘in-
crease, the tension must also rise in direct
proportion to the mass increasc. There are
many practical limits to that procedure.

An increase in the mechanical damping
will have a directly beneficial effect on the
critical wind speed. Some practical devices
are actually in use that employ that principle.
For transmission lines, however, none has
gone bevond the experimental stage. Opera-
tion at high veltage levels creates special
problems for mechanical dampers. Also, opera-
tion can be totally defeated by ice aceretiop
on the device itaelf.

Another parameter in egn. (2} that may be
altered is the Den Hartog number. This con-
siste of two parts, the aerodynamic drag and
the lift. By working on one or both, the criti-
cal wind speed may be increased. If drag only
is worked on, it should be increased. Tf life
only is worked on, it should be decreased.
There arc several practical ways that these
objectives can be met.

According to eqn. (2), increasing the con-
duetor diameter should have a directly bencfi-
cial effect on the eritical wind speed. However,
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Fig. 5. Mode weighting functions: {a) first mode; (b} sec-
ond mode.

the relative density parameter is inversely
proportional to the square of the conductor
diameter. 8o an increase in diameter will be
counterproductive,

Some drag devices operate to increase the
diameter as well, but they also cancel the lift
that otherwise leads to instability. The latter
effect iz often more important, and more re-
warding.

However, before concentrating on specific
devices, it is neccssary to consider spanwise
effects, and the influence of finite span on the
Den Hartog number.

Span effects

The mode shapes of the galloping span are
illustrated in Fig. 5. The first mode is seen in
Fig. #(a) the second in Fig. b(bh). These are
nermal modes, so called because they are nor-
malized to a maximum value of unity. The
motion is confined within the limits set along
the span. In general, at a wind speed above
critical for both modes, there will be evidence
of each kind of motion in a single span. If the
wind speed is above the first-mode critical, but
below the second-mode critical, there will be
only the first-mode motion. Sometimes, on
dead-end spans, the two natural frequencies
are nearly equal, and both modes will be
present. The first-mode shape will be different

from that seen in Fig. 5(a) for such a case. It
has been proved that the mode shapes do not
alter the critical wind speed per se, if the Den
Hartog number is constant along the span [2].
Later it was proved that the variation of Den
Hartog number due to twisting along the con-
ductor does incrcase the critical wind speed
(8].

In other words, while mode shape itself
cannot be controlled, its effect on the critical
wind speed can be calculated when something
else is used to vary the Den Hartog number
along the span.

First, consider the effect that the mode
shape has on the overall span stability co-
cfficient [&8]:

1
~

Ca, = | Ca(x) cos®(mx/2) dx (%)

Cu, = | Ca(x) sin®(nx) dx (4)

w

1
where Ca, and Ca, are the first- and second-
mode span-weighted Den Hartog numbers, re-
spectively, Calx) is the spanwise variation of
the Den Hartog number, and x is the dummy
variable of integration along the span.

The first kind of gallop remedy is the in-
crease of acrodynamic drag. This may be ap-
portinoned along the span so as to combat the
negative Den Hartog number. But any drag
increase will also develop more loading of the
line support structure. Hence, it is of interest
to find the optimum apportioning of drag on
the span. Some clues concerning this proce-
dure are found in the way the mode weight
functions act. For example, a certain strategy
for allocating drag to maximize the effect for
the first mode will not work very well for the
second-mode gallop. The reverse is also true.
The amount of added drag is also an impor-
tant factor. One does not just go out and
plaster the line with more drag. A scientific
approach is required.

The contribution of the mode weighting
over the interval of drag treatment as a fune-
tion of treatment interval and location 1s seen
in Table 2. A 33% span treatment centered at
the midspan yields a contribution of about
61% for the first mode, but only about 20% for
the second mode. This scheme would have
little effect on the second-mode gallop. If the



TARLE 2

Fractional contribucion to mode-shape integrals
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First mode Second mode

Integration parameters®

Ceover factor 31%

0.610 0.197
(.47 0.401
Cover factor 3%
{.824 .510
0.677 0.402

b=0 A=-033 B=033
b=033 A-0 B =0.66

h=0 A=-0580_ B =050
F—033 A=-017 B=03}

2 15 the center of the treatment range (fraction of semispan length); midspun is 0%, 1/3 span point is 33%; A is the lower
integration limit; £ is the upper integration limit: the span coordinate runs from - 1 to —1.

same 33% span treatment s centered at the
1/3 gpan pomt, it produces comparable contri-
butions for each mode. Higher cover factors
produce larger contributions. A 50% cover
factor produces about equal contributions for
each mode when the drag treatment 18 cen-
tered at the 25% span point (not shown).

The diamcter of the drag treatment body
also conters inte the eguation. A lower span
cover factor is required with a larger drag
body. An illustration of this effect is seen in
Table 3. This Table shows the increase in the
eritical wind speed as a percentage. Substan-
tial increases in the critical wind speed are
passible for both modes.

Effect of twisting .
Another way to alter the aerodynamic

properties of the span is by adding a device

that ciuses the span to twist. The Ben Hartog

TABI_:E 3

Increase of critical wind speed due to drag-only devices
(Den Hartog number — —2, drag dovice O — 2.0%)

Span Span Increase in critical
cover (%) location® (%) wind speed (%)

10 0 1

10 33 ) 46

20 o - 381

a0 33 153

30 {0 No gallop

30 33 TO1

“The ), = 2 is a drag device having twice the conductor
diameter. '
PMidspan is 0%, 1/3 span point is 33%.

number corresponding to a twist angle @ is
ohtained from

Ca= —ncos{2n@) + O (3)

This is based on the analytic model of the ice
shape, eqn. (1).

A twist angle of 11° 1s all that is requlred to
eliminate gallop altogether, and a twist angle
of only 9 will increase the critical wind speed
by 200°

There are devices that will twist the con-
ductor. Some of these arc operated by aerody-
namic pitching moments, while others are
operated by inertia or acceleration. Depend-
ing on where the devices are located in the
span, the twist will be symmetrical about the
midspan, or unsvmmetrical.

The mode welghting functions for a con-
stant Den Hartog number (zero twist) are 1l-
lustrated in Fig. 5. The area under these
curves 1s expressed by egns. (3) and (4), but
multiplied by the Den Hartog number. When
the number is negative, the area is negative
and the critical wind speed may be found from
eqn. (2). The smaller the negative area, the
larger the critical wind speed. As already
stated, twisting causes the Den Hartog num-
her to become more positive, reducing its nu-
merical wvalue, and thereby increasing the
critical wind speed. A symmetrical twist of 15°
produces a stable span (no gallop), as ob-
served in Fig. 6.

The first mode 15 totally stable, while the
second mode =till has a small negative net area,
but it corresponds to a very high critical wind
speed. A 15° symmetrical twist, approximating
a cosine curve, could be produced by two unitg
located at each of the 1/3 span points.
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P
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Fig. 6. Den Ilartog number for a 15" twist: {a)} first mode;
(b) second mode.

In each of these Figures the maximum ordi-
nate scale 1s unity. This is obtained by nor-
malizing the local (weighted) Den Hartog
number due to local twist to the untwisted
Den Hartog number.

Rather than using two devices in a span, it
is more economical to use only one twisting
device, located at the 1/3 span point. This will
develop an unsymmetrical twist along the span.

The analysis of such a case for a 10° maxi-
mum twist at the 1/3 span point is seen in Fig.
7. The negative area has been reduced, indi-
cating an increase of critical wind speed (by
nearly a factor of two).

Increasing the twist to 20° produces a sta-
ble span, both in the first mode and in the

-1 X ® NOKMALJZED SPAN COORDINATE 1

Fig. 7. Den Hartog number for a 10° twisl; [lirst mode,
unsymmetrical twist.
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Fig. 8 Den Hartog number for a 20° twist; {a} first mode;
{b) second mode.

second mode. The net area is positive, as seen
in Fig. 8. The local Den Hartog numbers are
clearly influenced by both mode shape and
twist angle. The greatest influcnce (toward
stability} 15 at the 1/3 span point, where the
twist is the maximum. In the second mode
there 1s no motion at midspan, hence no value
for the integrand, The f{irst and second modes
can be made stable, or, if not stable, the critical
wind speeds can be increased several times.

The twisting affects the third mode as well,
as seen in Fig. 9. The 15° twist is insufficient
to cause stability, but only enough to increase
the critical wind speed by a factor of more
than two. This is sufficient for practical pur-
poses because the untwisted critical wind
speed for the third mode is three times the
untwisted critical wind speed for the first
mode., A 20° twist angle improves the situation
even more (Fig, 9(b)).

Twisting, either by symmetrical or unsym-
metrical means, increases the critical wind
speed by several hundred percent, and can
eliminate galloping altogether.

GALLOT AMPLITUDE

The linear theory is not able to predict the
gallop amplitude. A nonlinear theory, based
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on the balance of energy between the aerody-
namic and mechanical damping forces, can
predict che gallop amphtude |6, 7). The analy-
sies shows a gradual buildup of the dynamic
angle of attack duc to the gallop motion:

a =Y U . - (6)

The angie of attack buildup may be Approxi-
mated by the formula

a = (@maycos WJU) _' | )

This is a simple cxpression to be used for any
lift reversal angle a,, any c¢ritical wind speed
[7_, and any maximum Jift coeflicient. The only
requirement is that the form of the lift curve
must be a sine curve as approximated here in
egn. {1). In that expression ¢, =10.5, and the
maximum lift coefficient is —0.5. :

Combining eqns. {5} and (6), the gallop am-
plitude is calculated. For the range of span
lengths from 300 ft (91 m) to 800 ft (242 m), the
angle of attack iz plotted in Fig, 10 for two
different wind apeeds, 20 and 35 miles/h (9 and
15 m/s}). The maximum possible angle of attack
is G.5rad. The Figure indicates that most
spans are within 80% of that figure at both
wind speeds.

The above equations have been combined
with eqn. (2) to obtain a picture of galloping
over the entire line at wind speeds of 20 and
35 miles/h (9 and 15 m/s) (Fig. 11}. According
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Fig. 10. Angle of attack versus spun length for wind
speeds of 20 miles/h (9m/s) (curve a), and 35 miles/h
(15 m/g) {curve b).

to Table 1, the flashover double amplitude is
14 ft (4 m). At 20 miles/h there iz only one
flashover predicted, but at 35 miles/h only
seven spans will not have flashed. This 1s a
clear indication that a serious gallop problem
exists on this transmission line. Further, a
separate study was made on the three dead-
end spans, and, while the gallop amplitude is
smaller, there is sufficient risk to consider
protective measureg for these as well.

It is obvious from egns. (2) and (6) that the
natural frequency of the span plays a domi-
nant role in both critical wind speed and gal-
lop amplitude. The variation of the natural
frequency, in units of cyeles per minute, was

20

3040 SPAN NUMEER 32540
(a)
o = O Fe s =

C. .

3040 SPAN BLMBER 3zAn
(b)

Fig. il. First-mode gallop amplitude versus span number
for wind speeds of (a} 20 miles/h (9 m/s) and (b) 35 miles/h
(15 m/s). .
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calculated as a function of span length for
both the first and second modes (Fig. 12). The
method used employed the so-called string
modes because it was shown some time ago
that suspended spans on long insulators may
be closely approximated by string modes,
in the case of the first two gallop modes.
Even for the dead-end spans here, the same
string modes are used because these dead-end
spans are not double-ended, but only single-
ended.

DAMPING REQUIRED TO LIMIT AMPLITUDE

After the critical wind speed is exceeded,
the gallop amplitude builds up as the wind
speed increases above critical. The previous
Section has demonstrated that both twisting
of the conductor span and augmentation of
the acrodynamic drag have a beneficial effect
on the critical wind speed, that is, it is in-
creased. It is also of interest to see how these
two effects influence the amplitude buildup.
The method used to assess that influence is to
calculate levels of mechanical damping that
would be required to balance the aerodynamic
energy due to gallop motion at prescribed
amplitudes. In other words, for a fixed ampli-
tude of gallop, how does the required mechan-
ical damping change as either drag or twist is
added?

A review of the nonlinear theory [6, Tl
reveals the following equation:

E!’QAY= —81(JD_J2) —20Chd, (8)
and
8, = —2A,,dy(nafa,) i (9)
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Fig. 13. Energy input function (semispan): low drag
{0, O"; high drag (x, Z).

When a twist angle b occurs, the describing
function is modified:

S¥ = cos(nb/a,) S, {10)

This was obtained by Fourier series analysis
according to Fante [9].

These equations are used to estimate the
mechanical damping required to establish
equilibrium of cnergy between the aerody-
namic input and the energy dissipated by
damping. They are applicable to a member
that is galloping with constant amplitude
along the span.

In a transmission line, the amplitude follows
a cosine (first-mode) or a sine {second-mode)
wave. The above equations apply to those cases
as well, but the amplitude- must be adjusted to
follow the particular mode shape. The result-
ing energy for the whole span is found by
integration point by point along the span,

An illustration of this process is seen in
Fig. 13. Only half a span is shown in the
Figure because the mode is symmetric about
the midspan. The dimensionless energy levels
according to eqn. (8) are seen to follow the
mode shape for small gallop amplitude (points
labelled o and x). The dimensionless energy
levels are distorted for large gallop amplitude
(points labelled O and Z). In the former case,
the gallop amplitude at the midspan is
a =0.05, while in the latter case, the ampli-
tude is @ =0.5. The difference between the
labels o and x is that, in the former, the drag
coefficient is equal to unity along the span,
while in the latter it is equal to 1.5. Increasing
the drag coefficient has little effect on the
energy input from the wind at low gallop
amplitude.

.. The difference between the curves labelled
O and Z is the same, that is, the points refer to



Cp = 1.0 and 1.5, vespectively. The larger drag
develops more net negative area under the
curve, thus providing less wind energy input,
and requiring less mechanical damping.
To find the numerical value of the wind
energy input,
1

n
GAY = —alC,, + Cp), J “la, x] dx (11)
1
where (O, 4+ Cp), is the Den Hartog number
at zero angle of attack, and Fla, x] is a span
function based on eqn. {8).

In the present illustrative example, the
function #[a. x] is shown only for half a span.
ft is the result obtained by dividing the point-
by-point calculation of eqn. (8) by the numeri-
cal value of a(Cp, + C,).

This procedure may be applied to find the
best distribution of drag on the span for a
particular ice-shape model. Here, the model is
light 1ce :

An 11 U‘«U’dtli)n of the eFfeu; of twisting is
seenn in Fig. 14. The curve labelled u is for
a =0.05 (smaﬂ ampiitude). This is the same as
the curve labelled o in the previous Figure,
{p=1. The curves labelled 2 and o in Fig. 14
are for a twist angle of 20° at midspan. The
label z is for small amplitude (¢ = 0.03). while
the lahel o is for large amplitude {a = 0.5).
Comparison of the two Figures clearly shows
that twisting reduces the wind ener gy input at
both low and high amplitudes, while drag in-
creases are effective only at high amplitudes.

TABLE 41

Relative rating of antigallop devices®
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Flg. 14. Energy input parameter (se mispan): 0 twist (u)
207 twist (o, »).

REMEDTES

The configuration of stecl pole structures
creates i risk of conductor flashover on the
side having two phases separated by a 14 ft
(4 m) vertical clearance. The remaining phase
is on the other side of the stéel pole, so gallop
on that phase will not create phase-ta-phase
flashover. The static wire is on top of the pole,
and it is unlikely to gallop into the conduetor
top phase. Hence, a suitable solution to the
problem will involve antigallop treatment of
the two phases on one side of the pole.

The following commercially available anti-
gallop devices are considered: Windamper,
PLP Air Flow Spoiler, AR Spoiler, AR Twister,
detuning pendulum. These are listed in Table 4.
The various devices are described in the Ap-
pendix,

Windamper PLP Spoiler AR Bpoiler AR Twiscer
Drag device No Yes Yes No
Twist device Yes No Yes Yes
Increased drag < 2% 25% - 20%, 18% - 25% = 1%
EHV use Yos No ~No Yes
Material Aluminum Plastic Plastic Aluminum
Welght 22 1h 1.2 b/t 0.3 Ib/ft 121h
Length 4 ft 141t 10 ft. 1t
Material cost TS $185 Us $22 "TUS $15 US $95
Delivery time 6 weeks 7 2 weeks 3 weeks
Installed cost LS $225 U8 8560 S 3315 US 8125

{on 700 ft span)

*Bacause the detuning pendulum is net effective fur the Tten Tlartog type of gallop, it is not considered heore as a remedy,

However, it 1s described in the Appendix.
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PERFORMANCE

The performance data for the devices are
sketchy. No uniform method has been found to
present the data. Thus, it is not possible to
study performance, except in a few cases {10-
12]. Quantitative data are particularly difhcult
to obtain. Much of the data already published
have been self-serving for the detuning pendu-
lum advocates [13-15]. A rather complicated
three-dimensional scheme has been devised to
present data on a normalized amplitude basis.
The problem with this method is that the raw
data are couched in the presentation methodol-
ogy, permitting no independent assessment by
the reader. Conclusions are drawn about per-
formances that are impossible to verify.

In the present situation, a gallop amplitude
of 14 ft ( +7 ft or +2.1 m) will cause flashover.
A gallop control device that works to econtrol
gallop to less than 51t (+2.5ft or £0.75 m) is
expected to solve the present problem. Ven-
dors of antigallop devices should be prepared
to guarantee gallop control to less than 5t
peak-to-peak. Otherwise, the device 1s not
worth installing.

An illustration of the type of data that
should be provided is presented in Tables 5
and 8.

The Pass/Fail scheme leaves no doubt in
the reader’s mind concerning the gallop ampli-
tude (Table 5). When two devices are com-
pared the Pass/Fail numbers for each may be

TABLE &

Comparison between the detuner and the Windamper

Duta source Detuner

Pass® Faild Total

U.S. gallop data 2 5 13
1978, 1979, 1980 [5]
Ontario Hydre data 12 11 23
1977, 1978, 1979, 1980 [5]

Total 20 16 36
Tata Source Windamper

Pass® Tail® Total

Ontario Hydro data a8 1 20
1977, 1978, 1979 [16]

«Pass: gallop ampiitude of reference spans more than § ft,
that of control spans less than 5ft (1.hm), Fail: gallop
amplitude of control spans more than 5 ft.

TADLL 6

Comparisen of the placebo duta” for the detuner and the
Windamper

Data source Detuner

Pass®  Fail®  Total

U.S. gallop data 11 34 45
1978, 1979, 1980 [5]
Ontario Hydro data 147 1iH 262

1977, 1978, 1979, 1980 [5]
Total 158 149 307

Data source Windamper

Pass?  Fail®?  Total

Ontario Hydro data b3 152 205
1977, 1978, 1979 18]

“Placebo data are formed from an untreated span and
compared with all other refercnce spans, assuming the
untreated span controls gallop. The Pass/Fail ratio for the
placebo may be compared with the Pass/Fail ratio for the
device to obtain the effectiveness or performance figure of
merit, The device ratio should be sevcral limes the
placebo ratio.

bPags: gallop amplitude of reference spans more than & ft,
control spans less than 5 ft (1.5 m). Fail: gallop amplitude
of contrel spans more than 5 ft.

usad to assess the performance. The placebo
data are very important, if available. This is a
means of ranking those spans which galloped
{or not), but which had no antigallop device
treatment (Table 6). Placebos are formed from
observations in single-, double-, and triple-
circuit lines, where only one device per phase
is installed. The remaining phases serve as
placebos. Comparing one placebo against an-
other in the same span yields Pass/Fail data for
the placebo. Unless the device Pass/Fail ratio
is significantly larger the device is concluded
to be no better than the placebo.
A performance index can be established:
[Pass/Fail]device

Pi=
[Pass/Fail| placebo (12)

For the Windamper device,

_ o381
T 53/152

For the detuner device,

20/16

Pl=—'"_
158/149

=1.18



The conclusions reached in this example
arc (1) the Windamper is 109 times more effec-
tive than its placebo, the detuner is 1.18 times
more effective than its placebo, and (3) the

ratio between the two Pls is 92:1. In 909 of

the observations the ice thickness was less
than 1/8 in. The type of comparison illustrated
here is based on well-established statistical
sampling technigues, and in particular has
been used in the medical field to evaluate the
effect of drugs.

CONCLUSTONS

The study has shown that the transmission
line is wvulnerable to gallop motion, and
Hashover at wind speeds of 20 miles/h (8.9 m/s)
and higher. _ _

The use of (1) drag enhancement devices or
(2) conductor twisting devices is predicted to
prevent flashover. '

The use of detuning pendulums is predicted
not to prevent flashover.
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NOMENCLATURFE

A =span x diameter, reference arca
AL, maximum lift cocfficient
a =w¥/U, peak dynamic angle of attack

a, zero lift reversal angle

b local twist angle

Ca Den Hartog number

Ca.- Den Harteg number, first mode

Ca;  Den Tartog number, second mode

Cp drag coefficient

L lift coefficient

Cra slope of 1ift coefficient

d conductor diameter

E energy input (per cycle) from the wind

F[ 1 span function based on eqn. (8)

g mechanical damping loss factor

dg zeroth-order Bessel [lunction of first
kind

oy first-order Bessel function of firat kind

J, second-order HBessel function of first
kind

m conductor mass per unit length

Q twist angle

q =pU?%2, dynamic wind pressurc

A lift describing function

FE describing function with twist

) wind speed

7, eritical wind speed

x span coordinate, normalized to semi-
span '

Y maximum peak gallop amplitude

o angle of attack

o air density

U =m(pd?/2), relative density

w natural frequency, rad/s
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APPENDIX

Antigaliop devices

The antigallop devices discussed 1n the text
are described more fully here. First, a general
description of the physical characteristics is
given, and then a bricf description of the oper-
aling principle. When patents have been is-
sued, they are cited.

Windamper

The Windamper is comprised of two back-
to-back panels of shect metal (usually alu-
minum) shaped in the form of an elongated
channel. 1t is arranged to hang bhelow the
conductor as In a rigid suspension from two
clamps attached to the conductor. The top of
the unit is wider than the bottom. Corona
rings are used at EHV voltages above 230 kV,

When ice forms, it takes on a characteristic
shape pattern facing into the wind. A crescent
shape is formed along the windward side of
the conductor. This is an unstable ice shape.
When wind speed increases to the critical
wind speed and beyond, the Windamper
causes the conductor to twist, thereby alter-
ing the lift and diminishing the maximum pos-
sible gallop amplitude. Patents have been
issued in the United States (3,440,328),
Canada (725,621), Germany (1.812,644), Bel-
gium {(725,601), The Netherlands (157,756},
Switzerland (483,140} and the United Kingdom
(1,246,310).

PLP spoiler

The PLP spoiler is formed from a 141t
{4.2 m) length of plastic rod about equal to the
diameter of the conductor. It has special grips
at each end to hold it to the conductor after
being wrapped around scveral times,

The device is designed to alter the forma-
tion of ice on the conductor and to create drag
in place of lift. A patent has been issued in the
United States (4,420,059). '

AR sporler

The AR spoiler iz formed from lengths
of plastic tubing about 2 in. (52 mm) in diame-
ter, and 10 ft (3 m) in length. It is attached to
the underside of the conductor by lashing
rods, according to a prescribed distribution.

The underside location of the device in-
sures a high drag component to increase the
critical wind speed for gallop. At higher wind
speeds the units cause the conductor to twist,
creating changes in the lift pattern (similar to
the Windamper principle).

AR twister

The AR twister is designed to be installed
at the 33% - 40% span location. It is installed
initially upside down. Gravity causes it to
twist the conductor up to an angle of 140°. The
unit is all aluminum and is mounted by a
single bolt clamp. The size of the unit depends
upon the conductor size and span length. A
United States patent has been issued
(4,777.327).

When ice forms along the windward side of
the conductor and a condition of gallop is
reached, the action of the gallop itself sets
the AR twister into motion., The twisting meo-
tion results from the cancellation of gravity,
causing the AR twister to seek an equi-
librium position close to its initial (upside-
down) orientation. This action twists the ice
all along the conductor span, modulating the
lift, and returning the conductor to a stable
configuration,

Detuning pendulum

The detuning pendulum is a heavy weight
mounted in a vertical plane so that the twist-
ing motion of the conductor is prevented. Tt is
placed at several points along the span {usu-
ally four).

The detuning pendulum alters the torsional
frequency of the conductor span. It has no
effect on Den Hartog type gallop. It may be
effective for some forms of bundle conductor
gallop.

Recommendations

The foregoing analysis has demonstrated
the beneficial effects of {1} increased drag and
(2) twisting. The latter effects are more power-
ful, and do not carry a large penalty, such as
increased structure loading.



The deviee that has the greatest field experi-
ence (over twenty years), with no negative
side-effects reported, is the Windamper. Perfor-
mance data prove that large amplitudes of
gallop arc eliminated. Other devices have some
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restdual gallop left over.

Tt is recommended that the transmission
line be equipped with Windampers and twisters
over its entire length —a total of about 200
spans,



