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1 INTRODUCTION

The typical method of high-voltage electricity transmission uses conductors that are car-
ried above ground by towers. Kiessling et al. (2003) provided a comprehensive descrip-
tion of overhead transmission line technology. Existing design practices have been docu-
mented (ASCE, 1991; 1992). Support structures are generally designed to be as
lightweight as possible to minimize the cost of carrying lines over distances of, say, hun-
dreds of kilometres with a support structure at every half-kilometre.

The present study considers a half-span of lines on either side of the support tower.
The tower is kept vertical solely by the resistance from steel cables under tension (i.e. guy
wires). For their spatial extent and compared to most engineered structures, transmission
lines are relatively low in mass and potentially high in stiffness. Thus, it may be expected
that this type of structure is susceptible to excitation by wind. In particular, utility compa-
nies and other concerned parties (Langlois, 2006; McCarthy and Melsness, 1996) have
documented the failure of transmission line systems from downdraft wind loads.

Previous investigators have studied wind loading of the individual components of a
transmission line, as well as the system as a whole. Loredo-Souza and Davenport (1998)
discussed some aspects of the problem of line behaviour in strong winds. In particular,
galloping of lines has attracted attention from researchers (e.g. Macdonald et al., 2008).

Wind loading of guyed lattice structures has been extensively studied, particularly for
telecommunications masts of hundreds of metres in height, which are guyed at multiple
levels. Irvine (1981) presented a unified account of cable structures with emphasis on
theoretical aspects of the response of cables under load. Madugula (2002) provided a sur-
vey of research on the dynamic response of lattice structures with emphasis on practical
design. Guyed mast and lattice tower structures have recently been aeroelastically mod-
elled by Zhu (2007) and Kong et al. (2009), respectively.

The transmission line system of interest, in the present study, has been numerically
modelled by Shehata et al. (2005) and Shehata and El Damatty (2007; 2008). The section
of the line that failed on 5 September 1996 near Grosse Isle, Manitoba, Canada was ex-
posed to an eastward-moving storm system (McCarthy and Melsness, 1996). The scope of
this study was to design and test a physical model of this line section that failed due to
downdraft outflow winds. The aeroelastic model was designed for exposure, in a single
wind tunnel facility, to wind loading from (1) a conventional atmospheric boundary-layer
and (2) a downdraft outflow. Section 2 describes the full-scale transmission line system
that was modelled. Section 3 describes the design and construction of the aeroelastic
model. Section 4 presents the simulation results. Section 5 delivers conclusions from the
simulation results.



2 FULL-SCALE SYSTEM

The vertical tower shaft extended 44.4 m above foundation level (AFL) and was assem-
bled from seven sections. The tower had a pinned base; the rectangular lattice converged
upon a spherical annular bearing that was centred about a vertical pin. This base condition
eliminated bending effects through the foundation, but provided limited resistance against
rotation about the vertical axis of the tower.

Two horizontal cross-arms of lattice construction protruded from the vertical tower
shaft. At 35.2 m AFL, on both sides of the tower, a cross-arm extended transverse to the
main vertical shaft centreline, terminating at the attachment location for two guy wires
that connect with the ground. At 38.2 m AFL, on both sides of the tower, a cross-arm ex-
tended transverse to the main vertical shaft centreline, terminating at the attachment loca-
tion where an insulator string and a conductor pair are slung below. The conductor cross-
arm is orthogonal to the guy wire cross-arm.

Between the ground anchor and the tower cross-arm tip, the sag-to-span ratio of the guy
wires was 1:588. The discrepancy between the true catenary form and a straight-line ap-
proximation was minimal, so the latter value was used in the model design. Galvanized
steel guy wires of 0.0117 m (0.460) diameter resisted horizontal displacement of the
tower and introduced an initial compression of its main vertical legs. Two guy wires were
attached to each of the two ends of the guy cross-arm at locations that were 3.05 m trans-
verse from the main vertical shaft centreline and 35.2 m AFL. The ground anchor ar-
rangement positioned the guy wires at 28° from vertical and 45° from the guy cross-arm
axis in plan. A twin guying design was employed - each guy wire formed a pulley and
was looped through a sheave at the ground anchor and a sheave at the guy cross-arm. The
straight chord length of a guy wire loop was 44.4 m.

Conductors were suspended beneath each end of the larger cross-arm. Each tower car-
ried a bundled conductor pair. The conductors may swing as a pendulum below the cross-
arm, up to a maximum allowable angle of 30° from vertical. The conductor diameter was
0.04064 m and the wire construction used a steel core within a jacket of aluminium
strands. The mass per unit length of a conductor was 2.897 kg/m. The modulus of elastic-
ity was 62.7 GPa after prolonged service. The straight-line distance between towers was
488 m. The line tension was approximately 40 kN.

3 AEROELASTIC MODEL

The model is comprised of the following components: (1) a lattice tower, (2) four guys
that support the tower at a single height, and (3) a half-span of lines on either side of the
tower. The tower was located at mid-span with a half-span of lines on either side of the
tower. The test facility span was 2.44 m compared to a full-scale distance between adja-
cent towers of 488 m. Thus, a single-span model at zero yaw (¢ = 0) to the wind tunnel
flow would have a geometric scaling of 1:200. At non-zero yaw, with the wind tunnel di-
agonal in plan being larger than 2.44 m, a larger geometric scaling was possible. At
0 = 60°, the diagonal corresponds to a geometric scaling of 1:100. Rather than modelling
an identical line segment at various yaws at different geometric scaling, distorted horizon-
tal length scaling (Loredo-Souza and Davenport, 2001) was applied to the lines to obtain
1:100 geometric scaling at all yaw angles. Table 1 shows the resulting scaling ratios of
physical parameters of interest.

Strain gauges in Wheatstone bridge circuits were fixed on the mast spine at two
heights as shown in Figure 1, in order to provide an indication of bending moments.
Strain gauges were mounted on the cantilevered end springs for both the upstream and
downstream conductor lines to provide an indication of the variation of conductor tension
during wind loading.



The transmission line model was tested with a boundary layer wind load and then with
a downdraft outflow wind load. Savory et al. (1992) conducted boundary layer simula-
tions in the wind tunnel of interest with a target length scaling of 1:100. Full-scale
equivalent aerodynamic roughness height (zp) and gradient height (z,) were reported as
0.0423 m and 329 m, respectively. ASCE (1999; p. 58) Class 3 open flat terrain with
grass and few isolated obstacles is described with zy = 0.03 m and z, = 275 m. The wind
tunnel was subsequently converted to downdraft outflow simulation mode (Lin and Sa-
vory, 2010) with the tower mast positioned at 15 slot heights downstream of the slot exit.
The transient flow was generated by a secondary fan set at constant speed and a gate that
was rapidly opened and shut. The simulator settings were adjusted such that the normal-
to-line peak wind speed at model conductor height was as close to 7 m/s as possible. The
gate actuation was monitored with a potentiometer. The transient front was detected with
a single hot-wire probe located at one slot height downstream of the model, quarter-span
and conductor height. The following section discusses the results for zero yaw.

4 RESULTS
4.1 Aeroelastic model response to atmospheric boundary layer wind loading

The boundary layer wind speeds were set and measured with three pitot-static tube
probes. One probe was roof-mounted at a height (z) of 1.46 m, on the tunnel centreline
and downstream of the line model by 16 % of the line span (S). The other two probes
were floor-mounted at the highest (z =0.345 m) and lowest (z = 0.145 m) conductor
heights. These two probes were slightly off the tunnel centreline (by 0.04 - S) and down-
stream of the line model (by 0.18 - S).

Tower bending moments were recorded with the instrumentation described in Sec-
tion 3. The sign conventions for positive bending moment are indicated in Figure 1. The
following presentation focuses on the along-wind tower moment (Myy).

Figure 2 shows the wind speed and tower response spectral density (Sy, and Sym) de-
termined by spectral estimation from the fluctuating component of their respective histo-
ries. Resonant dynamic response can be dlstlngulshed from the background response
(mp ) The mean-square ﬂuctuatlng response in the first resonant mode of vibration
(mg ) is shown as the filled area in the figure. Figure 3 shows that the background re-
sponse increases with mean wind pressure. The approximately linear relationship sup-
ports the expected quasi-static response of the aeroelastic model to a boundary layer wind
load.

Table 2 summarizes the contrlbutlons of the background and first resonant mode, rela-
tive to the total response (mr?). Generally, the background component contributes about a
quarter of the total response and the first resonant mode contributes up to half of the total
response. The first resonant mode contribution to the total response exhibits a consis-
tently decreasing trend with increasing mean wind speed. The first resonant mode has an
approximate bandwidth of 3 Hz, centred at a frequency of 5 Hz. Its bandwidth widens
slightly (by about 1 Hz) and the resonant peak is centred at a slightly higher frequency
(around 6 Hz). These trends are also apparent from Figure 2.

The spectral content of the axial forces on the conductors were examined based on re-
cords from the line end gauging described in Section 3. All of the axial force spectra from
boundary layer wind forcing of the upstream conductor included a peak at 5 to 6 Hz (cen-
tre frequency increases with mean wind speed). All of the axial force spectra from bound-
ary layer wind forcing of the downstream conductor included a peak at approximately
6 Hz. The spectral peak bandwidth was narrow (5 Hz) for both upstream and downstream
conductors.



4.2 Aeroelastic model response to downdraft outflow wind loading

The downdraft outflow simulator was operated as specified in Section 3. The position of
the computer-controlled slot gate was monitored with a potentiometer. The gate  was
fully-opened and -shut over a voltage range of 3.46 + 0.04 V. Figure 4 is a representative
realization from the ensemble of trials. The six sampled quantities shown were synchro-
nized in time by the acquisition system that recorded data at a rate of 8183 samples per
second (per channel). Figure 4(a) shows the actuation of the gust was completed in less
than a second. The potentiometer output history was repeatable over the ensemble.

The downdraft outflow wind speed (U + u) record in Figure 4(b) was measured with a
single hot-wire anemometry probe at the mean conductor height, at quarter-span and ap-
proximately one slot height downstream of the model. The following two boundary layer
wind speeds are shown for comparison: the peak wind speed at the highest conductor
height and the trough wind speed at the lowest conductor height (three slot heights down-
stream of the model and 0.04 - S off the tunnel centreline).

The smallest and largest values in the ensemble of downdraft outflow peak (U + u)
were 5.5 and 7.2 m/s, respectively. In comparison, the peak boundary layer wind speed at
the lowest and highest conductor heights were 6.6 and 8.4 m/s, respectively. The arithme-
tic mean of the ensemble of downdraft outflow peak (U + u) at mean conductor height
was 6.3 m/s. The mean boundary layer wind speed at the lowest and highest conductor
heights were 5.1 and 6.7 m/s, respectively.

Each downdraft outflow wind speed record was separated into mean (U) and residual
(u) components. The decomposition followed the moving average procedure described by
Lin and Savory (2010). The smallest and largest values in the ensemble of downdraft out-
flow peak U were 4.0 and 5.4 m/s, respectively.

Spine bending moments were determined at four gauge pair sites. The gauge pairs at
the lower site (see Figure 1) did not register significant transient behaviour as the gust
moved past the tower, thus only the results from the gauge pairs at the upper site are
shown as Figure 4(c) and (d). The x-x and y-y axes were oriented normal and parallel to
the lines, respectively. The sign conventions for positive bending moment are indicated in
Figure 1. The maximum and minimum bending moments from the boundary layer wind
loading are shown for comparison.

Strain gauges on the line end springs gave an indication of the axial force on the up-
stream and downstream conductors, as shown in Figure 4(e) and (f), respectively. The
sign convention was positive in the direction away from the modelled tower (i.e. increas-
ingly positive for increasing line tension). Aside from the increased magnitude as the gust
passes the conductors, the upstream conductor motion showed a noticeable periodicity of
approximately 5 Hz. As discussed in Section 4.1, the conductors also predominantly vi-
brated at this frequency with boundary layer wind forcing.

Pertaining to Figure 4(c) to (f), the strain gauge outputs were low-pass filtered at
60 Hz. This signal processing allowed the synchronicity of the transient extremum (if pre-
sent) in all six signals to be clearly identified. As well, the low-frequency components of
the signals that are most significant for wind loading were drawn out.

The initial ensemble of fifty-seven downdraft outflow trials were further examined and
pared down based on two criteria. First, since the anemometer is slightly downstream of
the tower model, the peak in the wind speed signal should occur a fraction of a second
later than the peak in the along-wind tower response signal. Five trials (9 %) had the un-
expected result of the tower response peak lagging the wind speed peak by significantly
greater than one second. Fifteen trials (26%) had the tower response and wind speed
peaks occurring almost simultaneously (tower response peak lagged the wind speed peak
by less than a third of a second). Clearly, this turbulent flow is more complex than an ide-
alized roll vortex and the structural model was possibly sensitive to non-uniformities in
the propagation of the dominant vortex. These trials warrant further study and were ex-
cluded from present consideration. Second, it has been established that a dominant vortex



causes the peak wind speed in the simulation (Lin and Savory 2010). For the remaining
trials, the speed at which the dominant vortex advects can be determined from the dura-
tion by which the wind speed peak lags the tower response peak and the known distance
between the tower and anemometer. Four trials (7 %) had a much larger advection speed
than expected (> 6 m/s); they were excluded from further consideration. The remaining
thirty-three trials (58 %) each had an advection speed in the expected range (1 to 2 m/s).

The spectral content of the near-peak duration was examined for this ensemble of
thirty-three trials that met the criteria described above. The near-peak duration included
one thousand samples preceding and one thousand samples following the occurrence of
the peak value (i.e. approximately the half-duration as defined by Lin and Savory 2010).
The most significant spectral peak occurred in the mean-square fluctuating tower re-
sponse between 10 Hz and 20 Hz. The ensemble average is obtained by averaging the
spectra from the thirty-three trials. Individual spectral peaks are obscured in the ensemble
average, but it is clear that most of the fluctuating tower response is in the frequency
range of 10 Hz to 30 Hz. By identifying a background response and resonant dynamic re-
sponse, mB2/mT2 and mRz/mT2 were determined as 55 % and 45 %, respectively.

5 CONCLUSIONS

Aeroelastic modelling of a single span of a transmission line with a supporting lattice
tower was achievable at a length scaling of 1:100 with distorted line scaling, with simpli-
fication of the lattice tower to an equivalent mast and by skirting the limits of what was
practical in terms of model construction and wind tunnel experiment.

Spectra for the fluctuating component of both the tower response and the line re-
sponse, to the boundary layer wind forcing, contained a narrowband peak at 6 Hz. This
first resonant mode contributed twice as much as the background component, to the total
mean-square fluctuating tower response. Most of the fluctuating tower response to down-
draft outflow wind forcing was at higher frequencies (10 Hz to 30 Hz). Resonant dynamic
response was less significant with downdraft outflow wind forcing than boundary layer
wind forcing, because with the former, the background component had a larger contribu-
tion to the total mean-square fluctuating tower response than the resonant component.

Although there were notable resonant contributions, they did not significantly affect
the quasi-static behaviour of the aeroelastic model. With boundary layer wind forcing, the
background response of the tower increased linearly with mean wind pressure. With
downdraft outflow wind forcing, the records from model instrumentation were closely
synchronized with the wind speed record for a majority of the ensemble.

The aeroelastic transmission line model generally responded quasi-statically to both
types of wind forcing. These findings do not find cause for transmission line failure from
downdraft outflow winds. Further work should scrutinize the maximum instantaneous
measured loads and the possible dynamic behaviour associated with the trials that were
excluded from this analysis. Finally, it would be interesting to investigate full-scale re-
sponse to assess whether a natural frequency of 0.6 Hz is evident, as predicted by the first
resonant mode of vibration of this aeroelastic model with time scaling of 1:10.
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Table 1. Model scaling parameters.

Parameter Scaling ratio

Global:

length A= 1E-02 =1: 100

wind speed A=A =1E01 =1:10

time Ar=Ap/Ay=1E-01 =1:10

Structure:

density Ap=1E+00 =1: 1

mass per unit length Am=A 2= 1E-04 =1: 10000

mass Ay= A = 1E-06 = 1: 1000000
mass moment of inertia A=Ay - A= 1E-10 = 1: 10000000000
damping Ag=1E+00 =1:1

axial rigidity Apa=M A 2=4° = 1E-06 = 1: 1000000
flexural/torsional rigidity A= Age =M A=A = 1E-10 = 1: 10000000000
force Ae=Ay% - A 2=A %= 1E-06 = 1: 1000000
force per unit length A=Ay A =2 7= 1E-04 =1: 10000
bending/torsional moment haw= M A =44 = 1E-08 = 1: 100000000

Table 2. Response spectral density components for boundary layer wind load.

Uatz=0.345m m’, frequency band
Fig. 8 (/s) mi/m’ mlg /iy (Hz)
(@) 35 20% 47% 32 to 63
(b) 4.5 24% 38% 39 to 63
(©) 5.6 22% 33% 44 to 72
(d 6.7 22% 23% 45 to 79

n/a 6.7 21% 30% 44 to 83
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Figure 2. Boundary layer fluctuating wind speed and tower response spectra with a conductor-height mean

wind speed of (a) 3.5 m/s and (b) 6.7 m/s.
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Yaw = 0°, Co-flow ratio = 0.26, Trial 5
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Figure 4. Synchronized histories of measured (a) slot gate position, (b) streamwise velocity, (c) spine bend-
ing moment about the x-x axis, (d) spine bending moment about the y-y axis, (e) upstream conductor axial
force and (f) downstream conductor axial force.
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