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ABSTRACT

A new method to determine wind loading on transmission line conductors is
proposed in this study. The proposed method is based on fluid-structure interaction
(FSI) analysis which yields a more accurate representation of wind loads acting on
moving conductors than provided by the simplified pseudo-static pressure calculation
based on Bernoulli's equation and widely used in overhead line design practice. A finite
element model of an existing transmission line section is used as a numerical case
study to compare the results from the proposed method against those using the quasi-
static wind load method, using four natural wind records. The quasi-static approach
significantly overestimates wind loads acting on the conductors and transferred to
towers, which leads to overestimation of suspension insulator swings, tower members’
axial forces and tower deflections.

1. INTRODUCTION

Overhead transmission lines are subject to a wide range of climatic loadings
throughout their service life. Wind effects are predominant in the form of gusty synoptic
winds and more localized high intensity windstorms, such as downbursts and tornadoes.
In cold climates, the combined effects of wind and atmospheric icing may lead to
extreme loads and some aeroelastic instability phenomena (such as conductor
galloping) or other modes of vibrations. Therefore accurate prediction of the wind
pressure and the resulting aerodynamic forces on overhead conductors is crucial to
safe and reliable line design. Spatial randomness of wind loads on overhead lines has
been addressed by stochastic analysis methods and is taken into account in design by
so-called span factors. Further gains in accuracy can be obtained by examining the
physics of wind effects on conductors, in both non-iced and iced conditions, via
improved predictions of lift and drag forces determined by fluid-structure interaction
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(FSI) analysis.

In current overhead transmission line design codes (ASCE 2010; Canadian
Standards Association (CSA) 2010), it is prescribed to consider the wind load on
conductors and towers as an equivalent uniform static pressure acting on the projected
surface. In windstorms, however, wind turbulence intensity is significant and such a
simplifying assumption may lead to very inaccurate response predictions. This issue is
of concern as overhead line conductors are relatively flexible and may experience
large motions during wind storms, which in turn implies that wind-conductor
aerodynamic interactions may affect the predicted response (Keyhan et al. 2011a to c).
The goal of the computational study is to provide more insight into the dynamic nature
of the wind loads transferred from conductors to supporting towers, with a view to
assess and improve the accuracy of wind load calculations used in practical design.
The study does not include the effects of tower-wind interactions, as they are deemed
negligible compared to wind-conductor interactions, owing to the relatively large tower
stiffness that limits tower displacements compared to the more flexible conductors.

2. FLUID-STRUCTURE INTERACTION ANALYSIS

The proposed method for wind loading calculation on overhead transmission lines is
based on Computational Fluid Dynamics (CFD) analysis and FSI analysis to evaluate
wind loads on conductors subjected to turbulent wind. Commercial finite element
software ADINA (ADINA R&D Inc. 2009) is used in the study. FSI analysis is carried out
in two dimensions, where the detailed conductor cross-sectional geometry and
surrounding air flow are modeled, considering a prescribed incident wind
speed.(Keyhan et al. 2011a and b) (See Fig. 1.) The conductor cross section is
assumed to be rigid (i.e. not deformable) and supported on flexible supports to study
the interaction between the conductor motion and the air flow. To determine the
flexibility of the conductor supports, a nonlinear static analysis of a single conductor
span model is conducted and the conductor horizontal and vertical stiffness values are
evaluated along the span: cross sections located closer to the anchor and suspension
points are therefore assigned stiffer support conditions than cross sections further
inside the span.
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Fig. 1 Two-dimensional model of stranded conductor cross section coupled to its
surrounding air flow

FSI analysis enables an accurate prediction of the wind pressure distribution around
the conductor (See Fig. 2). The solution of the Reynolds-averaged Navier-Stokes
equations (Eq. 1) in the fluid domain determines the effective load on the conductor
section which is then analysed in the solid domain by solving the nonlinear equations of
motion of the conductor (Eq. 2). Conductor motion is subsequently used to update the
fluid domain and the solution proceeds in time. The analysis also allows the calculation
of the conductor's aerodynamic damping from the amplitude decrement of its
oscillations.

_ 01 — — oi; ou; —
pY; l/axj =pfl-+a/axi —pbi; + 1 l/axj+ / ox; | ~ Py (1)

In Equation 1, p is the air density, u;and u, are the mean and fluctuating
components of i-th component of the fluid velocity, p is the mean static pressure, u is
the air viscosity and £, is a vector representing the mean external forces applied on the
control fluid domain and p?li] represents Reynolds stress. In Equation 2, u is the cable
displacement vector; K, M and C are stiffness, mass and damping matrices respectively,
and F,x; represents the fluid force applied on the conductor nodes at time t + At.(Bathe
2006)

MAii + CAU + KAu = F,, 5, — Mii — Ctt — Ku (2)

3335



Pressure (Pa)

Fig. 2 Pressure field developed around a stranded conductor for air flow with incident
velocity of 10 m/s

3. TRANSMISSION LINE AND WIND LOAD MODELS

To illustrate the application of the proposed wind load model on conductors, a case
study of a three-dimensional finite element model of a 120 kV double-circuit line section
is presented (See Fig. 3).The line section model comprises five spans and four
suspension lattice supports, and was extracted from of a detailed finite element model
available from a previous structural dynamics study (Lapointe 2003) and following a
methodology described in (McClure and Lapointe 2003). In the present study, the wind
load is applied only to one span (central span of length 355 m) while the other spans
are unloaded. The conductor is a 54/7 CONDOR ACSR (Aluminum Conductor Steel
Reinforced) and its detailed properties are available in (Keyhan et al. 2011b, c). The
insulator suspension strings, which transfer the loads from the conductors to the
suspension towers, are 1.4 m long and are modeled with a two-node isoparametric
truss element of high axial rigidity.
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Fig. 3 Finite element model geometry of a double-circuit 120 kV rasmission line
section on lattice towers

As mentioned in section 2, the resultant wind loads obtained from FSI analysis for
different conductor sections along the loaded span are applied are applied to the
conductor nodes of the central span of the 3-D line model, and nonlinear dynamic
analysis is performed to evaluate the transmission line response to gusty wind loads.
The time history of the four wind speed records used in the study and their power
spectral density functions are displayed in Figs. 4 and 5, respectively; the wind records
are based on natural wind measurements.
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Fig. 4 Four incident wind velocity time histories used in the case study
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Fig. 5 Power spectral density of wind velocity time histories used in the case study
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Fig. 6 Calculated wind load history on conductor at three different positions along the
span (Wind record 2)
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4. RESULTS AND DISCUSSION

This section compares the results obtained from nonlinear analysis of the overhead
transmission line section using three different approaches to model wind loading. Two
series of results are obtained from dynamic analysis. In the first series the conductor is
loaded according to the proposed FSI analysis procedure summarized in section 2. In
the second series, the time-varying wind pressure is determined using Bernoulli’'s
equation and conductor-wind interaction is neglected. Finally, the line section model is
analyzed following the static procedure prescribed in the Canadian overhead
transmission line design code. (Canadian Standards Association (CSA) 2010) A
comparison of the three sets of results provides insight into how and by how much
wind-conductor interactions affect the accuracy of stress calculations in tower members.
The comparison is extended to other line response indicators such as tower and
conductor displacements, suspension insulator swing angle and axial force, and
conductor tension.

For the sake of brevity, only the salient features of the results are displayed in figures
7 to 11 for Wind record 2 and the rest of the results are summarized in Table 1.

Table 1 Summary of results obtained from different wind load models

Two- minute average wind Wind Wind Wind Wind
speed (m/s) record 1 record 2 record 3 record 4
16.8 17.2 36.5 39.8
Turbulence intensity (%) 8.7 37.2 19.3 23.2
FSI 20.0 21.1 38.8 45.0
Maximum Bernoulli 20.4 21.5 44 1 71.0
conductor CSA 20.7 21.6 40.8 50.3
tension (kN) Ratio
ESI/Bernoulli 0.98 0.98 0.94 0.63
Ratio FSI/CSA 0.97 0.98 0.95 0.89
FSI 38.9 60.7 355.5 462.0
Maximum tower Bernoulli 75.1 81.6 621.0 1160.0
leg axial force CSA 60.5 83.8 444 9 678.7
(kN) Ratio 0.52 0.74 0.57 0.40
FSI/Bernoulli | : ’ '
Ratio FSI/CSA 0.64 0.72 0.80 0.68
FSI 19.4 25.3 124 .4 144.9
Maximum tower Bernoulli 27.2 32.2 140.7 152.2
deflection at tip CSA 26.4 33.8 1251 180.3
of bottom cross Ratio
arm (mm) ESl/Bernoulli 0.71 0.78 0.88 0.95
Ratio FSI/CSA 0.73 0.74 0.99 0.80
Maximum FSI 14.2 19.2 60.0 64.0
insulator swing  Bernoulli 19.7 25.1 69.8 84.0
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(degree) CSA 19.7 24.2 59.6 64.4
Ratio

FSI/Bernoulli 0.72 0.76 0.86 0.76

Ratio FSI/CSA 0.72 0.79 1.01 0.99

_ FSI 6.0 7.8 20.5 22 1

2"0?]’3:‘52 Bernoulli 8.1 10.1 21.4 24.5

horizontal CSA 8.2 9.92 20.6 22.3

displacement at  Ratio . 0.74 0.77 0.96 0.90
mid span (m) FSI_/Bernoulll

Ratio FSI/CSA 0.73 0.78 0.99 0.99

FSI 52 55 97 11.5

Maximum Bernoulli 53 57 12.2 28.9

insulator axial g:{?“) 5.3 5.5 104 144

force (kN) FSi/Bernoull 0.98 0.96 0.80 0.40

Ratio FSI/CSA 0.98 1.0 0.93 0.80

These results indicate that the conductor peak tensions predicted by all three
methods are fairly close in the case of wind records 1, 2 and 3 but differences are
significant for wind record 4 with high velocity and turbulence intensity. Overestimation
of the conductor tensions can have a large impact on the design of straining towers that
directly resist these forces. Looking at the influence of wind velocity and turbulence
intensity level shows two trends: at lower wind speeds (Records 1 and 2) the
differences between conductor displacements (represented by mid-span displacement
and suspension string’s swinging angle) predicted by the different methods are
considerable while the conductor tensions are almost the same, but the trend is
reversed at higher wind speeds where conductors experience larger displacements, i.e.
there is better agreement in the displacement predictions while differences in conductor
tension are large for Wind record 4.
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Fig. 7 Mid-span conductor tension in the loaded span (Wind record 2)

As mentioned previously, lattice towers are relatively stiff structures and their wind-
induced deflections are usually small. The horizontal deflections of the tip of the bottom
cross-arm are compared for different wind load models in Table 1 and Fig. 9. The
results for tower leg axial force (Fig. 8) show that the static method used in
transmission line design codes (CSA method) significantly overestimates the FSI-based
value.
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Fig. 9 Tower horizontal deflection at the tip of the bottom cross-arm




Finally the insulator suspension string’s maximum angle of swing and axial force are
compared in Table 1 and Figs. 10 and 11. Like the other response parameters
compared above, these two parameters are overestimated by the static method, and
even more so by the Bernoulli method. In the case of wind records 1 and 2 the
differences in maximum swing angles reflect the differences between the wind loading
predicted by FSI analysis and Bernoulli’s equation. In the case of wind records 3 and 4,
where insulators are experiencing large swing angles, the differences are mainly
reflected in the predicted insulator tensions. Increases in both swing angle and insulator
tension increase the lateral load transferred from conductors to tower and hence

increase the tower internal response, represented here by the leg force and cross-arm
tip displacement.
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Fig. 10 Suspension insulator swing angle at the tower adjacent to the loaded span
(Wind record 2)
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Fig. 11 Insulator string tension at tower adjacent to the loaded span (Wind record 2)

5. CONCLUSIONS

In the present study a new method is proposed to determine wind loading on
transmission line conductors. The method is based on FSI analysis which provides a
more accurate representation of the wind pressure acting on moving line conductors
than provided by the simplified wind load models used in design practice. In the
pseudo-static wind loading method wind pressure calculation is based on Bernoulli’'s
equation, which neglects any fluid-structure interaction. Results from the case study
show that neglecting wind-cable interactions leads to over prediction of several line
response parameters such as conductor displacements and internal forces in tower
members.

At this stage, the proposed method is not suggested to be used for design purposes
because of its complexity and high computational demands. This advanced
computational method is rather suggested to be used in a research and development
context to evaluate and possibly improve current wind analysis methods. Another very
interesting application of this method relates to optimization of cross-sectional design of
conductors, in terms of geometry and surface roughness. (Keyhan et al. 2011a)
Detailed FSI analysis also enables the evaluation of aerodynamic damping of various
cable geometries.

As many electric power utilities around the world are reassessing the reliability
levels of their transmission infrastructure and making difficult investment decisions, a
more realistic wind loading model could be of high value.
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