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Transmission line structures, though designed per code provisions, have suffered several failures worldwide in the past. As reported in the body of the available literature, more than 80% of those failures are due to severe localized wind events such as downbursts. Several recent studies have emphasized the importance of the conductor loads and how their forces contribute to the failure of the towers. The velocity profile and loads associated with a downburst wind field vary significantly with the change in the downburst configuration. Previous studies have focused on identifying the critical transmission tower members that are likely to fail during a downburst event and the associated critical downburst configurations. In all these studies, a smooth terrain was assumed where the effect of terrain roughness is not considered. In the current study, an evolutionary optimization algorithm is coupled with a semi-closed form solution technique to predict the maximum conductor reactions under downburst wind field and the associated critical downburst configurations. A Large Eddy Simulation (LES) model of downbursts impinging on various exposure conditions, developed in a previous study, has been incorporated to predict wind forces acting on the conductor line. It is believed that the current study is the first of its kind to provide critical downburst configurations that lead to maximum conductor's reactions while considering the effect of terrain exposure (open, countryside, suburban, and urban). Based on the optimal downburst configuration identified for each type of terrain roughness, a simple and practical approach in the form of simple equations and a set of charts to evaluate maximum reactions has been developed and validated. The simplified approach is suitable for practicing engineers to accurately and rapidly evaluate maximum conductor reactions under downburst events considering multiple terrain conditions.
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INTRODUCTION

The transmission line system (TL) has a significant importance as it undertakes the task of transmitting electricity from source of production to end users.

Despite the importance of guaranteeing structural safety of a transmission tower-line system during its service life, a large number of failures has been reported in the past due to weather conditions (Dempsey and White, 1996; Li, 2000). These include High Intensity Wind (HIW) events in the form of downbursts and tornadoes which emphasize the importance of accurate design wind loads. Investigations of failure records of transmission towers in several countries showed that downbursts are responsible for more than 80% of the failure of transmission line towers worldwide (Dempsey and White, 1996). In September 1996, Manitoba Hydro company in Canada reported a failure of 19 transmission line towers due to downburst events across the province (McCarthy and Melsness, 1996). The Ontario Hydro company also reported that five out of every six weather related transmission line failures are due to HIW events (Behncke and White, 2006). In Australia, Li (2000) reported that HIW in the form of downbursts are responsible for more than 90% of weather-related failures of structures. This highlights the need to furtherly investigate the behavior of transmission lines during these events and subsequently develop accurate and effective design procedures that can be easily applied by practitioners. Figure 1 shows typical transmission line components and longitudinal reactions on the conductors.
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FIGURE 1. Components of transmission line system and longitudinal reactions “http://electrical-power-system.blogspot.ca”.



Previous studies on the failure of TLs under downburst winds showed the importance of the loads applied to the conductors and transmitted to the towers. For instance, a study of downbursts and tornadoes effect on isolated towers was presented by Savory et al. (2001). Their study highlighted the importance of studying the entire structural system instead of isolated structure due to the unequal distribution of loads that occurred as a result of these events. The studies conducted by Shehata et al. (2008) and Aboshosha and El Damatty (2012) showed that the longitudinal forces transferred from the conductors to the towers is responsible for the most critical failure modes of the towers. Similar findings were also obtained by the experimental wind tunnel test conducted by Elawady et al. (2017). All of this proves the importance of accounting for the conductor loads transferred to the towers. In order to predict the behavior or failure of transmission lines under downbursts, finite Element Analysis (FEA) was utilized (Shehata et al., 2005; Shehata and El Damatty, 2007). It was shown that these analyses are time consuming when evaluating the critical longitudinal forces transmitted to the towers due to high flexibility of the conductors and the localized behavior of downbursts leading to altering the loads acting on the conductors and consequently the transmitted forces from the conductors to the towers. Other than FEA, Irvine (1981) and Yu et al. (1995) proposed a closed-form solution to obtain the reaction for a single spanned conductor. However, they did not consider the flexibility of the insulators, which has a significant effect on the forces transmitted to the towers. Winkelman (1959) proposed a method that accounts for insulator flexibility, however, it neglected the difference between the conductors' tensile forces in the adjacent spans and failed to predict the longitudinal forces transmitted to the tower. Aboshosha and El Damatty (2014a) developed an efficient technique to analyze transmission line conductors subjected to spatially variable loads corresponding to downbursts and tornadoes. Later, Aboshosha and El Damatty (2014b) developed a semi-closed form solution for the conductor reaction when subjected to downburst winds. In this semi-closed form solution, a factor characterizing the spatial variation of the downburst loads was extracted from the Computational Fluid Dynamic (CFD) simulation of a downburst in open terrain (Kim and Hangan, 2007). A recent experimental study by Elawady et al. (2018) has shown that terrain exposures and cable weight influence downburst location and loads that lead to the maximum conductor reaction. To evaluate the maximum conductor reaction transmitted to the towers, an intensive parametric study should be conducted followed by a non-linear analysis to evaluate the reactions for each combination of those parameters. The parameters include the relative location of the downburst with respect to the tower of interest (defined by the polar coordinates R and θ) as well as the size of the downburst.

Due to the importance of accounting for the conductor reactions and the challenge in conducting computationally intensive analyses to evaluate those reactions, the current study sought to develop an easy-to-apply method suitable for practicing engineers to predict peak conductor reactions for different terrain exposures under downburst loads.

The layout of the evaluated cases is based on a study by Shehata et al. (2005, 2008). In their study they concluded that 6 spans (3 on each side of the tower of interest) is the minimum number required for accurate evaluation of the conductor reactions (Figure 2).
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FIGURE 2. Downburst parameters for a six-spanned transmission line system.



This method is based on CFD downburst wind profiles provided by Aboshosha et al. (2015) for various terrain exposures. This is linked with the semi-closed form technique by Aboshosha and El Damatty (2014b), coupled with Genetic Algorithm (GA) optimization to predict the most critical downburst configuration and associated conductor reactions. Genetic Algorithms have proven to have superior efficiency over other random search methods in solving complex structural engineering applications (Shehata et al., 2008; El Ansary et al., 2010, 2011a,b; Elshaer et al., 2015).

Coupling the CFD data, with semi-closed form analysis and GA techniques allows one to: (i) Identify the critical downburst configurations that produce maximum conductor's reactions for four different exposures (open, countryside, suburban, and urban), and (ii) develop an easy-to-apply approach to evaluate maximum unbalanced longitudinal and transverse reactions based on the critical downburst configurations identified in (i). This approach is in the form of simple equations and a set of charts.

The outline of this paper is as follows. In section Introduction (this section), an introduction and a review for the literature related to downburst and TL conductor reaction is provided. Section Downburst wind field focuses on downburst modeling while section Technique to Analyze Transmission Line Conductors Under HIW focuses on a description of the semi-closed form analysis technique. Section GA Optimization Technique shows details of the GA optimization and its coupling with both the CFD data from section Downburst Wind Field and the analysis technique from section Technique to Analyze Transmission Line Conductors Under HIW. Section Results and Discussion presents the main findings of this study and the proposed simplified approach to evaluate the maximum unbalanced longitudinal and transverse conductor's reactions. A Numerical example is provided in section Simplified Approach and Numerical Example, to explain detailed steps required to apply the proposed set of charts. Finally, in section Conclusions, the main conclusions drawn from the study are presented.

DOWNBURST WIND FIELD

Although field studies can provide the actual velocity measurements of downbursts, acquiring these data is a challenging task due to the uncertainty of the event occurrence location and time (localized effect). Such challenges motivated many researchers in the past to study downbursts either experimentally (Oseguera and Bowles, 1988; Lundgren et al., 1992; Alahyari and Longmire, 1994; Yao and Lundgren, 1996; Wood et al., 2001; Chay and Letchford, 2002) or computationally (Chay et al., 2006; Hadziabdic, 2006; Kim and Hangan, 2007; Sengupta and Sarkar, 2008; Mason et al., 2009). In the computational studies of downburst, different methods are used including: Impinging jet (IJ) method, implemented by Kim and Hangan (2007), Cooling Source (CS) method, proposed by Anderson et al. (1992) and utilized by Mason et al. (2009, 2010) and Vermeire et al. (2011a,b), and the method of simulating the downburst producing-thunderstorm developed by Orf et al. (2012). It can be concluded from these studies that the method of simulating downburst producing-thunderstorm is computationally expensive and that both IJ and CS methods are computationally more efficient. While simulating many mean characteristics of downbursts, none of the above-mentioned studies simulated turbulent characteristics of the flow near the ground such as: turbulence intensities, length scales, spectra, and peak factors. However, these characteristics are essential to quantify the peak loads on the structure as stated by Chen and Letchford (2004a,b); Chay and Albermani (2005); Chay et al. (2006); Holmes et al. (2008), and Kwon and Kareem (2009). To address this gap Aboshosha et al. (2015) recently proposed a computational model using the IJ method and employing transient LES turbulence model on various exposure conditions. In their study, a three-dimensional cylindrical domain is used, as illustrated in Figure 3. In this computational model, the jet diameter, Dj, is assumed equal to 1 km to represent a typical size of a downburst as suggested by Holmes et al. (2008). As shown in Figure 3A, the computational domain is chosen to be 8 Dj ×4 Dj for the radial and vertical dimensions, respectively. The model resulted in a wind field that has both a running-mean and a turbulent component. Decomposition of the mean component out of the overall field was conducted through both spatial and temporal averaging. More details about the averaging can be found in Aboshosha et al. (2015).
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FIGURE 3. CFD model developed by Aboshosha et al. (2015). (A) Computational Model with sample velocities and their averaging. (B) Sample Decomposition of running-mean wind speed. (C) Profile of maximum radial velocities.



Figure 3B shows sample radial velocities and the resulting velocity in which Ur0 is located at R = 1.25Dj, Z = 0.05Dj and θ = 0° and the velocity Ur90 is located at R = 1.25Dj, Z = 0.05Dj and θ = 90°. Such an averaged velocity Uav depends on the radial distance from the jet center and the vertical elevation (r, Z). Maximum averaged radial velocity profiles Uavmax were identified and plotted against the vertical elevation for the generated four fractal terrain exposures following the study by Aboshosha et al. (2015) as shown in Figure 3C. Those four terrain exposures are based on the Engineering Sciences Data Unit (ESDU) [Engineering Sciences Data Unit (ESDU), 2010].

The figure indicates that maximum radial velocities occurs at lower elevations for smoother terrains than those for rougher terrains. Radial velocities resulting from that computational model will be used in section Technique to Analyze Transmission Line Conductors Under HIW (next section) to evaluate the conductor reaction, and in section GA Optimization Technique to predict the critical downburst configurations (r/Dj and θ) leading to the maximum unbalanced longitudinal and transverse conductor reaction forces.

TECHNIQUE TO ANALYZE TRANSMISSION LINE CONDUCTORS UNDER HIW

As previously mentioned, spatially and temporally averaged radial downburst velocities for four terrain exposures adopted from the CFD simulation conducted by Aboshosha et al. (2015) are utilized to evaluate conductor reactions. Studies by Kim and Hangan (2007) and Aboshosha and El Damatty (2014b) indicate that the radial component of the velocity is dominant, while the vertical component is negligible when calculating conductor forces.

Consequently, as indicated in Figure 4, the conductor systems will be subjected to a downburst wind load gy acting in the transverse direction Y in addition to the conductor weight W acting in the vertical direction Z. The intensity of the distributed load, gy(s), is calculated using Equation (1) as a function of the mean wind velocity at a general location s, Uav(s).

[image: image]

Where ρ is the air density which is taken equal to 1.25 kg/m3; Cd is the drag coefficient of the conductor which is taken equal to 1.0, according to the American Society of Civil Engineers guidelines ASCE-74 (ASCE-74, 2010), D is the conductor projected area in the transverse direction per unit length. For a single bundled conductor, D is equal to the conductor diameter.
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FIGURE 4. Iterative solving technique. Conductor system and unknown reactions and displacements.



Non-linear static analyses under downburst wind load (gy) and the conductor weight (W) are conducted using the technique developed and validated by Aboshosha and El Damatty (2014b). Aboshosha and El Damatty (2014b) have shown that this technique is 185 times faster than non-linear analyses conducted using the FEM. This is because the technique relies on treating each conductor span as one element and reduces the unknown degrees of freedom by limiting them at the connections between the insulators and the conductors. This technique is used to evaluate the reactions, Rxi, Ryi, and Rzi at the supports and the displacements dxi, dyi, and dzi at the conductor-insulator connecting points as illustrated in Figure 5, (where i is the number of the insulator) and indicated by Equations (2)–(4). Those equations are solved iteratively as indicated in the flow chart in Figure 5.
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Where[image: image], [image: image]are vectors of y and z reactions considering no displacements at the connection between the conductors and the insulators (i.e., insulator fixed end forces), and represent the initial conditions considered in the analysis; [Kyz] is the stiffness matrix to account for the p-delta effect; {fx} is the unbalanced load vector in x-direction; [Kx] is the tangential stiffness matrix for x-displacements; the superscript (i) represents the iteration number; {Rres} is the vector of the resultant forces in the insulators, [image: image], ν is the insulator length. Considering 6 conductor spans, [image: image][image: image]; {fx}, {dx}, {dy} and {dz} are 7 ×1 vectors while the square matrices [Kyz] and [Kx] are 7 ×7. The matrices dimensions reflect the seven insulator points supporting the conductor along the six spans. Detailed description of[image: image], [image: image], [Kyz] and [Kx] can be found in Aboshosha and El Damatty (2014b).
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FIGURE 5. Schematic illustration of the conductor-system by Aboshosha and El Damatty (2014b).



As indicated in the flow chart, initial displacement vectors {dx}, {dy}, and {dz} are assumed and the corresponding reaction vectors {Ry} and {Rz} are calculated using Equations (2). The horizontal displacement and reaction vectors {dx} and {Rx} are calculated by iterating through Equations (3) until no change in the results takes place between two subsequent iterations, i.e., iterations no. i and i+1. This is followed by calculating the displacement vectors {dy} and {dz} using Equation (4), which satisfy insulator equilibrium conditions. The solution is checked for convergence by comparing displacement vectors calculated at time-step i+1 to the displacement vectors obtained at time-step i. If a difference greater than a chosen tolerance is found, the whole procure is repeated as indicated in Figure 5, until convergence is achieved.

GA OPTIMIZATION TECHNIQUE

An optimization code utilizing the GA was developed in-house to obtain critical downburst configuration (size Dj and location r, θ defined in Figure 2) that leads to the maximum conductor reactions as described in Equation (5).

[image: image]

The optimization code is integrated with the conductor analysis technique, described in section Technique to Analyze Transmission Line Conductors Under HIW and the CFD data described in section Downburst Wind Field, to allow for evaluating and maximizing the conductor reaction Ri at the intermediate tower of interest as shown in Figure 2. Three types of reaction Ri are included in the optimization (unbalanced longitudinal, transverse, and resultant) for each of the four types of terrain roughness. This leads to 12 different optimization cases, as shown in Table 1.


Table 1. Cases considered for optimization.
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It is worth mentioning that the jet velocity Vj is not considered an independent variable since it is obvious that the conductors reactions increase with an increase in Vj. Therefore, the jet velocity in this study is set at a constant value of 40 m/s, which produces a maximum radial velocity of approximately 70 m/s compatible with peak recorded speed (Savory et al., 2001; Aboshosha et al., 2015).

Real-coded genetic algorithm is used to explore the search space to identify critical downburst configurations leading to maximum conductor reactions. This optimization technique is considered because of its efficiency in achieving global optimal solution for a continuous-domain. Details about the GA applied in this study are provided in Figure 6, while Figure 7 shows a flow chart summarizing the steps of integrating the GA with the analysis code.


[image: image]

FIGURE 6. Details of the genetic algorithm.




[image: image]

FIGURE 7. Flowchart describing the steps involved in the GA within the analysis technique.



RESULTS AND DISCUSSION

As discussed earlier, the optimization code was utilized to identify critical downburst parameters (Dj and location r, θ) leading to the maximum reactions. The resulting critical downburst parameters that leads to maximum reactions are shown in Table 2.


Table 2. Critical Downburst parameters configuration.
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The results shown in Table 2 reveal that for calculating the critical angle between the center of the downburst and the center of the tower (θ) when considering the maximum longitudinal reaction (Rx) of the conductor, a critical angle θ in the order of 30° was obtained regardless of the terrain roughness. It can be viewed from Table 2 that the maximum transverse reaction (Ry) of a conductor will occur when the downburst is at an angle θ = 0°. By comparing cases 1-1 and 1-2, 4-1 and 4-2 it can be noticed that the critical diameter of the downburst Dj for the calculation of Rx is usually smaller than the critical Dj that results for the calculation of maximum Ry by 15% when considering the cases of a six-spanned transmission line system in Open and Urban terrains only. Whereas, the critical diameter of the downburst Dj for the calculation of Rx and Ry of the conductors in countryside and suburban terrains is equal to 690 m. This implies that the relation between Dj and Rx and Ry cannot be related to the exposure. Table 2 shows that as the terrain becomes rougher, the r/D (relative location between the center of the downburst and the center of the tower/Diameter of Downburst) value for the calculation of both the Rx and Ry decreases. However, no typical trend can be found for the critical diameter as the terrain roughness increases.

The following section provides a simplified approach which is developed to generalize a set of charts based on the practical situations of downbursts. The approach is developed using the critical downburst configurations obtained from the optimization and listed in Table 2.

SIMPLIFIED APPROACH AND NUMERICAL EXAMPLE

The optimization code developed in sections GA Optimization Technique and Results and Discussion is capable of predicting the critical downburst configuration associated with maximum conductor reactions for different types of terrain roughness. However, this technique is computationally expensive. Therefore, a simplified procedure in the form of charts and simple equations is suggested here. It is worth mentioning that Aboshosha and El Damatty (2014b) developed a rapid engineering method to evaluate conductor reaction for any downburst configuration, but the method was limited to open terrain exposure. The current simplified approach focuses on predicting the maximum reactions only for four terrain exposures. This section is divided into three sections, where section Simplified Approach Development shows how the approach is developed, section Practical Example provides a practical example using the developed approach, and section Accuracy of the Simplified Approach illustrates the accuracy of the simplified approach.

Simplified Approach Development

The simplified approach is based on utilizing the general expression given in Equation (6) to predict maximum conductor reaction Rmax, where Lx is the conductor span length, gpymax is the maximum intensity of the downburst wind load and fmax is a factor that depends on the reaction type, terrain exposure and other factors as will be described later.

[image: image]

This maximum intensity gpymax is a function of the maximum mean radial velocity (Vpmax) measured at point p shown in Figure 2 and can be expressed by Equation (7) as a function of the [image: image] ratio. Such a ratio is obtained from the CFD data and summarized in Table 3.

[image: image]

where the drag coefficient (Cd) is taken as 1, air density (ρ = 1.25 Kg/m3), the diameter of the conductor (D) is assumed as 0.022 m, and the jet velocity (Vj) is 40 m/s. These values are assumed considering real downburst events, and practical conductor and wind-field properties. The gpymax values calculated for each case of terrain roughness are listed in Table 4.


Table 3. Vpmax/Vj ratios.
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Table 4. fmax value for maximum Ry reaction.
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According to Equations (6) and (7), one can evaluate the max reaction under a known value of the jet speed Vj if the fmax factor is known. Such a factor accounts for the various conductor parameters affecting the reaction, which are represented in the following: Sag/Lx, Lx/v and the terrain exposure, where (Sag) is the conductor sag, (Lx) is the conductor span, and (v) is the insulator length. Figure 8 shows values of the fmax variable for the longitudinal reaction Rx.


[image: image]

FIGURE 8. fmax for Rx reaction.



Each row of Figure 8 represents a consistent terrain exposure (e.g., first row is for open terrain), while each column of the subplots represents the same Sag/Lx value (e.g., first column is for sag/Lx = 2%). With respect to the transverse reaction, Ry, it is found that fmax is almost independent of the Sag/Lx and Lx/v parameters as shown in Figure 9 (where fmax varies between 0.988 and 1.002 assuming an Open terrain and sag/Lx of 2%), therefore, it is decided to present fmax for Ry as a function of the terrain exposure only as summarized in Table 4.
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FIGURE 9. fmax for Ry reaction.



It is worth mentioning that the maximum reactions can be evaluated using the simplified method in Equations (7) and (8) and Figure 8 for Rx or Table 4 for Ry under a given jet velocity Vj or peak velocity Vpmax. A practical example to evaluate maximum reactions for a TL conductor in Southwestern Ontario region is provided in the next subsection.

Practical Example

A TL conductor with a length span Lx of 460 m and properties listed in Table 5 is considered. The conductor is located near Windsor, Ontario, Canada. Analysis of thunderstorm events at southwestern Ontario has been conducted by Aboshosha et al. (2017a,b) and the resulting 50-year peak design speeds are shown in Figure 10.


Table 5. Conductor properties.
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FIGURE 10. 50-year return period peak thunderstorm wind speed (Aboshosha et al., 2017a,b).



As shown in the figure, peak downburst speed Vpmax at Windsor region is in the order of 55 m/s.

The simplified approach is utilized as follows:

1. - Calculate the weight of the conductor per unit length:

W = m × g = 1 ×9.81 = 9.81 N/m

2. - Knowing peak downburst speed Vpmax = 55 m/s, gpmax is evaluated from Equation (7) as

gpymax = 0.5 ×1.25 ×1 ×0.0254 ×552 = 48.0 N/m

3. - Determine the following parameters:

Sag/Lx = 0.02 = 2%

Lx/v = 250

W/ gpymax = 0.2

4. - Refer to Figure 7 and Table 4 to evaluate fmax for Rx and Ry

fmax = 0.53 for Rx and fmax = 1.00 for Ry

5. - Evaluate maximum reactions using Equation (6)

Rx = Lx × fmax × gpymax = 11,713 N, Ry = Lx × fmax × gpymax = 22,120 N

Accuracy of the Simplified Approach

The accuracy of the proposed simplified approach is assessed by running the percent difference test for the conductor case summarized in Table 5 for the maximum Rx and Ry reactions evaluated using the simplified approach and using the optimization code discussed in section GA Optimization Technique.

The optimization code is employed to find optimum downburst parameters leading to maximum Rx and Ry for the conductor properties listed in Table 5. Table 6 summarizes the resulting optimum downburst parameters as well as the maximum reactions. Table 6 also lists the maximum reactions evaluated using the simplified approach. A minor discrepancy between the maximum reactions (<5%) obtained using the simplified approach and those using the optimization was found.


Table 6. Conductor properties.
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The simplified approach presented in sections Simplified Approach Development and Practical Example allows practitioner engineers to accurately evaluate maximum conductor reactions under downburst events considering multiple terrain conditions.

CONCLUSIONS

An optimization code based on Genetic Algorithm is coupled with an effective conductor analysis technique and CFD data to find downburst parameters leading to maximum TL conductor reactions. Maximum reactions and associated downburst parameters are evaluated for four different terrain exposures. The resulting critical downburst configurations are then utilized to develop a simplified approach to evaluate maximum conductor reactions through a set of equations and charts.

An example considering a practical conductor is provided for illustration of the proposed approach, where maximum conductor reactions are evaluated using both the simplified approach and the detailed optimization technique. A comparison between the results obtained from both approaches is conducted and proved good agreement which confirms the accuracy of the simplified approach proposed in the current study.

This study provides an efficient and simple approach that is suitable for practitioner engineers or for adoption in design codes to accurately and rapidly evaluate maximum conductor reactions under downburst events considering multiple terrain conditions. It should be noted that the simplified approach provided in this study has been validated within the range of parameters shown in Figure 8. Further research is required to extrapolate the simplified approach beyond the defined range.
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