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This thesis is a report on a Unif'ied Model to predict the performance of 

Aluminum Conductor Steel Reinforceci (ACSR). The Model combines electromagnetic, 

mechanical, radial conduction, and steady-state thermal models, and uses a probabilistic 

method to take account of system loads and the stochastic nature of the meteorological 

parameters. The four models, developed durhg the past thirty years, have been used by 

the industry individually to predict the electrical, mechanical and thermal behaviour of 

stranded overhead conductors. Each aspect was aoalyzed separately, neglecting 

dependencies of the involved variables on other aspects of the conductor behaviour. 

Most results obtained in this way were acceptable while conductors were operating at 

lower temperatures. However, at high temperatures, the effects that each aspect of the 

behaviour has on another are no longer negligible. Until now there has not been a 

feasible mechanism to link the models in order to predict al1 aspects of the behaviour of 

the conductor simultaneously, and to take into consideration al1 the interdependent 

influences among models . 

The Unified Model, developed as a result of this work, is a new approach for the 

simultaneous prediction of al1 the aspects of conductor behaviour. For the first t h e  al1 

four models: electromagnetic, mechanical, steady-state thermal, and radial conduction 

models, are coupleâ such that the conductor is viewed as a whole. 

In addition, the statistical distribution of system loads, ambient temperature, and 
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rise of conductor temperature above ambient are included in the Unified Model to 

determine a realistic thermal history of the conductor and to assess annealing in the 

aluminum layers. This has not been done before. The usefulmss of the probability 

based Unified Model for predicting characteristics of the conductor, such as sag, power 

loss and loss of tensile strength of nonferrous wires is demonstrated. 

An example of application of the Model to an ACSR conductor is given. The 

results are used to study the sensitivity of the electrical, mechanical, and thermal 

characteristics of the conductor to various parameters and to determine how the 

electrical, mechanical, and therrnal characteristics affect each other. The results are 

presented in the form of recommendations for the design of the overhead conductors. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND INFORMATION 

The demand for electric power, still growing in developecl countries, is rapidly 

increasing in third world countries. Bare overhead lines are the most economical means 

for the transportation from the generation site to the consumer. However, fuüuicial and 

environmental constraints often restrict the construction of new transmission lines. 

Additionally, the length of t h e  to obtain permissions and for construction may add to 

the cost. 

During the last fifteen years environmental concerns such as the impact of 

overhead power lines on the landscape and Bora and fauna have focused public attention 

on the problem, resulting in impediments to nght of way. Also, widened urban area 

right of way can represent a severe obstacle for the planning of the new transmission 

lines. It has become essential for utilities to M y  utilize existing lines and to increase 

their load transmission capacity . In addition, deregdation with the inevitable cornpetition 

between providers, resulting in smaller m a r g d  costs. has increased the need to 

minimize both capital and maintenance costs of new lims, and to increase their efficiency 

as well. The load capacity. capital and maintenance cost, and the efficiency of the 

overhead line are greatly determineci by the behaviour of the overhead line wnductor. 
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and reliability of the lhe depends also on the performances of the conductor. 

Standard overhead conductors consist of stranded conductors wrapped in layers 

helically around a fore, which may be either steel or a metai ailoy, Fig. 1. Materials 

which are usually used in conductors are aluminum, a l i i m i n ~  dloys, and steel. Copper 

has been rarely used because of its price. Conductors are made from one or more 

materials. The monometallic conductors corisist of strands that are helically wrapped 

about the core, which is a single strand made ftom the same material as the outer 

strands. Bimetallic conductors usuaily consist of the layers of the conducting material. 

such as aluminum and aluminum alloy, wound around the core made from the reinforcing 

material, such as steel, aluminurn clad steel or aluminum ailoy . For increased efficiency 

the reinforcing material is usually placed in a core. However, some specially designed 

conductors may have reinforcing strands rnixed with the conducting strands in the outer 

layers . 

The most comrnonly used standard 

overhead conductor is aluminum 4 6  

conductor steel reinforcd (ACSR). This 

bimetallic conductor consists of one or 

more aluminum layers wound Hpre 1 Stranded overhead conductor 

altematively right and lefi handed around the steel core. The steel core may have from 

one strand to several layers wound alternatively nght and left-haoded over the king wire, 

which is the centre steel strand. The steel core reinfurces the conductor and enables 

greater tension, and wnsequentiy longer spans of the conductor. In addition, the 

presence of the core increases the conductor diameter and thus decreases the corona 
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effects at high voltages. However, as the increase of the diameter results in larger wind 

and ice loads we must seek means to minimize the effect. 

The xnaximum load capacity of an overhead line is greatly detemiined by the 

maximum temperature of the wnductor, the sag, and the loss of tende strength of the 

nonferrous part of the conductor. Efficiency of the Iine depends on power losses in the 

conductor, which are determined by the ac resistance of the wnductor. Capital and 

maintenance costs are greatly determined by the maximum sag, the forces in the 

conductor, and the loss of tensile strength of the nonfmous part of the conducmr. Safety 

is determined by the maximum sag of the conductor, often reached at maximum 

temperature. Reliability of the line depends on the loss of tensile strength of the 

nonferrous part of the conductor. 

When load capacity is considered, overhead lines can be divided into long and 

short lines. The load capacity of long lines depends mostly on system stability, voltage 

drop and energy losses. The load capacity of shorter lines is tirnitecl by the maximum 

permissible conductor temperature, the sag, and the long-tem loss of tende strength of 

the nonferrous part of the conductor due to aflllealing. Bigger load demands very often 

require transportation of the energy from remote power plants to the consumers by long 

trammission lines. However, the development of national and continental networks and 

increasing numbers of substations and interco~ections in North America and Europe 

have increased the number of the short lines compared to longer ones. Today. the 

majority of overhead lines in North America are short Lines. 

Such factors as temperatures, sag, loss of tensile strength due to itllllealing, and 

power losses have to be deterd.mil to predict the load tninsfer. In this way shorter lines 
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can be reliably designed. Longer lines, subject to additional constraints, can also be 

designed to a large extent. At the same tirne these themial, mechanical, and electrical 

characteristics of the conductor determine important performances of both short and long 

lines, such as the efficiency, cost, safety, and reliability. 

1.2 PREVIOUS WORK 

Four separate models have ken developed during the past thirty years to predict 

the electrical, mechanical and themial aspects of the behaviour of stranded conductors. 

The Electromagnetic Model, which is particularly applicable to ACSR conductors, 

has been developed by Morgan and Price [l] and Barret et al (21. The model gives a 

method for the calculation of ac resistance of the conductor and current redistribution 

within the conductor. Contrary to the traditional approach, which views the ACSR 

conductor as a hollow tube and adds skin and proximity effects and con Ioss to the dc 

resistance, this model calculates ac resistance considering the longitudinal and 

circumferential magnetic fields which take account of transformer effect, hysteresis and 

eddy current losses. Input values are the geometry of the conductor, the electrical and 

magnetic properties of the ferrous and noafemous materiais, the total current and the 

layer temperatures. Output variables are the complex layer currents and the ac 

resistance . 

The Mechanical Model has been progressively developed by a number of authors 

[3-81. Total elongation of the conductor due to the creep over a certain period of time 

is predicted based on the kwwn or assumed load history. The forces in a conductor and 

the sag are then calculated for the given temperature. input variables are the geometry 
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of the conductor, the physical properties of the materials, and the tirne distribution of the 

loads and temperature. Output variables are the strain, the sag, and the total creep. The 

model predicts compressive stress in duminum wires at higher temperatures, and the risk 

of bird-caging. i.e. the separation of a layer of wires from its neighbours. 

The Radial Conduction Model has been developed by Morgan and Findlay [9,10]. 

This model calculates the radial temperature distribution within stranded conductors. 

Input variables are the geometry of the conductor, the tension. the layer currents and 

resistances, and the yield stress of the nonferrous wûes. Output variables are the radial 

forces, the power los, and the temperature differences between layers, and the contact 

areas of the wires in adjacent layers. 

The SteadyState Thermal Model has been progressively developed over many 

years, but its present form is rnainly attributable to Makhlin [Il], House and Tuttfe [12], 

Webs [13], and Morgan [14-161. The mode1 calculates the conductor temperature when 

the conductor current and atmospheric data are hown, or the thermal rating when the 

conductor temperature is given. Input variables are the geometry of the conductor, the 

current or the conductor temperature, the resistance, and the atmospheric variables, such 

as whd speed and its direction and the intensity of solar radiation. Output variables are 

the surface temperature of the conductor, if the current is input, or the cumnt, if the 

surface temperature is the input. 

In addition to the electrical, mechanical, and thermal characteristics of the 

conductor which are defined by four models, a very important aspect of behaviour of the 

conductor which has to be considered is the loss of tensile strength of nonferrous wires 

due to cumulative annealing. The method for falculating the loss of tensile strength of 
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the nonferrous wires and stranded conductors due to annealhg is developed by Morgan 

[ln. The m e W  calculates the reduction of the tende strength of the conductor when 

it operates at higher temperatures over a certain period of time for a Lwwn thermal 

history . Inputs are the tirne distribution of the temperature and the temperature. Output 

is the percentage loss of the tensile strength of the nonferrous wires. 

A combination of the first thxe models was first used to calculate the temperatun 

distribution in a 54/6/33 mm + 113.675 mm Olive ACSR conductor on an outdoor test 

line [18]. 

1.3 PROBLEM DESCRIPTION 

In order to fully utilize transmission and distribution lines, it is important to 

determine accurately al1 aspects of the behaviour of the conductor at high temperatures 

pertaining to the maximum expected load transfers during the lifetime of the conductor. 

Each of four models contains a number of variables, and some of these variables 

are common to two or more of the models. Some variables depend on the variables from 

the other models, others on the variables in the same moàel. However, each of the 

models is used separately, neglecting other aspects of the behaviour of the conductor and 

their influence on the variables used in a particular model. The Electromagnetic Model 

assumes that the temperatures of all layers are the same. The Radial Conduction Model 

usually neglects the differences between the stresses in steel and aluminum layers and the 

differences in power losses in layers. Both the Mechanical Model and the method for 

calculating the loss of tensile strength of the nonferrous wires of the conductor do not 

account for the different layer temperatutes. 
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Introduced simplifications lead to approximate determination of the characteristics 

of the conductor, which is particularly important at high temperatures, as the errors in 

the mode1 become more signifiant. Hence, the design of overhead line conductor is 

usually undertaken in a rather piecemeal fashion. 

The caiculation of the loss of tensile strength of the nonferrous w h s  of the 

conductor is often neglected in design practice. Besides, for both the Mechanical Model 

and the caiculation of the loss of tensile strength, the themal history of the conductor 

has to be known. It can be monitored or assumeci. Often when the conductor history 

is not known, the dculation of the permanent elongation of the conductor is bas& on 

the assumption that the conductor is at maximum load for some percentage of t h e ,  for 

some t h e  at high temperature accepted as maximum conductor temperature, and the rest 

of its lifetime at mean daily temperature. without additional loadings. These arbitrary 

assumptions often predict -smaller permanent elongation of the conductor and loss of 

tensile strength due to annealing than actuaily m u r .  

1.4 PRESENT WORK AND CONTRIBUTIONS 

In this research, al1 four models are combineci for the first tirne in the Unified 

Model. The method for calculating the cumulative loss of tensile strength due to 

annealing is inwrporated in the Mechanical Model. The Unified Model predicts the 

electrical, mechanid and themial characteristics of the conductors taking aiï the 

interdependences between the numerous variables into consideration. The mode1 is 

particularly applicable to ACSR conductors because it incorporates the Electromagnetic 

Model which predicts the electricai behaviour of ACSR conductors. The procedure, 
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however, is applicable to other types of overhead conductors. 

In addition to the combination of the four separate rnodels, the probabilistic 

approach is employed to take account of the thermal history of the conductor. The 

conductor temperature depends on the system current, ambient temperature, and other 

meteorological parameters, such as wind speed and direction, and intensity of solar 

radiation. The wind speed and direction and the intensity of solar radiation determine 

the temperature N e  of the conductor above ambient temperature. The conductor history 

can be detennined taking into account the statistical distribution of these factors. Instead 

of the conventionally assumed short period at maximum temperature and the rest of the 

exposure time at everyday temperature, statistical distribution of the conductor 

temperature over the exposure period is calculated from the statistical distribution of 

typical loads with large systems [19], [20], normal distribution for the probability density 

function of ambient temperature [16], [2 11, and bimodal probability density function of 

the temperature rise of the surface of the conductor [22]. 

The Unified Model enables accurate prediction of electrkal, mechanical. and 

thermal characteristics of the conductor. It explains for the first t h e  how each aspect 

of the behaviour influences the others, and gives use to mechanisms for conducting 

various sensitivity aaalyses. It introduces the loss of tensile strength due to annealhg as 

a criterion for the design of the conductor. The Model can be readily used to optimize 

overhead lines and to improve the characteristics of new conductors. The Unified Model 

is a basis for the development of powerfd software that will greatiy improve design 

practice. 

This thesis gives the mode1 which predicts al1 aspects of the behaviour of the 
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conductor with probabilistic approach to determine conductor thermal history. The 

Unified Model is used to determine the effects of various parameters on the curent 

rating and the sag of a S4/3.77 mm + 1912.27 mm ACSR conductor Grackle. In 

addition, the influence of miscellaneou variables wupled through the Unified Model and 

their dependencies is anaiyzed. 

1.5 THESIS CONTENTS 

Chapter two describes details of the existing models. The Electromagnetic, 

Mechanical, Steady-State Thermal, and Radial Conduction Models and the method for 

the calculation of the loss of tende strength due to annealing are reviewed. The 

evolution of the modcls and the theoreticai procedures with the expianations are given. 

The advantages, disadvantages, and limitations of the separate models are discussed. 

Some directions for further development are also pointed out. Chapter three describes 

the Unified Model. Interdependences among variables in the four models are show, the 

couplings between the four models are defineci, and assumptions introduced in each 

mode1 are explained. The probabilistic approach employed in the Unified Model is 

described. 

The Unified Model is presented and discussed together with ail the adjustments 

and linkages in the separate models necessary for their implementation withh the Unified 

Model. Specific details for the conductor used for the application of the Unified Model 

are also given. Chapter four contains the results of the application of the Unified Model 

to an ACSR conductor. The influence of various parameters on the electrical, 

mechanical, and thermal behaviour of the conductor is examuled. Chapter five de& 
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with the discussion of the results obtained by the Unified Model. The influence of 

various parameters on the electrical, mechanid and thermal characteristics of the 

conductor are examineci and the relations among different aspects of behaviour amiyzed. 

A cornparison of the results with the conventional approach is also indudeci. Chapter 

six summarizes the work done in this thesis. It also includes some recommendations for 

the design of overhead line conductors. Suggestions for future work related to separate 

models as well as the Unified Model are given. 



CHAPTER 2 

EXISTING MODELS 

2.1 ELECTROMAGNETIC MODEL 

The resistance of a conductor carrying alternatkg curnnt is higher than its dc 

resistance. For monometallic and bimetallic conductors with a core other than steel, that 

increment is attributed to skin and proximïty effect. Ever since the tests and analyses by 

Kennelly , Laws and Pierce [23], Kennelly and Affel [U], Zaborszky 125 1, and Dwight 

[26] showed that the skin effect factor for stranded conductors is very close to that of 

solid conductor, the ac resistance of stranded monometallic conductors has been 

calculated using formulas for the skin-effect published by H.B. Dwight [26] and graphs 

based on these foxmulas prepared by Lewis and Tuttle [27]. 

The ac resistance of ACSR conductors is traditionally based on the assumption 

that the conductor is a hollow solid tube with the inner diameter equal to the diameter 

of the steel core. The dc resistance at the temperature of the conductor is then corrected 

for the skin and proximity effect. For single layer ACSR ac resistance is usuaily 

obtained ftom tables and curves that show test results at various load currents [28]. For 

conductors with an odd number of aluminum layers larger than one, a correction factor 

for core loss is also applied. 

A more accurate electromagnetic mode1 for the prediction of electrical 



12 

charactenstics of ACSR conductors has been developed by Bamt et al. [2]. It is a 

continuation and improvement of the model given by Morgan and Price [l]. Barret's 

model introduces the wmplex magnetic permeability to talre account of core Iosses and 

their effect on the cumnt redistribution in aluminum layers. Moreover, the inductances 

due to circular flux are calculated in a different way. The mode1 showed very good 

agreement with test remlts for single. two layer, and thne layer ACSR conductors. 

In ACSR conductors the helical stranding of aluminum wires f o m  a magnetic 

field in the steel core, which carries only a small portion of the total axial cwent, 

approximately 2 % . The current carried by aluminum wires, according to Morgan [29 1, 

Findlay [30]. and Findlay and Riaz [3 11, follows the helical path of the conductors with 

very little interstrand leakage. The magnetic field in the steel core strands caused by a 

particular aluminum layer is proportional to the layer current and the lay length. As the 

succeeding layers are wound in opposite directions, the magnetic field strength due to 

odd and even layers have different signs. In the steel core of even-number the magnetic 

fluxes for most designs cancel, resulting in a negligible axial magnetic flux in the core. 

For an odd number of layers however, the magnetic field in the wre can be substantial. 

The resultant magnetic field causes magnetic losses in the steel core due to eddy 

currents and hysteresis. Eddy current losses are induced rnainly by the longitudinal flux 

produced in the core strands by the currents in the aiuminum layers. Hysteresis losses 

are caused by the magnetic domain reorientation within the a r e .  Furthemore. the 

magnetic field in the core causes the cunent redistribution in the aluminum layers to 

redistribute closer to the core. The fact that the curnnt density is not the highest near 

the outer surface of the conductor, as predicted by sLin effect only was noticed by 
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Morgan and Price [l], Findlay [30], and Finâiay and Riaz [3 11. 

The Electromagnetic Model defines the conductor as a combination of resistances, 

inductances due to longitudinai flux, and inductances due to circula. flux. as shown in 

Fig. 2. It is assumed that the layer cumnts foliow helical paths and produce longitudinai 

and circular magnetic fields. A complex magnetic permeability is used to describe the 

behaviour of the steel core. Its imaginary wmponent takes accwnt of the core losses 

induced mainly by longitudinal flux. The total voltage drop over the conductor is the 

same for every layer. The core losses produce a voltage drop across the longitudinal 

inductance in each Iayer and increase the layer resistance. 

Figure 2 Model of resistances and inductances for a 3-layer ACSR 
conductor . 

The temperature of the layers is assumed to be uniform. and the mode1 is 
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confirmecl by expriment at the temperature 20°C for a three layer "Grackle" conductor, 

and two layer and single layer conductors obtained by the removal of the successive 

aluminum layers. 

The current in each aluminum layer is calculated fkom the current density at the 

centre of the layer. The current in a steel core is caiculated assuming uniform 

distribution, and current density equal to the surface density. The resistance of the steel 

core is included, but the longitudinal inductance, which does not significantly change 

current redistribution in aluminum layers, is neglected. 

DC resistances of layers are calculated takirig into consideration the increase in 

length of the wues due to stranding. The length factor 14, of the n-th layer is given by 

where D,, (m) ir the outer layer diameter, d (rn) is the diameter of the wires in layer n, 

and s, (m) is the lay length of the layer. The dc resistance R,, (Mn) of the layer n is 

then 

where m,, is the number of the wires per layer, and p (h) the resistivity of the materiai 

of the layer corrected for the conductor temperature T. 



The longitudinal inductances of the n-th aluminum layer conskt of positive self 

inductance and mutuai inductances which have positive signs for the layen spiralling in 

the same direction, and negative for the layers spiralling in the opposite direction. The 

current I, (A) in layer n produces the magnetic field strength 

The resultant longitudinal flux is then given by 

where p, is the relative magnetic pemeability of the steel, (Hh) the permeability of 

fkee space, As (m2) is the steel area, and Dn (m) is the outer diameter of the alurninum 

layer n. The self inductance L, is equal to 

and self reactance X, is given by 



2 Q 
x, ' ~ P O [ P P S  + ( 2 q (Dn-dl 2 - ~ , )  1 /sr, 

The mutual inductive impedance fiom layer q to an huer layer p is found fmm 

Q - q - d )  2-%) 1 /sp,  x, = x, = 0 p 0 [ p p s  + (4  

where Dp (m) is a outer diameter of layer p. 

The voltage, layer cumnts and consequently magnetic field strength, and the 

relative permeability of the steel core are complex values. In addition, is a function 

of the magnitude of the magnetic field. The magnetic field of a conductor with p 

aiuminum layers is given by 

is concentrated at the centre of the layer, then the layer produces the flux only outside 

itself. For a three layer conductor, for example, the outer flux of middle aluminum layer 

would be 

and the inner flux of the outer aluniinun layer would be 



In this way the contribution of the middle layer current I2 to the flux Y,,, is 

overestimated, and the contribution of the outer layer curent I, to the flux q3,,,, is 

neglected. The model corrected this practice and, assuming uniform cunent distribution 

over the layer assumes that 21 16 of the layer current contributes to the inner flux of the 

layer, and 79 56 contributes to the outer layer, as show in Fig. 2. 

The model çaa be used to detennine either currents in filaments of the aluminum 

wires in the layers or the currents in complete layers. The results show that the current 

is redistributed even within the layer. The circular inductance causes the current density 

on the outer surface of the layer to be larger than that on the inner surface of the layer. 

The phase angles of the filament currents increase with distance from the centre of the 

conductor. 

When the model is used to detemine the layer currents, it represents a conductor 

with n aluminum layers through n +2 equations. n+ 1 equations are obtained from the 

wnstraint that the total voltage &op in each layer must be the same. The 1st equation 

is obtained from the fact that the sum of the currents in all layers must be equal to the 

total current. The system of the equations thus has n+2 unknowns, which are complex 

values: the steel core current, n currents in aIumiDum layers, and the total voltage drop. 

The ac resistance of the conductor is calculatecl when the real part of the total voltage 

drop is divided by the total current. As the layer currents determine the magnetic field 

strength H and the complex magnetic permeability is the nonlinear fwiction of its 
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magnitude, the model equations bave to be solved in an iteratîve way. The model is 

based upon rms values of current and resuits in the permeability for an rms value of the 

magnetic field strength H. 

The relationships between the real and imaginary parts of magnetic permeability 

with magnetic field strength for the particular temperature of the steel core must be 

known. Fqrthermore, the complex magnetic permeability depends on tensile stress. 

diameter and ailoy of the steel wires Il]. The lack of data on the pemeability of the 

steel cores is the main reason why this mode1 has not k e n  used mon often. In addition, 

the steel used in ACSR cores is not standardized. The most common type is 0.55 % 

carbon steel. 

The model was verified by experiment on a three layer ACSR "Grackle" 

conductor for an ambient temperature of 20 OC, and also on two, and single layer 

conductors obtained by removing successive layers from the "Grackle" conductor. The 

real and imaginary parts of the permeability of the steel core were measured at this 

temperature. The measured values are shown in Fig. 3, and can be approximated by the 

following equations for the magnetic field up to 1 0  Ajm. 



magneiic field ~ / m  

Figure 3 Variation of the real and imaginary parts of the steel core permeability of 
" Gracklen conductor at the temperature 20 OC, after Barret a al. 

2.2 MECHANICAL MODEL 

For a long period the main method for the calculation of sags and tensions, and 

the prediction of permanent elongation, was the Graphic Method [3]. The graphic 

method of sag-tension calculation is based on stress-strain c w e s  and creep data given 

by manufacturers for the various composition of the conductors. It has the advantage 

that, though confusing, it cm be applied manually . However, it does not account for the 

cumulative nature of the creep and is not appropriate for new conductors. Hence its use 

is deprecated. 

The flexible conductor with an unifonn weight supported at two points bas the 

shape of a catenary. Hence, the calculation of the sag and tension of the conductor is 
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based on the catenary equation, the parameters for which include the length of catenary 

which changes with the conductor temperame, elastic elongation, and permanent 

elongation of the conductor duririg its lifetime. The biggest uncertainty in predicting the 

sag and tension of the conductor after some period of exposure is the accurate evaluation 

of the pennanent conductor elongation which occurred till that t h e .  

The conductor defonns permanently when subjected to tension over a period of 

time. Total permanent deformation consists of two components: metallurgical creep and 

geometrical settlement. The creep is the consequence of the change of the intemai 

molecular structure of the material when it is exposed to a mechanical tension over tirne. 

Metallurgical creep is a function of tension, temperature of the conductor, time of 

exposure and prior creep. Settlement is caused by a specific composite structure of 

stranded conductors. During the stranding process the wires are left loose enough so that 

they tighten together and defonn when force is applied. Although geometrical senlement 

is not completely independent of tirne. it mainly ocnirs in a short initial period which can 

be neglected when compared with the lifetime of the conductor. The settlement of the 

conductor is a function of the maximum mechanical tension on the conductor. 

The CIGRE procedure fiom Working Group 22.05 for the prediction of 

permanent elongation of wnductors and wires was pubLished in Electra [SI. The 

elongation of the conductor due to creep and settlement are calculated based on empiricai 

laws given for monornetallic and bimetallic conductors. Two sets of predictor equatiom 

are given: one for the prediction of total elongation of the conductor. Le. the sum of the 

settlement and the creep, and the other based on the elongation of the wires, which 

maices a distinction between the elongations due to the creep and the settlement. The 
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latter predictor equations neglect the creep which takes place in the steel core of ACSR 

conductors. For the assigned conductor history, the permanent elongation of the 

conductor is caîculated in a cumulative way for both sets of predictor equations. The 

total evaluating time is divided into smali intervals for which the stress may be 

considered constant. The changesf-state equation is used to calculate the stress at the 

beginning of the next interval from the stress and elongation in the previous one. The 

stress obtained by any of two sets of predictor equatiom at the end of the considered 

period is the average stress of the whole conductor. 

The total elongation and the average stress of the complete conductor are 

sufficient data for most design practice. However, this is not enough for the prediction 

of the mechanical behaviour of ACSR conductors at high temperatures for which the 

need is to find the redistribution of the stresses within the conductor. 

The Mechanical Mode1 for the sag-tension calculatiom on ACSR conductors has 

been developed by a group of authors [6-81. The separation of the aluminum and steel 

stresses has enabled an accurate prediction of the permanent elongation and the sag of 

ACSR conductors even at high conductor temperatures and bigger mechanical loads. 

When the conductor operates at higher temperatures, the thermal expansion of 

alumiaum layers is bigger than that of the steel core. As the conductor is ciarnped at 

both ends and the axial lengths of both aluminum and steel must be the same, the load 

in aluminum may change from a tension load to a compression load. Aluminum strands 

are capable of withstanding a certain compressive load. However, when the compression 

m i t  is resolved, birdcaging occurs, a phenornena in which each the aluminum layer is 

separated from its neighbours of larger diameter. The compressive stress in duminum 
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remains constant after birdcaging has occurred. If the temperature is increased after 

birdcaging has occurrcd, the thermal expansion of the complete corrductor continues at 

the rate of the steel wre. Tests have showed [q that aluminum strands support the 

compressive stresses from 6 to 12 MPa, but for sag-tension calculations 10 MPa can be 

taken. 

The model predicts mechanical behaviour of the wnductor at higher temperatures. 

It calculates the actual distribution of the stresses in the a l d u m  and steel, and enables 

the prediction of birdcaging and accurate conductor sags at high temperatures. At the 

same tirne, the model takes into account the compressive load in the aluminum at high 

temperatures during the prediction of the permanent elongation of the conductor. While 

the aforementioned methods assume that at high temperatwes the stress-strain c w e  is 

the same as the steel curve, the Mechmical Model takes into account the compressive 

stress in the aluminum and calculates the stress-strain curve of the composite conductor 

below the steel curve. 

Contrary to the assurnption used in some other rnethods that the steel is ahost 

perfectly elastic, the Model accounts for the permanent elongation of the steel core due 

to the creep which occurs under heavy loading conditions. In this way the calculation 

of the sag of the conductor under heavy loading conditions and at high temperatures is 

calculated more accurately . 

The strain-summntion equation applied separately for steel and aluminum [7J is 

the logical developrnent of the procedure of CIGRE working group 22.05 [SI. Two 

coupled equations have to be solved for steel and aluminum stresses. which makes the 

problem dificult to solve. This problem is solved [7J by relating steel and aluminum 
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stresses through the equilibrium catenary relationship for the conductor length in the span 

and by introducing an inverted form of the equilibrium equation. 

The total strain of both aluminum and steel is equal to the sum of thermal, elastic. 

settiement and creep seains of that particular part of ACSR conductor. 

where Xs and X, are the total strains of the steel and aluminum, DTs and DTA (dm) are 

the thermal elongation of steel and aluminum, 4 and u, (MPa) are the steel and 

aluminum axial stresses, and EA (MPa) are the steel and aluminum moduli of 

elasticity, STs and STA (dm) are settlement strains in steel and aluminum, and CR& and 

CRP, (dm) are the steel and aluminum creep strains. 

Thermal elongations [q are given by 

where Ts and TA ( O C )  are steel and aluminum temperatures, 1 1.3 x IO4 and 22.8 x IO6 

( O C 1 )  are the linear terms, and 0.008 X 106 and 0.009 x 106 ( O C 1 )  are the quadratic terms 
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of the themal expansion coefficients for steel and aluminum. The qiiadratic term 

accounts for the change of the moduli of elasticity with temperature. 

Tht elastic strain is the ratio of the stress and the modulus of elasticity of the 

material. Moduli of elasticity of the steel and aliiminum are obtained from the stress- 

main curves for a particular ACSR conductor [A, but in general[8], it can be taken t h t  

Es = 55000 MPa 

EA = 1 9 0 0  MPa 

The settling strains of steel and alurninum are calculated from the initial l-hour 

stress-strain curves. These curves represent the total elongation afrer one hour at the 

temperature 20 OC and include the setthg strains, the elastic strains, and the one-hou. 

room temperature creep strains. The initial 1-hour stress-strain curves depend on the 

steel to alurninum ratio of the particular ACSR conductor. However, if the initial curves 

for conductors with a wide range of steel to aluminum ratio are approximated with single 

curves for the steel and alurninum, the discrepancies are of the same magnitude as the 

variation of the results obtained by tests for the specific conductor [a]. 

The cornmon initial 1-hour stress-strain curves for the steel and aluminum part 

of the ACSR conductor are given [8] by 



The settling straïns are the function of the maximum stress which has occuied in 

the steel and aluminum parts until the time of evaiuation. 

The creep strains for the steel and aluminum components of ACSR conductors can 

be represented by the following general equations [8] 

where t is the time equal to that which the steel or aluminum would spend under the 

specified stress and temperature till the evaiuation moment. 

The creep depends on the pnor creep strain and is cdculated in a cumulative way. 

The equivalent tirne t, necessary to yie!d the same amount of creep at the stress and 

temperature from the intervai At is calculated h m  the creep strain gained before that 

interval. The total creep strain at the end of the interval is detennined by the creep 

equation for the time t = b, + At. The creep during the interval At is calculated from 

the stress at the end of the interval. 

The main summation methoci is used for the caiculation of the sag. stresses, and 

settling and creep strains. For the tirne interval At, one s u a i n  summation equation for 

the steel and the other for the alurninum component of the ACSR wnductor are used. 

The total strain of the steel XS is equal to the total strain of the aiuminum X,, as the two 

components are clamped together . 



Knowing the temperatures Ts and TA, an iterative procedure is used to find 

stresses q and a,. As the stresses are assumed to be constant during the interval, At has 

to be small enough to provide the required accuracy. As the lengtbs of the wnductor 

obtained by the tension and strain quations have to be the same, it is enough to iterate 

only for the stress us. The following relations among the conductor length L (m), steel 

and aluminum crossectional meas As and A, (mm), the horizontal component of tension 

H (N), the average conductor tension P (N), and sag D (m) are used in calculations [6]: 

where W (Nlm) is the conductor weight per unit length and B (m) is half of the span. 

In order to obtain inverted form of the equilibrium catenary relationship, an approximate 

equation for P has been developed. The accuracy of this approximation is within 11360 

or 0.3 58 for WBIH S 1. This error is acceptable as it corresponds to sag < 1 /4 span. 



where L, (m) is unstresseci conductor length at rmm temperature. 

The relation between the conductor length L and horizontal cornponent of tension 

H is approximated using the equations for the calculation of the actual arc elongation E. 

When expanded, and solved for WBIH, the last equation becomes the inverted 

equilibriwn catenary equation which enables the iteration on the steel stress alone, rather 

than on both steel and aluminum stresses. The accuracy of H is within 0.06 46 for WB/H 

s 1. 
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If birdcaging occurs, the aluniinum stress uA is taken to be equal to -10 MPa. If 

the settiing strain is less than in the previous interval, the latter is used instead. The 

unstressecl length of the conductor I.,, at rwm temperature is usually obcained fiom the 

calculation in the f ist  interval. 

The Mechanical Mode1 predicts the sag, steel and aluminum tensions, and the 

permanent elongations for the assumeci or kwwn chronological loading history. Various 

loading periods, usually design constraints, characteristic for the line are assumed in a 

sequence. The more reaiistic prediction of the loading history of the conductor, the more 

accurate the results. Each period is divided into intervals At for which the strain 

summation equations are progressively solved. 

2.3 STEADY-STATE THERMAL MODEL 

Under constant current and weather conditions, the conductor eventually reaches 

a steady-state temperature. The thermal rating is the current which produces the 

maximum permissible conductor temperature under specified conditions. The steady-state 

surface conductor temperature can be determined for the known current from the heat 

balance equation, by postulating that the total heat gains are identical to the total heat 

losses when the conductor is in equilibrium. In the same way the current can be 

determined for a known M a c e  conductor temperature and specified conditions. 

Electrical current, the electricai and physicai characteristics of the conductor and 

meteorologicai parameters determine the surface conductor temperature. Various 

methods for the calculation of the heat tramfer of the conductors differ M y  in the 

application of atrnospheric data, the method of calculation and, to some extent, with the 
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range of the heat gains and losses. 

The Steady-State Heat Model given by Morgan [14-1q provides an accurate 

method for the assesmient of the heat traiisfer of the conductors. Makhiin [Il]  

introduced Nusselt, Grashof, Prandtl and Reynolds numbm into a calculation of the 

forced convective heat loss, and noticed the effect of the angle of attack of wind on 

forced convection. House and Tunle [12] gave a methai for the calculation of the 

curent-carrying capacity of ACSR conductors but without satisfactory wind angle 

implementation. Webs [13] made some improvements on the model. 

Morgan's Model is a detailed method of the calculation which comprises al l  

relevant factors and their relations and a comprehensive study of the factors which affect 

the heat tramfer of overhead conducton. A sensitivity analyses of the steady state 1161 

shows that some factors have a very smail infiuence on conductor temperature, when 

compared to other factors. and therefore can be neglected. 

The heat balance equation for a unit length of conductor is given by 

where the left side represents the heat gains and the right side the heat losses. Pl (Wlm) 

is Joule or resistive heating, PS (Wfm) is the solar heat gain, Ph (Wlrn) is the heating 

due to ionization, and 4, the factor related to thermal diffusion. Pm, PR, and P, (Wlm) 

are the heat losses due to convection, radiation, and evaporation. If the corona and 

evaporation which occur randomly are neglected, the heat equation is 



Joule heating is calculatecl from Pj = 12RAc, where 1 (A) is the total current and RA= 

(Oh) is ac resistance per unit length corresponding to the acnial surface temperature of 

the conductor and the total current. 

2.3.1 SOLAR EEATING 

For the conductor with an overall diameter D, inclination to the horizontal f, 

absorptivity of the conductor surface for short-wave radiation a,, and which is above 

ground with albedo F, the solar heat gain for isotropie diffuse sky radiation is given by 

WI 

where Ig (Wlm2) is the intensity of the direct solar beam on a sUTface normal to the 

bearn, Hs (deg) is the solar altitude, q (deg) is the angle between the solar beam and the 

axis of the conductor, and I, (W/m2) is the intensity of the diffise sky radiation. The 

above equation accounts for the beam, diffise, and reflected radiations, but the long- 

wave radiation is not included because its contribution to the total solar heating is smal1. 

It can be neglected because the incoming long-wave flux is low and the surface 

absorptivity of the bright conducior for long-wave radiation is ten times less than the 

absorptivity for short waves. The short-wave absorptivity of the conductor surface 

depends on the type of the metal and increases with the aging and oxidation. The albedo 
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of ground diffea for various types of soi1 and vegetation, or other kinds of the covering 

beiiow the transmission line. 

The intensity of solar radiation depends on the position of the sun in the sky 

which changes since the earth revolves around the sun in an ellipse and rotates on its 

polar axis tilted to the ecliptic axis. 

The angle of the solar beam with respect to the conductor axis is caicuiated by 

coq  = cosf COSH, cos(ys-yJ + sinf sinHS 

where y, and y, (deg) are the azimuths of the sun and conductor axis positive fiom south 

through West and y, is found from 1161 

where <p (deg) is the geographical latitude north positive. The declination of the sun 6s 

depends on the day of the year N. 

6, = 23.45 sin[360(284 +N)1365.24] deg 

The solar altitude Hs (deg) is calculateci from 115,161 
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where us (deg) is the hour angle of the sun which is zero at solar noon and increases by 

15 degrees for every hour, king negative after noon. It depends on the geographical 

latitude and longitude, day of the year, aad the cfock tirne. 

The intensity of solar radiation normal to the beam &$, at the height H above sea 

level, is given by [16] 

where Ns is the cleamess ratio which varies from 1 for the clear sky in nonurban 

atmosphere to O for the sky with thick clouds. The extraterresaial intensity of solar 

radiation b is calculated from the solar constant which has a mean value 1353 W/m2. 

The earth revolves around the sun in an ellipse and the distance between them varies so 

that & fluctuates by up to I 3 . 3  1 from its mean value. For N-th day of the year it is 

WI 

&, = 1353 [l + 0.033 cos(2rN1365)J W/m2 

The intensity of the direct beam at sea level under standard atmospheric conditions is 

given by [l5,16] 

The diffise solar radiation occurs due to the complex scattering of the beams by 

the atmosphere particles and multiple reflections from the ground. When it is assumed 
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that the diffuse radiation is isotmpic, and that the effects of the clear sLy can be 

neglected, I ,  is calculateci by 1161 

2.3.2 CONVECTlVE COOLING 

The convective coolhg occurs when the fluid adjacent to the hot wnductor heats 

and its density decreases causing the fluid flow. If there is no wind the fluid flows 

upwards and the heat is Iost by naturai convection. When the wind blows, the fluid is 

carried away and forced convection takes place. The convective heat Ioss is given by 

[15,16l 

Pm = r Nu MT, - T A  W/m 

where Nu is the unitless Nusselt number,T,, and T,, (OC) are the temperatures of the 

surface of the conductor and the ambient. The temperature of the fluid at the surface of 

conductor. called Nm temperature Tf is 

and the thermal conductivity of the air at the surface of the conductor, &, is, for 

temperatures up to 100°C [15,16] 
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The calculation of the Nusselt nwnber differs for natural anci forced convection. 

The Nusselt number depends on the kinematic viscosity of the air which changes with 

the height above sea level. For temperatures up to 10O0C, the kinematic viscosity of air 

at sea level v, is given by 

The kinematic viscosity v ,  at the altitude H (m) is 

The total or mixed convection, which achially occurs in practice, occurs due to 

both natural and forced convection. The method for calculation of mixed convection 

[15,16], used in the Unified Model, combines both natural and forced convection 

procedures to determine the Nusselt number. 

NATURAL CONVECTION 

In the case of naturai convective cooling, the Grashof number Gr, the Prandtl 

number Pr, and their product, known as a Rayleigh number GrPr are used to obtain the 

Nusselt number. Al1 of these numbers are unitless. The Nusselt nurnber for an 

isothermal horizontal cylhder in the range l@1° 5 Gr.R 5 101° may be found from 

[15,161 



Nu = A (Gr.Pr)" 

where the coefficients A and m from [la are given in Table 1. 

The above formula 

gives results which are in 

good agreement with 

experimental remlts for 

stranded conductors in the 

range lb s GrPr S 

5x105. Therefore, it can 

ais0 be applied to stranded 

overhead conductors, 

Table 1 Coefficients for Nusselt Number for Naturai 
Convection 

Range of Gr.Pr 
From To A m 

despite the increased surface area of the conductor. 

The Grashof number for the conductor with diameter D is calculateci from [15] 

where g (m/s2) is the acceleration due gravity. 

For moderate temperatures up to lûû°C. the Prandtl number may be 

approximated by [15,16] 
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The Nusselt number for a conductor inclined at angle f (deg) to the horizontal is 

obtained by multiplying the Nusselt number by the factor  COS^*‘^^, except for 1 -. 90" 

FORCED CONVECTION 

The Nusselt number for a wind of velocity U, blowing at 90' to the axis of the 

stranded conductor is given by [16] 

where Re is the Reynolds number [16] 

and C and n are coefficients which depend on Re. The values of C and n fiom [16] are 

given in Table 2. 

The formula for the Nusselt number for the crossflow wind attack holds for Re 

iess than the critical Reynolds number Re,. The surface roughness of the conductor due 

to the helical spiralling of the outer wires chamels the fluid flow and affects the forced 

convective mling, and thus the Nussek number. For 100 s Re 5 Re,, the overall 

heat transfet from saanded conductors, and consequently the Nusselt number, are 10% 

higher than that for the smooth conductors. The factor 1.1 in the equation above allows 

for this. When the Reynolds numbet exceeds Re,, the heat transfer from the stranded 



conductor increases at a 

greater rate. and the 

factor 1.1 is no longer 

valid. The critical 

Reynolds number  

d e p e n d s  o n  t h e  

roughness ratio of the 

conductor HJD = 

d/2(D-d), where D and 

d (m) are conductor and 

wire diameter, 1161 

Table 2 Coefficients for Nusselt Nurnber for Forced 
Convection 

Reynolds Number, Re 
From To C n 

0.035 

Re, = 1500 eV 

The effect of turbulence in the flow is not taken into consideration, as it does not 

affect the forced convective cooling of outdoor overhead line conductors [32]. The effect 

of temperature loading which occurs when the high temperature of the surface changes 

the physical properties of the air can be neglected king less than 3 96 [16]. When bundle 

conductors are used, the forced convective heat loss of the leeward conductors increases 

due to the additionai flow caused by the windward wnductors. The increase depends on 

the position of the conductors in a bundle. For horizontally placeci conductors it is 10% 

to 30% for typical spacing distances. 

The angle of attack of the wind with respect to the conductor axis is not a 
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constant value. It fluctuaîes about a mean value #,. (deg) with standard deviation u$ 

which depends on the terrain. The fluctuation in the wind results in 

angle of attack f,  higher than $- accordhg to the following [la: 
an effective mean 

When the wind blows at some effective mean angle of attack I)' to the conductor axis less 

than 90". the ratio of the Nusselt number for that angle Nu($) maori the Nusselt number 

for the crossflow Nu(90) may be approximated from [16J: 

where Al = 0.42, B, =0.68 and p-1.08 for O0 a $* G' 24", and Al = 0.42, B, =OS8 

and p=0.90 for 24" s $* < 90". Even though the crossflow component of the vector 

of the wind velocity Usinf is equal to zero when $* = 0'. the heat convective loss does 

not fa11 bellow 42 % [14,16]. 

MIXED CONVECTION 

When the wind velocity is very low, neither the nanual convection nor the forced 

convection are negligible compared to one another. They are combined in a mixed 

convection. The Nusselt number for mixed convection is obtained from the effective 

Reynolds number Re&, the vectorial sum of Reynolds numbers for the forced and natural 
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flows. The equivalent Reynolds number Re, for the naturai convection is the one which 

would result in the same amount of heat transfened by forced convection. Consequently , 

Re, is given by [lq 

where A and m are defineci in Table 1 and C aad n are defined in TabIe 2. 

The natural convective flow is vertical. For the angle tp (deg) between the naniral 

and forced flows, the effective Reynolds number, Re, for a mixed flow is given by 

[ml61 

Re, = [(Re, + Re cos@)2 + (Re s i n ~ $ ) T ~ ~  

The wind usually fluctuates close to the horizontal. When @ = 90°, the effective 

Reynolds number is [15,16] 

The Nusselt number with mixeci flow is found from the effective Reynolds number. 

The boundary between natural convection and mixeci convection is determined by 

the limiting Grashof number Grh [16]. 



Table 3 Constants for the Limiting Grashof and Reynolds Numben for M M  
Convection (# = 90") 

&.Pr Re 
From To From To CI c, 

The limiting Reynolds number Re,, is the boundary between pure forced 

convection and mixed convection (161. 

The values of the coefficients C, and C, from [16], for 6 = 90". are given in 

Table 3. 

2.3.3 RADIATWE COOLING 

Radiative coolhg is calculated from [15,16] 



where T, and T,, ( O C )  are ground and sky temperatures, uB is the Stefan-Boltsman 

constant equal to 5.66997~ 10d ~ r n - ~ K ~ ,  and $ is the emissivity of the conductor, which 

depends on the type of metal and increases with aging and oxidation. For the aluminum 

surface of stranded conductor the emission may increase up to 0.95 for the weathered 

conductor in an industrial environment. However, since the radiative heat l o s  for a 

typical conductor does not exceed 30% of the total heat loss, as an approximation, the 

ground and sky temperatures may be equated to the ambient air temperature T,, (OC), 

and the radiative heat loss is then 

PR = rDuBes[(T, + 273)* - (T, + 273)4] W/m 

The effect of the bundle conductors on radiative cooling can be neglected for the same 

reason. 

2.4 RADIAL CONDUCTION MODEL 

Although the metals comprising overhead liw conductors have high thermal 

conductivities, the radial thermal conductivity of stranded conductors is significantly less 

than that of solid metal, about one hundredth of the value for a solid metal As the heat 

generateà due to the Joule heating within the conductor is wnducted radially to the 

conductor suface where it is dissipated to the air, the temperature within the conductor 

drops from the centreline to the surface of the conductor. The temperature falls radially 
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in the steps across the conductor as the heat flows through the strands with low thermal 

resistances and the contacts between strands with high temperature resistances. The 

radial temperature difference depends on the cumnt, the resistanw, the construction of 

the conductor, and the effective radial thermal conductivity and is independent of the 

themial power loss. 

Morgan pointed out the significance of the radial temperature gradients 1141 and 

related the increase of radial thermal conductivity to the increase of conductor tension 

and hence to the rise of contact pressure and resultant increase in contact areas between 

the wires. Morgan first formulated an analyticai model for radial temperature difference 

in stranded conductors [33]. Foss et al. [34] also noticed the effect of conductor tension 

on the radial thermal conductivity. However, Foss also stated that the wind speed affects 

the thermal conductivity, and that the radial thermal conductivity does not depend on the 

materiai of the conductor, which has since been proven wrong by Morgan, discussion to 

1351 and 191. 

Black et al. [35] developed a mathematical model, solved by a numerical 

technique, for temperature gradients within overhead conductor and showed that the vast 

majority of the temperature &op in an ACSR occurs in the conducting strands, while the 

steel core layers are practically isothermal. He pointed out that the effective thermal 

conductivity of ACSR conductors can be a function of the conductor temperature when 

the high temperature causes birdcaging of the conductor. 

The Radial Conduction Mode1 developed by Morgan and Findlay [9,10] 

determines the temperature differences between the layers assuming that the heat flows 

radially towards the surface of the conductor through a number of parallel paths formed 
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by the micro-contacts between strands and the air voids between strands in adjacent 

layers. The microcontacts between the strands consist of numetous direct metal to metal 

contacts at the crests of the asperities and the air gaps in between. Due to the low 

thermal resistance of the metal, the temperature differences within the strands are very 

small wmparing to the differences between the layers. and thus it can be assumeci that 

each strand is isothennal. 

The heat is transferred by conduction at the metal to metal contacts and by 

conduction, convection and radiation in air gaps and air voids. However, the heat 

transfer by radiation up to 200 O C  and by convection is negligible so that the heat flows 

radially by conduction through the metal to metal contacts, air gaps, and air voids in 

paralle1 . 
The total contact area between two layers depends on the number of contacts per 

unit length and the area of each contact. The number of contacts depends on the 

construction of the conductor and the area of contact depends on the radial force and the 

type of the wire material. The total contact area between two layers then in fact depends 

on the total radial force on the wires of the imer layer and the value of the compressive 

yield stress for the material of the wires. 

If the king wire of a monometallic wnductor is denoted with O, succeeâing layers 

with numbers growing from 1, and al1 the values are calculated per unit length of the 

conductor, then the difference between temperatures of layers n and n + l  denoted by 

subscript n(n+ 1) is given by 



n 
where P,$W/m) is the total power gain up to the layer and including layer n, and 

C(hA)n(n+,l (W/ OC) is the sum of the products of the heat transfer coefficients due to the 

conduction h (Wm-2K-1) and contact area A (m2) between layers n and n+l  per unit 

length. For the subscripts m. g, and v which denote the metal to metal contacts, air 

gaps, and air voids respectively 

The surn of the area of tnie metallic contacts A, and the area of the air gaps 

between them A, is equal to the product of the number of contacts q between wires in 

layers n and n + l  and apparent total area of each contact Aq. 

The ratio 
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shows that A, is proportional to the actual total area of the of each contact A, and A, is 

proportional to the rest of the apparent area of the contact. The acaial area of the metal- 

metal contact is that area which is sufficient to withstand the pressure without exceeding 

the yield stress of the metal. 

The area of voids A, between Iayers n and n+ 1 is given by 

The total radial temperature difference for a conductor with N layers is given by 

NUMBER OF CONTACTS BETWEEN TWO LAYERS AND AREA OF EACH 

CONTACT 

The number of contacts between wires with diameter d in the layers n and n+ 1 

with lay lengths sn and s,,, is obtained from 

where xq, is the number of the wires in layer n, and 11% = O for the king wire. 

For the total axial tension T' in a conductor with N layers, the tension in layer 



n is given by 

where 8, (deg) is the angle of lay of wires in layer n , and 

The total radiai force Fm in layer n is calculated by 

The total radial force on the wires in layer n Fm' is obtained as the sum of the radial 

forces of al1 layers above the layer n 

The radial force per contact F,,, is then 

and the apparent area of each contact 



where f,, (Pa) is the compressive yield stress which depends on a type of wire material. 

As the metal-metal contacts are estjmated to be a very smaii portion of the contact 

area, the main heat transfer occurs through the air gaps between asperities. The very 

small air gap thickness contributes to the significaace of the heat transfer via air gaps. 

The portion of the heat transfer through the air voids increases towards the surface of the 

conducmr. as the number of the voids increases with the number of strands per layer. 

The area of contacts. and hence the effective radial thermal conductivity of the 

conductor increases with increasing tension. The area of contacts increases and the air 

gap thiclmess decreases with time due to the creep of the metal, and hence the radial 

thermal conductivity of the conductor increases with the, but only if the radial force is 

maintained constant. 

CONDUCTIVE HEAT TRANSFER ACROSS METAL-METAL CONTACTS 

The conductive heat tramfer coefficient for metabmetal contacts is decreased by 

the constrictions in the heat path. It may be approximated as: 

where o (m) is the r. m. S. height of the asperities, tan 8 is their mean slope. and H (Pa) 

is the microhardness of the softer material. The hannonic mean of the bulk thermal 



conductivities k, and k2 of two mefals in contact is given by 

k,,,,, = 2klk,/(kl+k~ Wrn-'K-' 

and the mean pressure over apparent area p, is found from 

If the mean pressure over the acaial total contact area A,,,, during plastic deformation 

is assumed to be equal to H, then 

The ratio of the acnial to the apparent total contact area is found nom 

where Y (m) is the separation distance between the mean lines of the two surfaces in 

contact. 

CONDUCTIVE HEAT TRANSFER ACROSS AIR GAPS AT CONTACTS 

The conductive heat transfer coefficient for the air gaps between asperities is 

found fkom 



where L, (Wrn-'IC1) is the air the& conductivity and 6, (m)is the effective length of 

the gap. The thermal conductivities of the metals and air depend on the temperature. 

The effective radiai themai conductivity of the conductor increases with increasing air 

pressure [IO]. The effective thickness of the air gap is approximately 1 pm, and is 

calculateci to be 0.6 pm at the contacts between inner and middle layer, and 0.15 p m  

between middle and outer layer [18], and is estimatecl to be between 0.75 pm and 0.9 

Pm D O 1  - 

CONDUCTIVE HEAT TRANSFER ACROSS VOIDS B E m E N  STRANDS 

The conductive heat transfer coefficient for the air voids is found fkom 

The voids between the strands in adjacent layers are triangular between the king wire and 

first layer, and may be mainly triangular or mainly rectangular between other layers. 

The complex conductor geometry makes it difficult to estimate the conductive heat 

transfer via the voids. The effective length of the void 6, can be determineci as a mean 

spacing. the ratio of the area of the void and its maximum width. For triangular voids 

it is given by 



and for rectangular voids 

Another way to d e t e d e  the effective length of the void is to use the hydraulic 

diameter, i.e. 4(arealperimeter). For the triangular void the hydraulic diameter is found 

fr om 

and for the rectangular void it is found from 

The effective radial thermal conductivity for the conductor with the rectanguiar 

voids is smaller than that for the Mme conductor with triangular voids. The calculated 

effective thermal conductivity is less when the effective length of void is found as the 

hydraulic diameter than when it is found as the mean spacing. 

The mode1 evaluates the radial temperature differences between the layers for the 

axial tensile forces which result in compressive radial forces in each layer. The area of 
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contact can be calculateci only for the compressive radial force. The effective lengths for 

the air gaps and air voids is estimated and verified by tests only for the compressive 

radial force. In the case of ACSR conductors, the aluminum layers may corne under 

compression. The aluminum withstands the axial compressive pressure up to 

approximately 10 MPa, meaning that the aluminum layers will not separate. However, 

the radial forces in alurninum layers change direction, crossing zero for zero axial load. 

It is unknown precisely what happens with the contact areas, and how much the effective 

lengths of air gaps and air voids increase when the a!umhum cornes under compression 

at high temperatures. When the compressive axial pressure exceeds 10 MPa, and 

birdcaging occurs, the separation of the layers may remlt in the total loss of contact areas 

and defonnation of air voids at some instances of conductor length. The compressive 

aluminum stress and birdcaging decrease the effective radial thermal conductivity of 

ACSR conductors [9]. More research is necessary to evaluate both stages of this 

phenornena, and to give an analytical method for its evaluation. However, under 

birdcaging conditions only small portion of the conductor is usually affected. 

2.5 METHOD FOR CALCULATING THE LOSS OF TENSLLE STRENGTH 

During the service life, the nonferrous wues of the conductor exposed to elevated 

temperatures lose tensile strength due to anneaiing. The steel wires do not lose suength 

by annealing at temperatures up to 2% OC [lq. During drawing the material of the 

wires is severely cold worked and a considerable amount of energy is stored in the fom 

of defects. This stored energy causes plastic deformation through the recovery and 

subsequent recrystallization. When the material is subjected to stress during annealing, 
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conditions are favourable for the occurrence of creep and recovery proceeding 

subsequentiy to recrystallization. During recrystallization the materid is significantly 

softened, the strain-fke grains form and grow, decreasing the hardness and tensile 

strength. Recovery and recrystdiization fan overlap. The hardness and tensile strength 

decrease slightly during recovery, but decrease significatltly during recrystallization with 

increasing temperatures and tirne of duration. 

Morgan [l7,l9] developed a method for the evaluation of the loss of tensile 

strength of the conductor due to annealing. The loss of tensile strength of wires and 

stranded conductors operating at high temperatures depends on the temperature, t h e  

duration of that temperature, initial chernical composition, and the amou11t of the cold 

work during the process of drawing. Usually the conductor wire is drawn from the draw 

rod of standard diameter so that the smaller the wire diameter, the bigger the degree of 

cold working. 

The loss of tensile strength W (76) of the conductor for the given absolute 

temperature T (K) and time duration t (hours) is given by [lq: 

W = Wa{l - exp[-exp (A' +(B1/T>ln t + C'IT' + D'ln (R180) )]} 

where W, is the percentage loss of the strength in the fuily-aaaealed state, A', B', C', 

and D' are constants which depend on the conductor material, and R is the percentage 

reduction in cross-sectional area during wire drawing. Some evidence shows that D' may 

depend on the time duration at constant temperature. The value of W, depends on the 

material, for example, for duminum. W, = 56 % . 
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For the evaluation of the loss of tensile strength due to annealing, the thermal 

history of the conductor has to be kwwn or assumed. As the annealhg is cumulative 

process, the temperatures T,, T2, T,. .T, of the conductor and their time durations t,, t2, 

t3& will result in a total loss of tende strength W,' over the total period of exposure. 

The total cumulative loss is found by the following steps: 

where C, is the equivalent time which the conductor should have vent at the succeeding 

temperature to result in the same loss of strength as produced by the preceding 

temperature anâ its correspondhg time duration. 



3.1 OVERVIEW 

This work links electromagnetic, mechanical, steady-state thermal, and radial 

conduction models for the first time in the Unified Model. These models were used 

separately in the past. Each of the models has been experimentally verified. The 

Unified Model takes into consideration their mutual influences and dependencies. 

Interrelations among the variables of the models are identified and ties between the 

models are explained in 3.2. Input to the Unified Model consists of the same variables 

that are used as input to the individual models, except for the variables that are produced 

as the output of one of the models and are used as the input to any other model. These 

variables, shown in Fig . 4, are called the coupling variables and are carried fiom the 

model that outputs them to the next model that uses them as the input. Contrary to the 

assumption used by an individual model that the wupling variables are fixed inputs, the 

Unifieci Model calculates values of wupling variables that satisfy both the munial 

dependencies between models and the individual models. This process is called 

equilibration of variables. In order to connect the four existing models, each of them has 

been developed further. lmplementation of the models and premises that are introduced 

are discussed in 3.3. 
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Comection of ail four models and coupling of ali  aspects of the behaviour of the 

conductor enabled implementation of the probabilistic approach for the evaluation of the 

conductor history, as described in 3.4. Furthemore, the coupling of the models and the 

introduction of a probabilistic approach made an assessment of the loss of tende strength 

of aluminum layer due to mealhg possible. All fhis improved the accuracy of the 

prediction of the conductor characteristics beyond the sole combination of the four 

existing models, and removed some of the constraints of the individual models. 

The constraints of individual models corresponding to the mutual Muence of the 

models as well as to the accurate evaluation of the conductor history are thus removed 

now in the Unified Model. However, other inherent limitations of the individual modeIs 

remain. For exarnple, neither corrosion, nor the effects of corona have been considered 

in the Unified Model. 

The method developed for the coupling of existing models using the probabilistic 

approach is a general procedure that is particularly applicable to ACSR conductors. 

Rowcharts given in 3.5 explain the procedure for the coupling of four models into the 

Unified Modei and the implementation of the probabilistic approach and the method for 

the assessment of annealing of aluminum wires. 

For the time interval with the probabilistic ambient temperature and current 

selected from the probability density function, coupling of the four models starts with the 

initial assurnption that the conductor is isothermai and is at the surface conductor 

temperature. The Steady-State Heat Transfer Model and Electromgnetic Model are 

combineci together to calculate the total power losses (E) and the surface temperature (C) 

that satisfy both models. It also outputs layer power losses (D). The surface 
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temperature (C) is passed then to the Mechanical Model that calculates stresses in steel 

and aluminum (A). Steel and aluminum stresses (A) from the Mechanical Model and 

layer power losses (D) are then carrieci to the Radial Conduction Model which calculates 

radial temperature differences (B). These are looped back to the Electromagnetic Model 

to obtain more accurate layer power losses @) still using the same surface conductor 

temperature (C) calculated at the beginning, but with layers at different temperatures. 

New layer power losses (D) are used again in the Radial Conduction Model to calculate 

more accurate radial temperature differences (B). These more accurate temperature 

differences (B) are then looped back to the Steady-State Heat Transfer Model in 

combination with the Electromagnetic Model to obtain a more accurate surface conductor 

temperature (C). The same procedure is repeated again to obtain more accurate layer 

power losses (D) and radial temperature differences (B). At the end of this procedure 

(step), radial temperature differences (B) and swface temperature (C) are carrieâ into the 

Mechanical Model for more accurate calculation of the stresses in steel and aIuminum 

(A). These are again, together with more accurate layer power losses (D) from the 

Electromagnetic Model, useci for calculation of more accurate radial temperature 

differences (B) in the Radial Conduction Model. The procedure called the step is 

repeated again until the successive iterations indicate negligible further change in 

coupling variables. Then. the next time interval is started. The whole process is 

repeated until the required total exposure time has been obtained. 

The flowcharts from 3.5 are the basis for the software that is created as a result 

of this work. This cornplete compter program nuis smoothly and is used for the 

calculation of al1 resulu presented in this thesis. The software is of modular type that 
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will easily allow for future changes and improvements of individuai models and input 

data. The purpose of this Model is to integrate the current state of knowledge and to 

enable the inclusion of factors that may be addressed by iadustry in the future. Input 

data that are used in the Model to produce the results are given in 3.6. 

3.2 VARIABLES 

The Unified Model takes into account dl the interrelations among the variables 

in separate models. Each of the four models includes a set of variables. The list of 

input and output variables for the four separate models an given in Tables 4 and 5. 

Variables related to the calculation of the loss of tensile strength of the nonferrous wires 

due to annealhg are included in the Mechanical Model. Since the Electrornagnetic 

Model and the Mechanical Model are particularly applicable for ACSR conductors, the 

listed variables are given for the steel-cored conductor. 

Some of the input variables are cornmon for two or more models. Others, lüre 

complex relative permeability, depend on the variables fiom an individual model or on 

the variables from one or more of the other models. Some outputs from one mode1 are 

used as inputs to another model. 

Some variables from Tables 4 and 5 denote a group of characteristics. The 

construction includes the details related to the conductor &ta, such as overall diameter, 

diameters of wires, lay lengths, number of layers, number of wires per layer, bare 

conductor weight, and cross-sectional areas of the conductor, aluminum and steel. 

For the Unified Model the set of output variables is uniforni. Al1 variables from 

Tables 4 and 5 except these which are output variables are input variables. The output 
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variables nom any of the four models which are input variables for any other mode1 

represent the couplings between the models in the Unified Model. These are the stresses 

in aluminum and steel, the radial temperature differences between layers, the surface 

conductor temperanue, electrical currents in the steel core and the aluminum layers, the 

voltage, and ac resistance of the conductor. The aluminum and steel stresses are the 

outputs from the Mechanical Model and the inputs for the Radial Conduction Model. 

The radial temperature differences between layers are the outputs fiom the Radial 

Conduction Model and the inputs for both the Mechanical Model and the Electromagnetic 

Model. For the known current, the surface temperature of the conductor is the output 

from the Steady-State Heat Transfer Model. and the input for both the Mechanical Model 

and the Electromagnetic Model. The outputs of the Electromagnetic Model are used as 

inputs for the Steady-State Heat Transfer and the Radial Conduction Models. The 

complex currents in a steel core and aluminum layers and complex voltage are used as 

input for calculation of the power losses per layers in the Radial Conduction Model. The 

ac resistance of the conductor is used for the calculation of power loss per unit length of 

the complete conductor, i.e. the Joule heating in the Steady-State Heat transfer Model. 

The direct coupling among the four models in the Unified Model is shown on Fig. 4. 

The coupling among the Mechanical Model and the Electromagnetic Model tbrough the 

dependence of magnetic permeability of steel core on the steel stress is not considered. 

Information about the variation of the magnetic permeability with both temperature and 

stress are stiil unknown. 



Table 4 Input and output variables in mechanical (M), electrornagnetic (EM), radial 
coaduction (C), and steady-state heat transfer (H) models 

Variable M EM C H 

Ac resistance of the wnductor 
Air gap at contacts 
Air pressure 
AIbedo 
Altitude 
Ambient temperature 
Annealhg weff icients 
Axial current 
Azimuth 
Clearness ratio 
Complex magnetic field 
Complex relative magnetic permeability 
Complex currents in steel and aluminum layers 
Complex voltage 
Creep mains in duminum and steel 
Electr ical frequency 
Inclination 
Latitude 
Loading history 
Loss of tensile strength in aluminum layers 
Number of day in year 
Power loss 
Radial temperafure differences 
Reduct. in crossect. area due to wire drawing 
sag 
Settling strains in aluminum and steel 
Span length 
Standard deviation of wind angle 
Stress in aluminum 
Stress in steel 
Surface temperature 
Tension 
Tirne duration 
Total length of the conductor 
Total strain 
Wind angle to axis 
Wind speed 

- - -  

* = input variables, t = output variables 



Table 5 Input and output variables - construction of the conductor and characteristics of 
materials in mechanid (M) , electromagnetic (EM) , radial conduction (C). and steady- 
state heat transfer (H) models 

Variable M EM C H 

Absorptivity 
Coeff. of linear expansion of alum. and steel 
Construction 
Dc resistances of aluminum and steel at 20°C 
Elasticity moduli of aluminum and steel 
Emissivity 
Loss of strength of alum., hlly annealed 
Permeability data for different temperatures 
Temp. coeff. of resia. of aiumin. and steel 
Thermal conductivity of aluminum, steel, air 
Yield stress of aluminum and steel 

* = input variables, * = output variables 

Figure 4 'Direct coupling ammg the four models in the Unified Mode1 

MECHANICAL 

Surface conductor 
kmpeT8me (C) STEADY - STATE 

MODEL 
HEAT TRANSFER 

MODEL 
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3.3 MPLEMENTATION OF THE MODELS 

The Mechanical Model distinguishes the stresses in aluminum and steel. but not 

the stresses in each layer. That would emble the exact prediction of the mechanical, 

electrical and thermal characteristics of the stranded conductors by the Unified Model. 

This drawback of the Mechanical Model introduces a certain amount of uncertainty in 

the results of the Unified Model. The mean temperatures of the aluminum and steel 

components of the conductor. TA and TS, are calculated fiom the radial temperature 

differences behveen layers and the surface temperature of the conductor. The 

temperature of the layer i of the conductor with N layers is given by 

The temperature of the outer layer of the conductor is equal to the surface 

temperature TN = Tm,. If the conductor has N, steel layers. the steel and alumitlum 

temperatures are given by 

where (nw), is the number of the wires in the layer number i. 

The calculation of the loss of tensile strength of aluminum layers due to annealhg 
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is included in the Mechanical Model, as for both the Mechanical Model and the annealhg 

calculation the history of the conductor has to be known. However, to obtain accurate 

values for the loss of tensile strength of the aluminum layers, the temperatures of the 

layers are used. 

The temperatures of the layers are used for the calculation of dc resistances of the 

layers in the Electromagnetic Model. The relative magnetic permeability of the steel 

core depends on the temperature. wire diameîer, and stress. The modulus of the 

complex relative magnetic permeability increases with increasing temperature, decreases 

with increasing wire diameter, and decreases with increasing stress [l]. There is Little 

data on the variation of the complex magnetic permeability of the steel core for these 

conductors pertaining as hinctions of temperature and stress. Moreover, the effect of the 

frequency on the complex pemeability has not been investigated in the literature, 

although it has been found that a ac to dc resistance ratio increases nonlinearly with 

increasing frequency. The complex permeability of the steel core is a function of the 

magnetic field strength, which depends on a current redistribution within the conductor. 

The current redistribution depends on the temperature in the layers. For a given cunent, 

layer ternperanires, and data on the relative permeability for the whole range of magnetic 

fieId strength, the equilibriurn between the cornplex permeability and the magnetic field 

suength is found by an iterative procedure. 

The Unifed Model uses the published data for the relative permeability of the 

galvanized steel wires [1,2.16]. Variation of the modulus of the relative pmneability of 

steel wires with magnetic field strength for various tensile stresses at temperature 20 OC 

and for various temperatures at tensile stress O MPa are given in References [l] and 1161. 
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There are no published data on the variation of the relative magnetic pemeability of steel 

wires with magnetic field strength for both tensite stress and temperature simultaneously. 

As there is no way to relate existing permeability &ta for various tensile stresses and 

various temperatures in some reliable way, only one of these variations can be 

considered. One of the main purposes of Unified Model is the prediction of the 

behaviour of the conductor at high temperahires. For that reason only the variation of 

relative pemeability of steel wires with magnetic field strength for various temperatures 

is considered. However, the modulus of relative pemeability does not change 

significantly with tensile stresses up to 320 MPa for the magnetic field strength up to 

1ûûû Alm [l,  161 and the f d  results are wt affected significantly. Should the variation 

of the pemeability for the steel cores be available for both stresses and temperatures, 

these data can be readily implemented in the Unified Model. 

In that case, there would be direct coupling between the Mechanical Model and 

the Electromagnetic Model. The steel stress from the Mechanical Model would be used 

as only one additional criterion in the iterative procedure for the balancing of the 

complex permeability and magnetic field strength. The steel stress increases with the 

time of exposure, as the aluminum transfers the load to the steel, and this effect would 

be interesting to explore. 

The permeability curves for 20, 80, and 130 OC are used for the temperatures of 

the steel core up to 60 O C ,  between 60 O C  and 100 OC, and above 100 O C ,  respectively . 
Only the data for these temperatures were available [1,2,16]. The mean temperature of 

the steel core is calculated from the temperatures of the steel layers in the same way as 

for the Mechanical Model. 
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The Thermal Conduction Model assumes a wiiform distribution of the steel and 

aluminum stresses. Triangular voids are assumed and the effective spacing of the voids 

is calculated using the hydraulic diameter. If the effective spacing of the voids had been 

calculated using the mean spacing, the effective spacing of the voids between the outer 

steel layer and next alumiflum layer would have been smaller than those between steel- 

steel layers. As the ara of the voids between steel wires of smailer diameter and 

aluminurn wires of bigger diameter should be bigger than the area of the voids between 

steel wires only, the method that uses the mean spacing is not used. Results are 

acceptable when the hydraulic diameter is used. The characteristics pertaining to 

Thermal Conduction Model from [9] used in the Unified Model are given in Table 6. 

Table 6 Variables used in Thermal Conduction Model 

Thermal conductivity k 
air 0.03 18 Wm-lK-' 
steel 48 Wrn-lK-' 
alwninwn 220 Wm-lK-' 

Mean slope of asperities tan O 0.05 
R.m.s. height of asperities o IOa m 

When the aluminum layers are under tension, the r.m.s. height of the asperities or air 

gap thickness at the contacts is available fiom [9,10,18]. When the aluminum layers are 

under compression and before birdcaging occurs. there is no available data on the 

effective thickness of the air gap at the contacts. To enable the application of the Unified 

Model for the stresses in aluminwn -10 MPa < a, 5 O MPa it is assumed that the 

effective thiclmess of the air gap is ten times bigger than that without compression in 
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aiuminum. The contact area in such cases is calcuIated from the maximum stress whkh 

occurred in aluminum during the whole time of exposure, and direct metal contact a m  

is assumed to be equal to zero. The Radial Conduction Model does not describe the heat 

nansfer in a sermded conductor when the birdcaging occurs, and the layers of wires 

separate from their neighboufs. n i e  model can not be used when the aluminum stresses 

are less than -10 MPa, and therefore, the Unified Model fails under birdcaging 

conditions. However, the model does predict the omet of conditions leading to 

birdcaging . 

The power loss in each aluminum layer is calculateci from the complex values of 

the layer currents and complex voltage per unit length. The power losses of the steel 

layers are obtained from the current in the steel core and the axial voltage, assuming a 

unifonn distribution of the steel current. 

To combine the Steady-State Heat Transfer Model with other models in the 

Unified Model, it is assumed that the inclination of the conductor for the calculation of 

solar heating and convective cooling can be negiected, since its effect is small for the 

angles up to 60 degrees [16]. The angle between forced and natural flows is taken to be 

90". Although the solar absorptivity and emissivity change with time as the surface of 

the conductor oxidize and became weathered they are kept constant during the whole time 

of the exposure. because it is show that when their values are simiiar, the infiuence on 

the thermal rating is negligible [16]. 
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3.4 PROBABUISTIC APPROACH 

The Steady-State Model gives the surface temperature of the conductor at some 

moment in the lifetime of the conductor, for the applied current and given ambient 

conditions, and after equilibnum between the heat losses and heat gains is achieved. The 

time necessary to reach the steady state depends on the thermal inenia of the wnductor. 

The Radial Conduction Model and the Electromagnetic Model are applicable for the 

particular instant in a conductor life while the input data are valid. 

The Mechanical Model predicts the mechanical behaviour of the conductor at 

some moment during the conductor lifetime based on the loading history of the 

conductor. The loading history is the surnmary of the information about the periods in 

the conductor lifetime with the constant temperature, additional loadings, and for a 

certain duration. For periods of running out, prestressing and stringing, the tension of 

the conductor at the beginnuig of the event is also known. When the actual data for the 

lhe are not measured, the loading history may be assurnad. The common practice is to 

apply the design constraints for the line for certain periods of tirne, for the longest period 

to assume that the conductor is at a mean daily temperature, and to eventually assume 

a small percentage of the exposure time at the maximum conductor temperature. This 

rarely occurs in practice, and lads to the arbitrary prediction of stresses, strains in the 

conductor and the sag of the conductor. 

The thermal history of the conductor has to be known for the calculation of the 

losses of tende strength of the nonferrous w ~ e s  due to annealuig. Until now, the loss 

of suength was computed separately by arbitrarily estirnating the wire temperatures. 

The Unified Model may utiiize a probabilistic method for the evaluation of the 
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conductor loading and t h e d  history. Combining ail  four models in the Unified Model 

enables the application of a realistic statisticai approach for the first tirne. The Unified 

Model enables selection of the tensions, temperatures, and duration of running out, 

prestressing, and stringing periods. The prestressing and tension at the beginning of 

stringing period are optional. The periods with additional loads such as wind and ice and 

very low temperatures are optional tw. For most of its Me the conductor is at a 

temperature which depend on the current, ambient temperature, and atmospheric 

parameters, such as wind speed, direction, and solar radiation. The Unifieâ Model 

calculates the statistical distribution of the acnial temperatures of the conductor over that 

part of the exposure period based on the statistical variation of these parameters. The 

current, ambient temperature, wind speed and direction, and solar radiation Vary 

simultaneously . 

The system current varies with the actual load demands. For continuous loads, 

the statistical distribution of typical loads with large systems is shown in Fig. 5 [19]. 

The normal distribution of the probability density function of the ambient 

temperature is assumed. The probability density funnion after Morgan [16] is 

asymmetrical due to the differing distributions for night and &y, Fig. 6. If normal 

distribution is assumed, the standard deviation for &y and night is 5 OC for the mean 

value of approximately 18 O C .  The value for standard deviation varies up to 6.3 OC 

Pl1 

The statistical distribution of the temperature rise of the surfiice of the conductor 

accounts for the statistical distribution of the wind speed, direction, and the solar 

radiation. The bimodal distribution for night and day is shown on Fig. 7 1221. This 
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Figure 5 Typical system loads with large systems 

probability density function of the temperature rise of the surface of a conductor is used 

in the Unified Model. 

It is assumed that the probability density huictions of the temperatures of the 

layers are similar to that of the surface conductor temperature. 

The period of time which the conductor spends at different high temperatures 

depending on the load current, ambient temperatures, wind speed and direction, and solar 

radiation is divided into intervais, here calleci smailer intervais, which correspond to 

every combination of the probabilities of the peak curent, ambient temperature. and 

maximum temperature rise of the temperature of the conductor. To insure that each 

internai is long enough to have the steady temperature of the surface of the conductor and 



Figure 6 Probability density function of the air temperature for day and night (after 
Morgan). 10 minute sampling rate. 
1. day; 2. night; 3. day and night. 

steady temperatures within the conductor, the percentage of the peak load is taken in 

steps of 1096, the ambient temperature is taken in steps of 5 O C  in the range -15 OC to 

+ 15°C from the mean value of ambient temperature, and the percentage of maximum 

temperature rise is taken in steps of 10%. 

The Mechanical Model itself can not take account of the realistic loading and 

thermal history of the conductor. However, the Unified Model enables a realistic 

probability based evaluation of the conductor history as it combines alî four models. For 

each interval, found from the probabilities of the ambient temperature and cumnt, the 

Model balances al1 the wmmon variables, giving the maximum temperature nse for that 



Figure 7 Probability density function of the temperature rise of the conductor (after 
Morgan). 10 minute sampling rate; 54/4/33 mm ACSR (Olive) conductor at 10 m 
height; 1 = 1MO A. 
1 .  day; 2. night; 3. day and night. 

interval. The statistical variation of the maximum temperature rise may then be 

considered in smaller intervais. 

3.5 THE UNIFIED MODEL 

The Unified Mode1 c m  be used either when the loading and thermal conductor 

history is evaluated on a probabilistic basis. or when the conductor history is h o w n  or 

conservatively assumed and given as au input. In both cases, the tensions, ambient 

temperature, and duration for running out and prestresshg periods have to be given as 
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inputs. The prestressing pend is optional. If the conductor is clamped without any 

adjustment in tension and sag and the soinging tension is not fixeci, the ambient 

temperature during stringing and its duration are the inputs. When the stringhg tension 

is fixed, it is given as an input too. Additional loads, i.e. ice and wind, and any other 

special loads, such as extremely low temperatures, are given as inputs together with the 

temperature and tirne of duration. These loading cases usually cover a small percentage 

of the lifethe of the conductor. In the Unified Model these loading cases are considered 

prior to other periods. The flow chart of the Unified Model is given in Fig. 8. 

When the probabilistic approach is used, the conductor is depicted over its life at 

various temperatures which depend on the mean ambient temperature and its standard 

deviation, the maximum (peak) current and its statistical distribution, and the maximum 

temperature rise of the conductor and its statistical variation. The probability density 

function is calculated from the given mean ambient temperature and its standard 

deviation. The probability evaluated period of the lifetime is then divided into the 

intervals of time corresponding to the ambient temperatures from 15 OC less than the 

mean ambient temperature to 15 O C  larger than the mean ambient temperature in steps 

of 5 O C .  Each interval is further divided into smaller intervals which correspond to the 

currents fiom 50% of the maximum current for the whole period to 100% of the 

maximum curent in steps of 10% of the maximum current. Both the currents and the 

ambient temperames are taken in an ascending manner. 

Starting fiom the lowest ambient temperature, and the smallest current, the 

coupling variables in each of these mal1 intervals are equilibrated. The Mechanical 

Model includes al1 the cases preceding the probability based period for the f ist  interval. 
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Figure 8 Flow chart of the Unified Mode1 
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To avoid unnecessary repetition of these loading cases, they are excluded in succeeding 

intervals. For each interval, the maximum temperature rise of the conductor i s  found. 

To obtain the maximum temperature rise, it is taken in the Steady-State Heat Traosfer 

Model that the number of the day ia year Nd = 182 for the northem hernisphere, the 

solar hour of the sun wS = 0, and the mean angle of wind attack *- = O*. 

The interval is M e r  divided into the subintewals which correspond to the 

conductor temperature rises from 10% of the maximum rise to 100% of the maximum 

rise in steps of 10%. The temperature rise sequence is ascendent too. The loading and 

thermal history is evaluated when the coupling variables for al i  intervals in the entire 

probability based period are balanced, and the cumulative calculation of the creep and 

settling strains of the aluminum and steel part of the conductor and the annealing of the 

aluminum layers is done. 

The actual electricai, mechanical, and thermal characteristics of the conductor are 

calculated in a period of half an hour exceeding the probability based penod. The 

equilibration of the coupling variables in the Mechanical, Electromagnetic, Radial 

Conduction, and Steady-State Heat Transfer Model is done for the input variables 

correspondhg to the actuai state. The actual parameters, such as the a c W  wind speed 

and direction, current, number of the day in year, and clearness ratio are implemented. 

When the probabilistic approach is not employed and the loading and thermal 

history is assumed, the case with the high temperature is taken as the last one. The 

coupling variables are baland for that fast period taking into account ail the preceding 

history . 

The subroutine for the equilibration of the coupling variables is shown on Fig. 9. 



Fipre 9 Subroutine for the equilibration of the coupling variables 

1 o - 1 c O MPa 

Figure 10 Criteria for the convergence 
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The surface temperature of the conductor and the temperatwe differences between layers 

are balanceci during processing within the First and Next Step. The aluminum and steel 

stresses oA and os and the wmplex values of the steel current and the currents in the 

a l d m  layers and complex voltage are balanced after every step until the exit criteria 

are reached. The criteria for balancing are given in Fig . 10. The values of stresses from 

the previous step are compared with the values fkom the last step, and their absolute 

differences have to be less than 10-~ MPa. The complex values of the currents and the 

voltage obtained as the outputs from the two previous iterations of the Electromagnetic 

Mode1 are compared to achieve a tolerance A of less than 10' tirnes the unit complex 

vector. When the critenon is achieved. al1 the coupling variables used either as an input 

or obtained as an output fkom any of the four models are equilibrated for that interval. 

To avoid endless iteration which may occur occasionally, the number of loops is 

restricted to four. 

The First Step in the equilibrating of the coupling variables is shown in Fig. 11. 

The Steady-State Heat Transfer Model (H) is always linked together with the 

Electromagnetic Model (EM) in the block HE, where the iterative procedure is engaged 

to obtain the surface temperature of the conductor. For the block HEF, the fust iteration 

between the Steady-State Heat Transfer Model and the Electromagnetic Mode1 in the 

interval, and for the Mechanical Model used in the first step, it is assumed that the layer 

temperatures T,, T,, . . .,T,.,. and the steel and duminum temperatures Ts and TA are 

equal to the surface temperature T, = TN. For al1 other iterations between the Steady- 

State Heat Transfer Model and the Electromagnetic Model HES, the temperatures of the 

layers up to the outer layer N- 1, T,, T, . . . . , TN., , which are used as inputs. are calculateci 



Figure 11 First step in equiiibrating the coupling variables 
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from the last values of the temperature differences behween the layers T,,-T,, n = 1,. . . , N 

and the iast surface temperature TN. 

The block HEF outputs the surface temperature rise. complex currents and 

voltage, Le. power losses in each layer. The Mechanid Model M outputs the stresses 

in steel and aluminum of the conductor. The Radial Conduction Model R then calculates 

the temperature rise of each layer, and loops back to the Electromagnetic Model EM to 

obtain more accurate complex layer currents and voltage, Le. layer power losses. They 

are used again by the Radial Conduction Model to calculate more accurate values of layer 

temperature differences which then, together with the surface temperature result in the 

more accurate values of the layer temperatures. 

Ushg these temperatures, the next combination of the Steady-State Heat Transfer 

Model and the Electromagnetic Model HES outputs more precise values of the surface 

temperature and power losses in each layer. More accurate temperatures of the layers, 

and consequently more accurate steel and aluminum temperatures are obtained and looped 

back to the block HES and the Mechanical Model, respectively. in the Next Step in the 

equilibrating of the coupling variables. The Electromagnetic Model added at the end of 

the sequence R -EM - R - EM outputs the values of the cornplex layer currents and the 

complex voltage for the calculation of the difference A which is used as one of the 

criteria. 

The Next Step is presented at Fig. 12. It keeps the same procedure as in the First 

step with several exceptions. The Next Step uses oniy the block HES. Temperatures 

of the layers and the steel and aluminum temperature used as the inputs for the fust 

iteration HES and for the Mechanical Model M are obtained from the preceding step. 



Clfculrtim of 
Ta, Ti, ...,T ~1 

Figure 12 Next step in equilibrating the coupling variables 
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The stresses 4 and oA of the Mechanical Model are used in the next step for obtaining 

the other criteria for convergence. 

The Mechanical Model, in fact, outputs the stresses in each step based on the 

outputs of the previous step. For that reason severe criteria for the convergence are 

imposed. 

The structure of the block HEF is shown on Fig. 13. Temperatures of ail layers 

are taken to be equal to the surface conductor temperature. To ensure that the Joule 

heating P,, obtained from the Steady-State Heat Transfer Model and the power losses PEM 

obtained from the Electromagnetic Model are equal, the iterative procedure on the 

surface temperature of the conductor Tm, = TN is employed. The limits of the interval 

of the iteration are the minimum possible conductor surface temperature for the given 

conditions and the maximum expected temperature, say 170 O C .  The minimum possible 

surface temperature is obtained by iteration from the Steady-State Heat Transfer Model, 

so that it corresponds to the Joule heating PJH = O. For the iterations in HEF. and for 

al1 other iterations in the Unified Model, the adjusted regula-falsi algorith is used [36]. 

The structure of the block HES is shown on Fig. 14. The temperatures of al1 

layers except the outer layer are taken from the previous calculation. The interval of the 

iteration is decreased, and the limits are closer to the previous temperature of the 

conductor surface TNpmiw. The surface conductor temperature is obtained again by the 

iteration. 

The structure of the Electromagnetic Model E is shown on Fig. 15. To obtain 

the complex values of the layer currents and the voltage, the complex value of the 

relative magnetic pemeability that matches the modulus of the magnetic field strength 
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Figure 13 Structure of the block HEF 



Po, Pi, .., Bc I: 
Figure 14 Structure of the block HES 

is found by iteration. 

The Mechanical Model M is used in the Unified Model in three forms in order 

to avoid the unnecessary tepetition of the whole loading and thermal history of the 

conductor. The fom MA. shown on Fig. 16, includes al1 loading cases before the 

period for which the probability based approach is employed and one interval of the 

probability based period or the loading case which represents the maximum conductor 

temperature applied without the probability based approach. The alternative which does 

not include the probability based approach enables the w of the Unified Model for the 

short penods of exposure, for instance half an hou afier the stringing. 

The tirne interval of the probability based period which corresponds to the 



Figure 15 Electromagnetic Mode1 EM. 



Figure 16 Mechanical Mode1 MA 
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selected ambient temperature T, and the selected current is divided fiuther into smaller 

intervals according to the statistical variation of the temperature rise of the W a c e  of the 

conductor 9. It is assumeci that the layer temperatures T,, T,, . . . ,TN, and consequentiy 

the steel and aluminum temperatures TS si and TA. in a smailer intemai foliow the saw 

statistical distribution as the temperature rise of the surface of the conductor. The 

smaller intervals correspond to the temperature rise from 10% to 100% of the maximum 

temperanire rise 9,. in steps of 10%. To avoid introduction of extra variables, the 

temperature rise is applied in an ascending manner so that the last smaller intemal 

corresponds to the maximum temperature rise. Outputs of the Mechanical Model q and 

o, are the steel and aluminum stresses corresponding to the maximum temperature rise 

of the conductor for the given ambient temperanire and current. These stresses are 

equilibrated on the larger intemai corresponding to the particular ambient temperanire 

and the current, as show in Fig. 9. At the same t h e  they are used as the coupling 

variables for obtaining values of the maximum surface temperature and temperature 

differences, Fig. 11 and 12. If the smaller interval which corresponds to the maximum 

temperature rise is not the last one, q and a, should be memorized and these values used 

as outputs of the Mechanical Model. 

The form of the Mechanical Model MNA, which performs the calculation for only 

one interval of the probability based period is given on Fig . 17. in a smaller interval the 

steel temperature Ts ,, aluminum TA ,. and the temperatures of the alurninwn layers 

which correspond to the temperature rise of the conductor 9 are taken. The form MF 

used for the finai caiculation is shown on Fig. 18. Duration of the smaller interval is 

half an hour and the steel and aluminum temperatures are T, and TA. 



Figure 17 Mechanical Model MNA 

The calculation of the loss of tende strength of the aiuminum layers due to 

anneaiing is included in the Mecbanical Model. For that reason the temperatures of the 

aluminum layers are necessary. The total period of exposure of the conductor is divided 

hto periods which correspond to the different loading cases. The probabiiity bas& 

period is divided into intervals wrresponding to each combination of the ambient 

temperatures and currents. Each of these intervals are divided again into smaller 



Figure 18 Mechanical Mode1 MF 

intervals according to the statistical variation of the maximum temperature rise. Even 

these srnall intervals can be divided into subintervals if the duration of the interval is 

larger than a half year. The cumulative calculation of the loss of tensile strength of the 

aluminum layers is perfomed for each of these interludes in parallel with the cumulative 

calculation of creep and settling saains of the steel and aluminum portions of the 

conductor. In this way the thermal history of the conductor is found on a probabilistic 

basis. and the losses of tensile strength of the aluminum layers are predicted in a realistic 

way for the first t h e  by the Unified Model. For the prediction of the loss of tensile 

strength of the wires in the alufnitlum layers, it is assumed that the percentage loss of 

strength in the iùlly-annealed state W, = 56%. and the coefficients are A' -8.62, 

B'=llO, Cf=-5000, and D'=7.5 [Zl], page 52. 

If the duration of the loading cases is longer thaa half a year, it is divided into 

subintervals not exceeding half a year. The flow chart for the Case in the Mechanical 

Model is given in Fig. 19. The steel strain X, for each mbinterval is found by an 



Figure 19 Structure of the CASE in the Mechanical Model 

iterative procedure so that at the end of the subintervai the total steel strain is quai to 

the total aluminum saain X, = X, = X. The result of birdcaging is predicted even 

though not used in the Unified Model, otherwise the tonductor strain, sag, and steel 

stress are calculated. At the end of each case, the stresses, cumulative creep and settling 



Figure 20 Radial Conduction Model 

strains in aluminum and steel, and al1 other outputs of the Mechanical Model, such as 

sag, are obtained. 

A flow chart for the Radial Conduction Model is shown in Fig. 20. When 

aluminurn is under compression, without birdcaging, Le. -10 MPa < us S O MPa, the 

contact areas are caiculated using the maximum stress in aluminum 0,. Although the 

stress in aluminum is bigger at the beginning of the interval, for this purpose the stress 

from the end of the period or interval in which the maximum stress occm is taken. 

3.6 APPLICATION OF THE UNWiED MODEL 

The Unifiecl Model has been implemented for 54/19 Grackie ACSR conductor. 

Values for the input variables used in the Model are shown in Table 7. Construction of 
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the conductor and the characteristics of materials used in the Mode1 are shown in Table 

8. Unless otherwise stated, these input variables apply to all the results. 

The loading history of the conductor is taken in a sequence: running out period, 

sainging period, one period with the additional load - ice with wind, and the probability 

based period. As the duration of the ninning out and stringhg periods is two hours. the 

total exposure time is in fact the duation of the additional load case period and the 

probability based period. Pretensioning is not considered. The acîual period is taken 

after the probability based period. 

When the tension is given at the begimbg of the period, it is assurned to be the 

horizontal component. Only the horizontal dead-end span is considered. It is assumed 

that the actual current and the maximum cunent for the probability based period are the 

same, although this as well as al1 other input variables can easily be changed. 

The permeability curve shown on Fig. 3 is implemented for 20 O C  [2]. For the 

temperatures 80 O C  and 130 OC the permeability curves are obtained from the data for 

the modulus of the relative permeability of a 2.76 mm gafvanized steel wire at 50 Hz and 

O MPa. after Morgan [ 161. These curves are the only published data for 2.76 mm wire 

at high temperatures and are used at 60 Hz, although there is some difference between 

50 Hz and 60 Hz. Moduli of magnetic permeability are split into the real and imaginary 

components using the data for the magnetic loss tangents at 80 O C  and 130 OC for the 

galvanized steel wire with the diameter of 3.19 mm and stress O MPa [l]. The real and 

imaginary components of the relative permeability are then multiplied by the shielding 

factors at 80 OC and 130 OC for the galvanized steel wire with the diameter of 3.19 mm 

and the stress O MPa [Il. The data for the magnetic loss tangent and shielding factor 



Table 7 Standard input variables used in the Unified Mode1 

Variable 

Actual solar hour O" 
Actual cleamess ratio 1 
Actuai nurnber of day in year 182 
Actual current A 
Actual ambient temperature 20 OC 
Actual wind speed 0.6 mis 
Actual wiml angle to axis O" 
Air pressure 101.3 kPa 
Air gap at contacts 
Albedo 
Altitude 
Azimuth 
Clearness ratio for the probability based period 
Frequency 
Ice thickness 
Latitude 
Maximwn current for a probability based p e n d  
Mean ambient temperature for the region 
Running out tension (20 % of RTS) 
Span length 
Standard deviation of mean ambient temperature 
Standard deviation of wind angle 
Stringing tension (20 1 of RTS) 
S tringing temperature 
Temperature at running out 
Temperature for addit. load case (ice and wind) 
Time duration of actual period 
Time duration of probability based case 
Time duration of additional load case 
Time duration of ninning out 
Time duration of stringing 
Total exposure time 
Wind pressure for additional load case 
Wind angle to axis for a probability based period 
Wind speed for a probabüity based perïod 

Sea level 
o0 
1 
60 Hz 
6.35 mm 
44" OO'N 
A 
20 OC 
37288 N 
400 rn 
6.3 OC 
15 d s  
37288 N 
20 OC 
20 O C  
O O C  
0.5 hour 
99 % of 10 years 
1% of 10 years 
1 hou 
1 hour 
10 years 
385 Pa 
O* 
0.6 mis 



Table 8 Construction of the conductor and characteristics of materials used in <he 
Unified Model 
- 

Variable 

Absorptiviîy 
Bare weight of conductor 
Coeff. of linear expansion of aluminum 

steel 
Conductor diametet 
Crossectional area, conductor 

aluminum 
steel 

Dc resistances at 20°C, aluxninum 
s tee1 

Diameter of steel wire 
Diameter of aluminum wire 
Elasticity modulus , aluminum 

steel 
Emissivity 
Lay lengths, steel 

duminum 
Number of wires in layers 
Number of layers, steel 

aluminum 
Temperature coefficient of resistance, aluminurn 

steel 
Y ield stress, alwninum 

steel 

0.9 
22.38 Nlm 
22.8~106 11°C 
11.3~106 11°C 
33.9 mm 
680.84 mm2 
600.26 mm2 
76.58 mm2 
0.02818 hun2/m 
0.1775 Zhnm21m 
2.27 mm 
3.77 mm 
55 GPa 
190 GPa 
0.95 
0.150, 0.1874 m 
0.2916, 0.365, 0.4 m 
1, 5, 12, 12, 18, 24 
1 + 2  
3 
0.00404 Oc-' 
0.0032 O C '  
140 MPa 
530 MPa 

for wire 3.19 mm are used because there are no published data for the wire 2.76 mm for 

temperatures 80 OC and 130 OC. The variations of the real and imaginary parts of the 

relative penneability at the temperatures 80 OC and 130 O C  with magnetic field strength 

which are acquired as described and used in the Unified Model are given in Table 9. 



Table 9 Variation of the real and imaginary parts of the pmeability at the temperatures 
80 O C  and 130 O C  with magnetic field strength 



CHAPTER 4 

RESULTS 

The Unifieci Mode1 produces information related to aii aspects of the behaviour 

of the conductor. The sensitivity of such parameters as the heat gains and losses, 

temperatures of the layers, currents and stresses, ac resistacce and power losses, sag and 

the rate of loss of tensile strength due to annealhg for any of the input variables can be 

readily determined. The influence of the mean ambient temperature, exposure the ,  ice 

thickness and the duration of the additional load case, air gap thickness, and the span on 

the electrical, thermal, and mechanical characteristics of the conductor are examineed. 

The results are given for the range of currents from 200 A to 1400 A. For 

currents larger than 1400 A the calculation eau not be done, as birdcaging occurs in some 

of the intervals of the probability based period, which correspond to the higher ambient 

temperanires. The temperature of the alurninum part of the conductor is approximately 

135 OC when birdcaging occurs at the duminum stress -10 MPa under standard 

conditions. 

Fig. 21 shows the variation of the temperature rise of the king wire and aliiminum 

layers of the conductor above ambient temperature with cumnt. The temperature 

difference between the king wire and the surface is 14.9 OC for 1400 A, which is 15.9 

96 of the temperature rise of the conductor surface. The biggest temperature difference 
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occurs between the third (outer) and second (middle) aluminum layer. For 1400 A tbe 

temperature difference between third and second aluminum layer is 10.7 OC , between 

second and tirst aluminum layer 3.6 O C ,  between fist aliiminum layer and third steel 

layer 0.5 OC, and between third steel layer and the king wire O. 1 OC. The temperature 

difference increases with the increasing cment. 

The variation of the magnitude of currents in steel core and aluminum layers with 

total current is presented on Fig. 22. The curves are not smooth because of the use of 

only three sets of the permeability data for a wide range of steel temperatures. However, 

the trend suggests that the increase of the layer currents with total current may be linear. 

Fig. 23 shows the variation of the current density of the steel core and aluminum 

layers with current. The current density in the second alurninum layer is the same as in 

the outer aluminum layer and 3 % higher than in the b e r  aluminum layer for 200 A. 

The current density in the second layer is 34 96 higher tha. in the outer layer and 44 96 

higher than in the inner layer for 1Oûû A. Again the curves are not smooth, showing 

clearly that the temperature of the steel core is less than 60 O C  for the cunents 200 and 

400 A, between 60 OC and 100 OC for the currents 60,800,  and 1000 A, and more than 

100 O C  for 1200 and 1400 A (Fig. 31). The importance of accurate data for the relative 

magnetic permeability for the corresponding steel temperature for the prediction of the 

current redistribution within the layers is obvious. 

Fig. 24 presents the variation of the loss of tensile strength of aluminum layers 

with current. The loss of tende strength of the inner aluminum layer is 4.6 5% bigger 

than the loss of tensile strength of the outer aluminum layer for the current 1400 A. The 

difference increases with increasing current as the temperature difierence between iayers 



increases . 



Fipre 21 Variation of the temperature rise of the conductor with the current. 
king wire _--_  3rd aluminum layer 

. .. . . .. 2nd aluminum layer .-.-.-. 1st aluminum layer 

200 400 600 800 1 O00 1 200 1 400 

total current(~)  

Figure 22 Variation of the magnitude of layer cwents with total current. 
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Fgire 23 Variation of the current density in layers with current. 

Figure 24 Variation of the loss of tensile strength of aluminum with curent. 



To investigate the influence of the ambient temperature on the conductor 

parameters. the mean ambient temperature is taken for tfim conditions: O O C ,  10 OC, 

and 20 OC. 

Various losses are ploned against cumnt for these t h e  cases in Fig. 25. It is 

seen that the heat losses and gains change with current and ambient temperature. The 

convective P, and radiative heat losses PR and heat gain due to Joule losses P, increase 

with increasing current. The convective cooling decreases with an increase of ambient 

temperature, as the temperature rise of the surface of the conductor decreases with the 

increase of the ambient temperature for the same cunent. Both the radiative cooling and 

Joule heating increase with an increase of the ambient temperature. Joule losses increase 

with increasing current at the higher rate than exponential, because the ac resistance of 

the conductor increases with increasing current too. The Joule losses for 1400 A 

increase by 3.2 Wlm when the ambient temperature increase fiom O OC to 10 OC and 

from 10 O C  to 20 OC, which is 2.3 96 of the Joule losses at 20 OC. 

The variation of the Joule losses with the surface temperature rise and ambient 

temperature is presented in Fig. 26. The Joule losses increase with an increase of 

ambient temperature for the same temperature rise of the surface of the conductor. The 

increase is bigger for higher ambient temperahues. 

Fig. 27 shows the variation of the difference of the temperatures between the king 

wire and surface with current. Up to 1 0  A the temperature difference berneen the 

king wire and the surface increases almost exponentially with cumnt, king larger for 

larger ambient temperahues. The curve for ambient temperature 20 OC changes the 



99 

slope at current 1200 A, and the curves for 10 OC and O OC at m e n t  1400 A. The 

reason for that is shown in Fig. 28. The aluminum stress at these points is less than O 

MPa and it is assurneci in the Radial Conduction Mode1 that the air gap thichiess for the 

alumînum layers under compression is 10 times bigger than the air gap for alurninum 

with tension. It would be logical that the temperature difference between the king wire 

and surface increases at a higher rate when aluminum compression occurs, than it is 

when the aluminwn is under tension. Either the air gap thickness for the layers under 

compression is bigger than 10 6 or the area of metai to metal contacts calculated from 

the maximum aluminurn stress is too big. These assumptiom obviously underestimate 

the temperature difierence between the king wire and surface when aluminum 

compression occurs . 

The variation of current density for the steel core and alurninum layers with the 

corresponding core and layer temperature rises is show in Fig. 29. The current density 

in each layer shows the same trend of change with the temperature rise of that particula. 

layer for al1 ambient temperatures. 

From Fig. 30 it can be seen how the ac resistance changes with current and 

ambient temperature. The curves are not smwth because the pemeability curves for 

three temperatures are available only, so that each curve is used for a large range of 

temperatures. Fig . 3 1 shows the variation of the steel temperature with the current. The 

permeability data taken for the caiculation of the ac resistance of the wnductor 

corresponds to the steel temperature for the given current. The tendency of the curves 

in Fig. 30 shows an increase in &. Taking into accuunt the steel temperatures from 

Fig. 31, it appears that the ac resistance increases exponentially with increasing current 
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for a fixed ambient temperature. The resistance uicreases almost linearly at 0.16~10'5 

Olm with a rise of ambient temperature of 10 O C  for the fixed cumnt. 

Fig. 32 presents the variation of the steel and aluminum stresses with the cumnt 

and ambient temperature. The aluminum stress decreases and the steel stress increases 

with current, as the aluminum tramfers the loaâ to the steel due to increasing 

temperatures. The steel stresses increase, and duminun stresses decrease with the 

increase of the ambient temperature for the fhed current. 

It is seen from Fig. 33 that the horizontal tension of the conductor decreases 

almost exponentially after 500 A with an increase of cuffent. The horizontal tension 

decreases by 1 kN at 200 A and 0.8 kN at 1400 A, which is approximately 3 96 when 

the ambient temperature increases from O OC to 10 OC. It decreases by 0.9 kN and 0.7 

kN, or approximately 3 % when the ambient temperature increases from 10 OC to 20 O C ,  

for the currents 200 A and 1400 A, respectively. 

The variation of the horizontal tension of the conductor with temperature rise of 

the core is given in Fig. 34. The horizontal tension decreases with the increase of the 

temperature rise of the core. It decreases with the increase of the ambient temperature, 

and the decrease is bigger for the smaller temperature rise of the core. 

The variation of the total sag with current and ambient temperature is presented 

in Fig. 35. It will be noteû that the sag increases linearly with increasing a i .  

temperature, but increases exponentiaiiy with increasing cumnt. 

It is seen from Fig. 36 that the sag increases almost hearly with increasing 

temperature rise of the steel core above 40 K for a fixed ambient temperature, and with 

increasing ambient temperature for the fixed value of the temperature rise of the steel 
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core. For example, the sag at the ambient temperatwe O O C  for 110 K temperature rise 

of the core is only 8 cm larger than it would be with the linear change. 

The loss of tensik strength of the d e r  aluminum layer due to annealhg with 

curent and ambient temperature can be seen in Fig. 37. The cumulative loss of tende 

strength increases linearly with increashg ambient temperatwe for a fixed current. The 

loss of tensile strength increases approximately exponentially with increasing current. 



200 400 600 800 1 O00 1200 1400 

current (A) 

Figure 25 Variation of the heat gains and losses with current and ambient temperature 
at 

20°C --- 10 "C ...... O O C .  

surface temperature rise (O C )  

Figure 26 Variation of the Joule losses with the temperature rise of the suface of the 
conductor and ambient temperature. 
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Figure 27 Variation of the difference of the temperatures between the king wire and 
surface with current and ambient temperature 

20 OC --- 10 OC ...... O O C .  

current (A) 

Figure 28 Variation of the aluminum stress with cumnt and ambient temperature. 



aluminum 
loyer 

steel core 

40 50 60 70 80 90 100 

temperature rise of core and layers(K) 

Figure 29 Variation of the current density in steel core and aluminum layers with 
temperature rise of the core and aluminum layers and ambient temperature 

20 OC --- 10 "C ....*. O OC. 

ambient 
temperature(* C) 

Figure 30 Variation of the ac resistance of the wnductor with current and ambient 
temperature. 



Figure 31 Variation of the steel temperature with current and ambient temperature. 

current (A) 

Figure 32 Variation of the steel and aluminum stress with the current. Ambient 
temperature 

...... 20 O C  --- 10 OC O OC. 
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Figure 33 Variation of the horizontal tension of the conductor with the current and 
ambient temperature. 
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Figure 34 Variation of the horizontal tension of the conductor with the temperature nse 
of the core and ambient temperature. 
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Figure 35 Variation of the sag of the conductor with curent and ambient temperature. 
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Figure 36 Variation of the sag of the conductor with the temperature rise of the core and 
ambient temperature. 
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Figure 37 Variation of the loss of tensile strength of the inner aluminum layer with the 
current and ambient temperature. 
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4.2 TIME OF EXPOSURE 

We use a probabilistic mode1 to explore the effect of e x p o m  rime of the 

conductor at an ambient temperature of 20 OC. The total exposure tirne is taken at O. 1, 

1, 3. 10, and 30 years. The total exposure tirne consists of the period with additional 

load case, which lasts 1 96 of the totai exposure tirne, and the probability based case 

which lasts 99 96 of the total exposure tirne. For the times of exposure less than 6.3 

years, during a few subintervals in the probability based period, temperature differences 

occur over pends of shorter than 0.5 hour. But this is tolerated without introduction 

of the Unsteady-State Themal Model. Those subintervals could be combined with the 

next hrger subinterval if necessary, but the difference in the final results is negligible. 

When the exposure tirne is taken as 0.5 hou, the probability approach is not 

employd, and the additional load case is not included. The period is too short and those 

assumptions would be unredistic. The exposure time of half an hou consists of the case 

with constant maximum cunent. It is applied irnrnediately after the ninning out and 

stringing period. 

Fig. 38 shows that the Joule losses remah almoa constant for al1 the exposure 

times. The same holds for the ac resistance of the wnductor and the magnitude of the 

layer currents. The variation of the cunent density in the steel core and aluminum layers 

with exposure t h e  for a total current of 1000 A is shown in Fig. 39. Notice that layer 

2 is maintainecl at substantially larger current density than layer 3, and both are larger 

than layer 1. The variation of the ac resistance with the time of exposure is presented 

in Fig. 40. 

The variation of the temperature rise of the king wire and aluminum layers with 
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the exposure t h e  for the current 1ûûû A is given in Fig. 41. The temperature rise of 

the rest of the core falls between the king wire and fïrst aluminum layer. However, it 

is not shown in order to present the results in an undetstandable way. While the 

temperature of the third layer or the surface temperature remairis almost constant for the 

whole exposure tirne, the temperature rise of the king wire is larger than the surface 

temperature rise. The difference increases from 4.9 OC after half an hour, which is 8.1 

96 of the temperature rise of the surface of the conductor, to 7.8 O C  or 12.8 46 of the 

sutface temperature rise after 30 years. 

The variation of the temperature difference between the king wire and the surface 

of the conductor with the exposure time and for various cwrents is shown in Fig. 42. 

The temperature difference between the king wire and the sufice increases with the 

exposure the .  The nason for the discontinuity in the curve for 1200 A, and the smaller 

slope of the cuve for 1400 A is the negative alumhum stress shown in Fig. 43 that 

occurs at higher levels. The air gap thickness, assumed as 10x6 for the aluminum layers 

under compression. is obviously too small. Fig. 43 shows that the aluminum stresses for 

3, 10, and 30 years and current 1200 A, and for exposure times except 0.5 hour for the 

current 1400 A are negative, and that compression occurs at these points, hence the 

variations shown in Fig. 42. 

It is seen from Fig. 44 that the steel and aluminum stresses change linearly with 

increasing (log) time for the time of exposure above O. 1 year. For the current 200 A the 

steel stress increases by 67 MPa, or 28.2 96 in the first year and by 93 MPa, or 39.3 % 

in 30 years. The aliUninum stress decreases by 11.8 MPa, or 45.9 5 in the first year 

of the conductor exposure and by 16.3 MPa. or 63.3 96 in 30 years. For 1400 A the 
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steel stress increases by 63 MPa, or 20.3 % in the first year and by 82 MPa, or 26.5 % 

in 30 yuus. The aluminum stress decreases by 13.1 MPa in 30 yuus, of which the 

change is 10.0 MPa in the first year of the conductor exposure. 

Fig. 45 shows the variation of the horizontal tension of the conductor with the 

time of exposure and the current. The horizontal tension for the current 200 A decreases 

by 2.8 kN in years, which is 8.2 96 of the horizontal tension after 30 minutes, of 

which 2.0 kN, or 6.1 % is in the first year. For the current 1400 A, the horizontal 

tension decreases for 1.6 kN, which is 6.0 96 of the horizontal tension after 30 minutes, 

of which 1.2 LN or 4.4 % occurs in the first year. 

Fig. 46 shows how the sag increases as the exposure time increases from 30 

minutes to 30 years with a fixed current. It is seen that after O. 1 year, the sag increases 

linearly with increasing (log) time. After 30 years at the maximum current of 1OOO A, 

the sag increases by 1.11 rn (7.5 46) more than its value after 30 minutes exposure. The 

biggest portion of the sag increase, or 0.8 m occurs in the first year of the conductor 

exposure, 

The variation of the loss of tensile strength of the inner aluminum layer due to 

anneaiing with the current and tirne of exposure is shown in Fig. 47. As the annealhg 

is cumulative, the loss of tensile strength of the aliiminum increases with increasing time 

of exposure and cunent. For 1W A the total loss of tensile strength of the inner layer 

is 9.5 % afier 10 years, and 13 % aftet tiwty years. 
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Fipre 38 Variation of the Joule losses with the time of exposure and current. 

aluminurn 
layer 
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Figure 39 Variation of the cumnt density in steel core and aluminum layers with the 
time of exposure for 1000 A. 



Figure 40 Variation of the ac resistance of the conductor with the time of exposure and 
the current. 

oluminum 
iayer 

Figure 41 Variation of the temperature rise of the king wire and aluminum layers with 
the time of exposure for 1OOO A. 



Fipre 42 Variation of the difference of the temperature between the king wire and 
surface with the tirne of exposure and current. 

current (A) 

Fipre 43 Variation of the aluminum stress with the t h e  of exposun and current. 
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Figure 44 Variation of the steel and aluminum stress with the time of exposure. Current 
200 A ---  1400 A 

Figure 45 Variation of the horizontal tension of the conductor with the t h e  of exposure 
and current. 



Figure 46 Variation of the sag of the conductor with the time of exposure and 
cunent. 

tirne(year) 

Figure 47 Variation of the loss of tensile strength of the hner aluminum layer with 
time of expomre and the current. 
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4.3 ADDITIONAL LOADS 

The effects of the various additional load cases on the characteristics of the 

conductor are investigated through the variation of the thickness of the ice for the 

standard time duration of the additional load case and through the change of the time 

duration of the additional load case for standard ice thickness and wind pressure. 

THICKNESS OF THE ICE 

Besides the standard ice thichess of 6.35 mm applied as an additional loading, 

together with the standard value for the wind pressure, the ice thickness is altered from 

2 mm to 18 mm, in steps of 2 mm. For an ice thickness of 18 mm and current 1400 A. 

birdcaging occurs in some of the subintervals of the probability based period and the 

Unified Mode1 can not be applied. 

Fig. 48 shows that the Joule losses remain relatively constant for various ice 

thicknesses for a fvted current. The ac resistance of the conductor and the magnitude of 

the layer currents are also constant. 

It is seen from Fig. 49 that the surface temperature rise remains constant for al1 

ice thicknesses, while the temperature rise of the king w h  and inner aluminum layers 

increases with an increase of ice thickness, as the aluminum stress decreases. For 1000 

A the temperature rise of the king wire is larger than that of the surface from 7.3 O C ,  

or 12.0 96 at ice thickness 2 mm, to 8.0 OC or 13.1 96 of the surface temperature rise 

for an ice thickness of 18 mm. 

Fig. 50 presents the variation of the temperature difference between the king wire 

and the surface of the conductor. For currents of 200,600, and 1000 A, for which the 
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aluminum stress does not fail bellow zero and the aluminum part of the wnductor is not 

under compression, the temperature difference between the king wire and the surface 

increases nonlinearly with increasing ice thickness. For a current of 1400 A, where for 

ail ice thicknesses the aluminum is under wmpression, Fig. 51, the temperature 

difierence between the king wire and surface decreases fiom 15.2 , or 16.3 96 of the 

temperature rise of the surface for an ice thickness 2 mm, to 14.1 O C ,  or 15.0 % of the 

surface temperature rise for 16 mm ice thickness. This is in consequence of the 

assumption introduced in the Radial Conduction Model, that the metal to metai contact 

area, when the aluminum layers are under wmpression, is calcuiated fiom the maximum 

aluminum stress during the conductor lifetime. As the maximum stress increases with 

ice thickness, the temperature difference between king wire and surface increases. 

The change in steel and aluminum stresses with ice thickness for fixed currents 

is shown in Fig. 52. The aluminum stress, which is also presented in Fig. 5 1 decreases 

with increasing ice thickness as the creep and especially settiing strains increase with the 

increasing additional load. Aluminum transfers more stress to the steel portion of the 

conductor for the bigger ice thichess increasing the steel stress. 

The horizontal tension of the conductor decreases with increasing ice thickness, 

as shown in Fig. 53, as the permanent eiongation of the conductor increases with 

increasing ice thichess . 

Fig. 54 shows how the sag of the conductor changes with ice thickness for a fixeci 

current. It is seen that the sag increases by only 0.8 96 at 1OOO A and by 0.4 96 at 1400 

A under assumed ice thickness of 16 mm. The sag for the cunmt 1400 A increases at 

a smaller rate because the temperature difference between the king wire and the surface 
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decreases with increasing ice thickness, due to the assurnption that the metal to metal 

contacts can be calculateci from the maximum stress in the aluminwn part of the 

conductor during the lifetime. 

Fig. 55 shows that while the loss of tende strength of the inner aluminum layer 

due to annealing remains almost constant for currents 2 0 ,  600, and 1ûûû A for which 

aluminum is under tension, for 1400 A, when alunhum is under compression, the loss 

of tensile strength of the inner layer decreases with an increase of the ice thickness. 
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Figure 48 Variation of the Joule losses with the ice thickness and curent. 
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Figure 49 Variation of the temperature rise of the king wire and aluminum layers with 
the ice thickness for 1 0  A. 
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Figure 50 Variation of the temperature difference between king wire and surface with 
ice thickness and current . 
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Figure 51 Variation of the aluminum stress with the ice thickness and cumnt. 
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Figure 52 Variation of the steel and alurninum stress with the ice thickness. Current 
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Figure 53 Variation of the horizontal tension with the ice thiclaiess and current. 
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Figure 54 Variation of the sag of the conductor with the ice thickness and current. 
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Figure 55 Variation of the loss of tensiIe strength of the inner aluminum layer with the 
ice thickness and current. 
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DURATION OF THE ADDITIONAL LOAD 

For this case, the total time of exposwe of the fonductor is maintained as 10 

years, but the proportion of the duration of the additional load case versus the probability 

based period is varied. The time duration of the additional load case is altered from the 

standard 1 46 to 13 96 of the total expomre tirne. 

The Joule losses, ac resistance of the conductor, and magnitude of the layer 

currents remain constant with the variation of the duration of the additional load case. 

Fig. 56 shows that the temperature rise of the king wire and aîuminum layen 

remain almost constant for al1 durations of the additional load for 1000 A. 

Note also that the difference between the king wire temperature and surf'ace 

temperature changes little with duration of the additional load and the current, for the 

currents 200, 600, and 1Oûû A, as seen from Fig. 57. For 1400 A the temperature 

difference increases with increasing duration of the additional load, but that increase is 

caused only by the fact that the maximum stress in the aluminum for the calculation of 

the radial temperature diff'erences is taken at the end of the additional load case period. 

Had the maximum aluminum stress been taken at the beginning of the additionai load 

period, it would have been the same for al1 additional load case durations and the 

temperature rise would have been constant for 1400 A as well. 

Fig. 58 shows that the steel and aluminwn stresses remain consrnt for al1 

durations of the additional load case. It can be seen fkom Fig. 59 that the horizontal 

tension is almost constant tm, and from Fig. 60 that the sag remains the same for all 

durations of the additional loading period. 

The variation of the loss of tende strength of the d e r  aluminum layer with the 
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duration of the additionai load case is shown in Fig. 61. As the duration of the 

probability based penod decrcases when the duration of the additional load case period 

increases, the duration of high temperatures, and wnsequently, the loss of tensile 

strength decreases. For 1400 A the loss of tensile strcngth decreases fiom 20.5 4% to 

20.0 %, when the duration of the additionai load case increases fkom 1 % to 13 % of the 

total exposure the. 
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Figure 56 Variation of the temperature rise of  the king wire and aluminum layers with 
the duration of the additional load case period for the current 1000 A. 
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Figure 57 Variation of the temperature difference between the king wire and surface of 
the conductor with the duration of the additional load case period and current. 
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Figure 58 Variation of the steel and alurninum stresses with the dwation of the additional 
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Flgure 59 Variation of the horizontal tension of the conductor with the duration of the 
additional case period and curmit. 
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Figure 60 Variation of the sag of the conductor with the duration of the additional load 
case penod and current. 
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Figure 61 Variation of the loss of tensile smngth of the inner aluminum layer with the 
duration of the additional load case peiiod and current. 



4.4 AIR GAP T H I C ~ S  

The thickness of the air gap is changed from 0.2 pm to 1.4 Cm in steps of 0.2 

Cm. When the aluminum is under compression, before birdcaging occm, it is aiways 

assumai that the air gap thickness is ten times that which is taken when the aluminum 

is under tension and the radiai forces on the layers can be obtained. 

The electrical characteristics of the conductor remain almost constant with the 

variation of the air gap thickness for currents of 200 A, 600 A. and 1000 A. The Joule 

losses and current density in the inner, middle, and outer aluminum layers change by less 

than 0.3 % at 100 A. For 1400 A, the Joule losses increase by 0.2 96, when the air 

gap increases from 0.2 Pm to 1.4 Cm. The variation of current density in layers with 

the air gap thickness for the current 1400 A is shown in Fig. 62. The current density 

in the middle aluminum layer decreases by 2.3 % , and in the outer layer increases by 2.0 

% when the air gap increases from 0.2 pm to 1.4 pm. The current redistribution in 

layers changes for 1400 A because of the bigger temperature differences between the 

layers. 

Fig. 63 shows the variation of the temperature rise of the king wire and aluminum 

layen with air gap thickness for 1000 A. The temperature rise of the king wire increases 

fkom 66.3 O C  at 0.2 pm to 68.7 O C  at 1.4 Pm, which is 3.5 % of the temperature rise 

at the air gap thickness 0.2 Cm. 

It can be seen from Fig. 64 how the temperature difference between the king wire 

and surface of the conductor changes with air gap thiclaiess and current. For 1400 A the 

temperature difference increases from 8.7 O C  to 15.8 OC when the air gap increases from 

0.2 pm to 1.4 pm, which is an increase in radial temperature difference of 80.7 %. 
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Fig. 65 presents the variation of the steel and aluminum stresses with air gap 

thickness and cumnt. While the aluminum stress is constant for ail air gap thicknesses 

and for al1 currents, the steel stresses decrease with air gap thickness, the demase being 

bigger for the higher current. For 1400 A, the steel stress decreases from 389.6 MPa 

to 386.3 MPa when the air gap increases from 0.2 p m  to 1.4 Cm. 

The variation of the horizontal tension of the conductor with air gap thickness and 

current is given in Fig . 66. For 1400 A the horizontal tension decreases from about 26.3 

kN to about 26.0 kN, or only 0.8 96. 

Fig. 67 shows the variation of the sag of the conductor with the air gap thickness 

and current. The sag increases by 15 cm for the current 1400 A, aml5 cm for 1000 A 

when the air gap increases frorn 0.2 km to 1.4 Cm. 

The variation of the loss of tensile strength of the inner aluminum layer with the 

air gap and current is shown in Fig. 68. While the loss of tende strength of the outer 

aluminurn layer is almost constant, the loss of tensile strength of the b e r  duminum 

layer increases from 18.5 % for the air gap of 0.2 p m  to 20.8 % for the 1.4 pm air gap. 
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Figure 62 Variation of the current density in steel core and alumiDum layers with the air 
gap thichess for the current 1400 A. 
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Figure 63 Variation of the temperature rise of the Ling wire and aluminum layers with 
the air gap thicicness for the current 100 A. 
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Figure 64 Variation of the temperature difference between the king wire and surface of 
the conductor with the air gap and current. 
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Figure 65 Variation of the steel and aluminum stress with the air gap thickness. Cumnt 
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Figure 66 Variation of the horizontal tension of the conductor with the air gap thickness 
and current. 
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Figure 68 Variation of the loss of tensile strength of the inner aiuminum layer with the 
air gap thickness and current. 



4.5 SPAN 

The span is changed fiom 200 m to 600 m in steps of H) m. It is assumed that 

the span is the distance between two tension towers. The variations of the span between 

the suspension towers in a section is not investigated. Birdcaging occurs on some 

intervals of the probabilistic period, hence in those cases the Unified Model can not be 

applied for 1400 A for spans less than 400 m. 

The elettricd characteristics of the conductor are almost unaffected by the 

variation of the span. The Joule losses and the magnitude of the currents in the layers 

remain almost constant for al1 range of the spans. The variation of the ac resistance of 

the conductor with span and cwrent is shown in Fig. 69. Ac resistance decreases 

margitially with the span while the aiuminum layers are not under compression. For 

1 0  A the resistance decreases rnarginally from 6.35x1Q5 film to 6 . 3 4 ~ 1 0 ~ ~  W m  when 

the span increases from 350 rn to 600 m, as the temperature difference between the 

layers decreases. Note that the aluminum layers are under compression at 1400 A and 

at 200 and 250 m for 1OOO A. The ac resistance changes slower and at different rates 

at these points. The variation of the aluminum stress with span and current is seen fiom 

Fig. 70. 

The variation of the temperature rise of the king wire and aluminurn layers with 

the span for 1000 A is given in Fig. 71. For the spans 200 m and 250 m when 

aluminum is under compression, the temperature rise is calculated with the assumptions 

introduced in the Radial Conduction Model. One would expect that the temperature rise 

would be larger when the aluminum layers are exposai to compressive forces. as the air 

gap thickness or the distance between metal asperities would be larger, and consequently 
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convection heat tramfer would k srnalier. Although for spans of 200 and 250 m it is 

taken that the air gap thickness is ten h e s  larger, the redting tempemture rise of 

aluminum layers is still smdier than when there is no compression, for example for a 

spm of 300 m. It is seen again that the hypotheses that the air gap thickness is 106 and 

that the area of the metal contacts is based on the maximum conductor stress are not 

adequate, as evidenced by the calculated radial temperature differences which are 

underestimated, see sections 4.1 and 4.2. 

The same can be concluded from Fig. 72 where the variation of the temperature 

difference between the king wire and the surface of the conductor with spm and c m n t  

is presented. The temperature difference decreases from 8.2 O C  to 6.8 OC, or 1.7 % of 

the surface temperature rise for 300 m. when the span increases from 300 m to 600 rn 

for 1000 A. As a consequence of the aforementioned assumptions, the temperature 

differences for 1400 A are alrnost constant for the range from 400 m to 600 m. 

It is seen from Fig. 73 that both steel and aliuninum stresses increase with 

increasing span. The steel stress increases fkom 294.0 MPa to 385 .O MPa, or 30.9 % , 

and aluminum stress fkom -3.2 MPa to 4.6 MPa for the current lûûû A, when the sag 

increases fkom 200 m to 600 m. 

Fig. 74 shows the variation of the horizontal conductor tension with span and the 

current. The horizontal tension increases from 20.5 kN to 32.0 kN, or an increase of 

55.8 96, when the span increases from 200 m to 600 m. for 1ûûû A. 

The variation of the sag of the conductor with span and current is presented in 

Fig. 75. The sag increases with the span at a lower rate than square due to the increase 

of both steel and aluminm stresses. For the current lûûû A, the sag increases from 5.4 
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m to 31.6 m. or for 485.2 96, when the span increases fkom 200 m to 600 m. For a 

f i e d  current. the span increases at a bigher rate than linear with an increase of cumnt. 

Fig. 76 shows the variation of the loss of tende strength of the inner aiuminum 

layer with span and current. The loss of temile strength remains aimost constant for al1 

spans, as the radial temperature difference within the wnductor does not change 

profoundly with span. 



Figure 69 Variation of the ac resistance of the conductor with the span and cumnt. 

Figure 70 Variation of the aluminum stress with the span and cment. 
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Figure 74 Variation of the horizontal tension of the conductor with the span and current. 



Figure 75 Variation of the sag of the conductor with the span and current. 

Figure 76 Variation of the 10s of tensiie strength of the innet aluminum layer with the 
span and current. 



CHAPTER 5 

DISCUSSION OF THE RESULTS 

An increase in ambient temperature of 10 OC increases Joule losses by 

approximately 2.8 96 for 1 0  A and 2.3 46 for 1400 A, since both surface temperature 

and the radial temperature difference within the conductor increase. The temperature rise 

of the layers above ambient declines slightly with increasing ambient temperature for the 

same current and thus lowers somewhat the increase of power losses with increasing 

ambient temperature. However, the benefits are small, since the increase of ambient 

temperature for 10 OC raises the temperature of the inner aluminum layer by 9.8 OC and 

of the outer aluminum layer by 9.1 O C  fot 1 0  A. The economical consequences of 

bigger losses in the areas with higher ambient temperature can be significant during the 

lifetime of the transmission line. 

Results show that the current distribution is not affected significantly by the 

increase of the ambient temperature. 

Table 10 presents magnitudes of layer currents for various ambient temperatures 

and ranges for which different permeability curves are used, based on steel temperatures 

Ts. The differences in current distribution can be amibuteci to the wide range of steel 

temperamres, for which only three permeability c w e s  are used. However, this shows 

that the steel temperature for which the permeability data are used affects the m e n t  



143 

distribution more than the different temperatures of the aluminum layers. Had we used 

the permeabitity curves for acnial temperatures there may have been some change of the 

current distribution. The accurate prediction of the current distribution and ac resistance 

of the conductor requires data for the variation of the relative complex pmneability of 

the steel cores of the ACSR corductors with temperature, steel wuc diameter and the 

stress. 

Table 10 Variation of layer currents aad steel temperature with ambient temperature and 

current. 

Ambient tem. = O°C 

Cun. in layer (A) 

Ambient temp. = 10°C 

Curr. in layer (A) 

Ambient temp. = 20°C 

Cwr. in layer (A) T-- 
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The ratio of ac to dc resistance decreases slightly (third decimal) with an increase 

of ambient temperature. The dc resistamw is calculated fiom the acnial temperatures of 

the layers so that the resistance ratio can not be used in practice for the simplifieci 

prediction of the ac resistance. The ac resistance depends on the temperatures of the 

layers. and the accurate temperatures can not be caiculated when the aiuminum layers are 

under compression. For the accwatc calculation of the ac resistance, accurate data for 

the complex relative magnetic permeability and further development of the Radial 

Conduction Mode1 for the cases when ihe aluminum layers are under compression are 

necessary . 

The sag increases with increasing ambient temperature. This means that for the 

same current rating the height of the transmission line towers in areas with the larger 

ambient temperatures must be higher. This would mean greater capital cost of the line. 

The loss of tensile strength of the alumhum layers due to annealhg is affectai 

greatly by ambient temperature. This may prove to be the limiting criterion for the 

determination of the current rating of transmission lines in some areas with higher 

ambient temperature. 

The exposure time does not greatiy affect the current redistribution within layers. 

ac resistance of the conductor. or power losses. under the assumption that the 

permeability curves are chosen only on temperature ranges of the steel core and not on 

the stress (Fig's. 38, 39, 40). 

The temperature difference between the king wire and the surface of the 

conductor increases with time of exposure. as the aluminum transfers tension on the steel 

portion of the conductor due to settling and metallurgicai creep. This decreases the 
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radial forces on the aiuminum layers and the totai contact area between them (Fig. 41). 

The sag increases with the thne of exposure since the steel and aluminum saains 

grow, but the most of the increase OCCUIS in the first year of the operation (Fig. 41). 

The increase of the radial temperature difference within the conductor with thne 

contributes to the increase of the sag caused by the creep and settling straiiis. 

If it is assurneci that the conductor lifetime is 30 years. most of the loss of tensile 

strength of aiuminum layers due to annealing occurs in ten years (Fig. 47). However, 

the loss of tensile strength of aluminum layers reaches signifiant levels after thirty years 

and can negatively influence the safety factors of the conductor. For that reason the 

rated tensile strength of the conductor should be defreased to take account of the loss of 

tende strength so that the safety factors of the conductor, especially for the maximum 

load case, are maintaimi over the whole lifetime. 

The intensity of the additional load case affects the aiuminum and steel stresses 

and horizontai tension, but it does not affect the electrical characteristics of the conductor 

under the assumption that the permeability curves do not depend on stress. 

The temperature difference betwaen the king wire and surface increases slightly 

with the additional load, as the aluminm stress decreases to O MPa. However, when 

the aluminum cornes under compression the Radial Conduction Mode1 may be used only 

with certain assumptions. It is assumed that the metal to metal area is calculated fkom 

the maximum aiuminum stress that occurs during the wnciuctor lifetime. The maximum 

stress increases with the increase of ice thickness and, as a result. temperature difference 

decreases. If the introduced assumption is truc, that would mean that the increase of 

additional loads dmeases the temperature difference within the conductor when 
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compression of the aluminum ocnirs. Contrarily, larger currents might result in a 

somewhat smallcr sag of the conductor. 

The duration of the particularly selected additional load does not affect the 

mechanical and electrical characteristics of the conductor. Apparently selected additional 

load affects the permanent elongation and consequently the aluminum and steel stresses 

and the temperature rise of the layers for the same amount as it is influenceci by the high 

temperatures at the probability based pend. However, it has to be born in mind that 

the additionai load is applied before the probability based period that influences the 

calculation of the permanent elongation. 

For the conventional practice of design of transmission lines, the duration of the 

additional load is important. The results mggest that the duration of the additional 

loading case is not important as long as the probability based approach is taken. 

Nevertheless, the increase of the duration of the additional load case automatically 

decreases the duration of the high temperatures in the probability based period, which 

results in a decrease of the loss of tensile strength of aluminum layers due to annealing. 

The air gap thickness does not significantly alter the electrical and mechanical 

characteristics of the conductor for currents up to 1000 A. For larger currents, such as 

1400 A, the more conspicuous increase of the air gap thickness increases radial 

temperature difference within conductor, so that the temperatures of the inwr and middle 

aluminum layers and steel layers are bigger. That causes a change in current 

distribution, decreases slightly the steel stresses, increases the sag of the conductor and 

incnases the loss of tensile stmigth of the inner alumllium layers. This suggests that the 

air gap thickness is not a major factor for currents las than the rated current. 
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Although the stresses, horizontal tension and sag change signiri~it~ltly with span, 

the electrical characteristics of the conductor temain almost the same, under the 

assumption that the permeability does not depend on stress. The radial temperature 

difference between layers decreases slightly with increasing span and an increase of steel 

and aluminurn stresses. However, the sensitivity of the radial temperature difference 

between layers on the change of the stresses does not appear to be very great. 

The assumptions that the metai to metal contact area can be calculated from the 

maximum stress which occurred in a conductor during the previous exposure period, and 

that the air gap thickness is ten times the standard air gap thickness, are introduced in 

the Radial Conduction Model for budcaging. Calculated radial temperature differences 

for the spans where aluminurn compression occurs show that the assumptions are not 

adequate. These assumptions underestimate the radial temperature difference within the 

conductor even when the results are compared with the cases without aluminum 

compression. It seems Iogical to expect that the radial temperature differences within the 

conductor with the alwninum layers under compression. should be even higher then those 

without the aluminum compression. 

The radial temperature differences within the conductor influence the cumnt 

redistribution among layers and the mechanical characteristics of the conductor. 

Application of the Unified Model at higher cments may mggest that the aluminum 

compression may oaw. This is of the particular interest. Hence, M e r  research and 

improvement of the Radial Conduction Made1 would enhance the reliability of the model. 

The radial temperature difference within the conductor affects the cumnt 

distribution within layers, and, cowquently the ac resistance of the conductor, in two 
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ways. The first e&t results from the different temperatures of aluminum layers giving 

rise to differing dc resistances of the strands in a given layer. The second is through the 

dependence of the complex relative magnetic permeability of the steel core on the steel 

core temperature. The second effect is more sipniIicant. 

The current density in the middle alwnioum layer is the greatest, in the outer 

layer less, and in the inner layer the least (Fig. 23). The significant increase in the radial 

temperature difference, such as is shown in Fig. 64 due to the increase of the air gap 

thickness for the 1400 A current, decreases the current in the middle layer and increases 

the current in the outer layer, Fig. 62, and so decreases the current distribution. It can 

be concluded that the larger radial temperature difference such as occurs at higher 

currents, ameliorates somewhat the current redistribution within layers and decreases the 

difference between the current densities in the middle and outer layer. Judging on the 

results obtained for the current redistribution for the various ambient temperatures, that 

change in current distribution within layen is caused mainly by the effects which an 

increase of radial temperature difference has on the magnetic properties of the steel a r e ,  

and not by larger temperature differences between aluminum layers. However, this 

effect is not pivotal, and for the smaller radial temperature differences, such as for the 

variation of the air gap thicknesses for 1000 A, the current redistribution within layers 

remains ahost  unaffected. 

The ac resistance of the conductor is more affected by the absolute temperatures 

of the layers than by the radial temperature differences within the conductor. Results 

show that, for the permeability data taken for a wide range of stcel temperatures, when 

the radial temperature differences increase the ac resistance is more affected by the 
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absolute temperatures of the aluminum than by the increase of the steel temperature and 

the change in the cornplex magnetic permeability . 

The electrical characteristics of the conductor are not affected c~ilspicuously by 

the change of the steel and aluminum stresses. With increasing time of exposure, for 

instance, the mechanical characteristics of the conductor change significantly without any 

effects on the electrical characteristics of the conductor. 

The surface conductor temperature remaias constant when the Joule losses do not 

change. So the variation of the mechanical charactenstics do not affect the surface 

temperature of the conductor, but affect the radial temperature difference. 

The results of the probability based Unifieci Model are affected by the order in 

which the load penods and intervals within the periods are taken. 

LMPLEMENTATION OF MECIIANICAL MODEL 

Although the Mechanical Model has ken proven through various tests, there are 

some drawbacks which have to be considered. When the sequence of the cumulative 

loadings is changed, the predicted results change. The sag and tension calculation is 

already uncertain when the periods with different loads, tensions and temperatures, which 

determine the permanent elongation of the conductor, have to be assumed. The 

uncertainty is increased with the dependence of the calculation on the sequence in which 

the loads are applied. 

Although the tramfer of the stress from aluminum to steel due to high 

temperatures and creep is considered, the transfer of the stress between aluminum layers 

at differing temperatures and stresses cannot be predicted. The mode1 should be 
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developed further to allow prediction of the strains and stresses within layers and to 

enable more accurate calculation of the conductor sag. The stress-strain curves for each 

layer would have to be checked and the set of nonlinear equations would have to be 

solved for the layer stresses for each interval. Even if the steel layers were to be 

calculateci together and represented by one strain summation equation. the number of 

nonlinear equations would be equal to the number of aluminum layers in a conductor plus 

that for the steel core. 

COMPARISON OF THE PROBABILITY BASED UNIFIED MODEL AND TIIE 

CONVENTIONAL DESIGN PRACTICE 

The most common procedure, here called the conventional design practice, used 

for the prediction of the characteristics and the behaviour of the conductor nowadays is 

compared with the probability basai Unified Model. An overview of the conventional 

design practice and its input data useci for the purpose of cornparison is given below. 

Usually the Radial Conduction Model is not taken into consideration when the 

conservative static rating is employed. The radial temperature differences and the 

increased higher sag are neglected with the explanation that the radial temperature 

differences for currents less than the traditional thermal rating are srnaller than 10 O C ,  

and therefore negligible. 

In conventional design practice, the ac resisuuice of the conductor is usually taken 

from published tables, such as given in [28], where it is calcuiated from the dc resistance 

of the conductor for a given conductor temperature. The colc~ections for the skin effm 

are included in ac resistances given in tables. For ACSR conductors with an odd number 
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of aluminum layers, the additional correction for the magnetizing effects of the fore need 

to be applied [28]. The ac resistances for low temperatwes, such as 20 O C  and high 

temperatures usually pe-g to the traditional current rating and conductor temperature 

75 OC are determineci as above. The ac resistances for temperatures in baween are 

calculated by linear extrapolation and are claimed to be slightly higher then they really 

are and thus conservative for the rating calculations. The ac resistances of wnductors 

above 75 OC obtained in this way are deemed to be somewhat lower and non- 

conservative for the rating caicuiations. 

The method, usually used in conventional design practice, for the calculation of 

the steady-state current ratings is given in ANSInEEE Standard 738-11189. For the 

purpose of comparison, the parameters for the wind speed and direction, emissivity and 

absorptivity of the conductor, altitude, azimuth, and latitude are imputed in the IEEE 

method of calculation for the ambient temperature of 20 O C  at solar noon and with clear 

sky, the same as in Table 5 .  The ac resistance for the conventional design practice is 

calculated from [28] for 20 OC and 75 O C ,  and linearly interpolated for other 

temperatures. 

The same Mechanical Model is employed within the Unified Model and for the 

conventional design practice for the purpose of comparison. However . the probabilistic 

approach for the thermal history of the conductor is introduced in the Unified Model. 

The conductor history for the conventional design practice for the exposure time of 10 

years is usuaily assumed as: m u h g  out perioâ at ambient temperature 20 O C  and at 20 

76 of RTS for one hour, stringing at ambient temperature 20 OC and at 20 96 of RTS for 

one hour, additional load case with ice thickness of 6.35 mm and wind pressure of 385 
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MPa for 0.1 year, conductor temperature 20 O C  for 9.8 years, and maximum conductor 

temperature caiculated fiom the IEEE method for the given c m n t  for 0.1 year. The 

sag of the conductor and the stresses are then calculated after 0.5 bour afier the assumed 

period of approximately 10 years. 

The procedure chosen to show the conventional design practice is wiwrvative, 

and it is claimed that the power losses and sag obtained in this way are larger than they 

are in reality for temperatures less than 75 OC, and only somewhat smaller for 

temperatures greater than 75 O C .  

The cornparison of the heat losses and gains obtained by Unified Model with the 

probabilistic approach and conventional design practice for various currents is shown in 

Fig. 77. Joule losses for 1000 A from the probability bas& Unified mode1 are 63.4 

Wlm, which is 4.5 96 more than predicted by the conventional procedure. That 

difference is the consequence of the conventionally calculated ac resistance which is 

clairnecl to be exact for the current of 1000 A where the calculateci temperature of the 

conductor surface is 75 OC. Besides, the solar heating obtained by the Steady-State 

Model [14-161 is higher than that obtained by the IEEE method. The conventional 

approach predicts the Joule losses which are less than predicted by the probability based 

Unified Model. 

Fig. 78 shows the variation of the heat gains and losses with the surface conductor 

temperature from both the probability based Unified Model and the conventional 

approach. For the fixed surface temperature of the conductor, the conventional approach 

outputs bigger Joule losses than the probability based Unified Model, the absolute 

difference king less for the bigger surface temperature of the conductor. However, the 
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sufface temperatures and surface temperature rises are bigger when calculated by the 

probability based Unified Model than when calculated by the conventional way for the 

same current, what is shown in Fig. 79. For the current 1000 A. the probability based 

Unified Model predicts a surface temperature rise of 61.0 O C  and the conventional 

method 56.3 OC. 

As shown in Fig. 80 the ac resistance predicted by the probability based Unified 

Model is larger than that calculated by the conventional approach for the fixed current. 

For 1ûûû A the difierence is 4.5 % and increases with increasing current. For the 

conventional approach the ac resistances for the currents larger than 1000 A, meaning 

the temperatures greater than 75 OC, are claimed to be bigger than shown. At the same 

time the calculation of the ac resistance for currents 1200 and 1400 A in the probability 

based Unified Madel is based on the assumptions introduced in the Radial Conduction 

Model for the cases of aluminum compression. It can be expected that the values of ac 

resistances would be larger than shown if the radial temperature differences within the 

conductor are not underestimated. This suggests that the difference between ac 

resistances for the currents larger than lûûû A calculated by the two methods may even 

increase with increasing current. The conventional method underestimates ac resistance 

of the conductor significantîy . 

The variation of the steel and aluminum stresses and the horizontal tension of the 

conductor with the current for the probability based Unified Model and the conventionai 

approach are presented in Fig. 81 and Fig. 82. The conventional approach predicts 

bigger horizontal tension for the fixed cumnt. The difference increases from 2.5 96 of 

the horizontal tension predicted by the probability based Unitied Model for 2ûû A to 3.5 
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96 for 1400 A. The reasons are the smaller suface temperatures obtained by the 

conventional approach, neglecting the radial temperature differences, and the assumed 

deterministic thermal history of the conductor in the conventional approach. 

As shown in Fig. 83, the sag of the conductor is significantly bigger when 

predicted by the probability based Unified Model than by the conventional approach for 

the same curent. The differences are the consequena of the higher horizontal tensions 

predicted by the conventional approach. The sag of the conductor calculated by the 

probability based Unified Model is bigger for 0.43 m for 1OOO A and 0.58 m for 1400 

A. The conventional approach significantly underestimates the wnductor sag. 

The differences between the results of the probability based Unified Model and 

the conventional approach are caused by sirnplified IEEE method for the calculation of 

the steady state used in conventional approach. the detenninistic assumptions employed 

in the conventional method versus the probabilistic approach introduced within the 

Unified Model, ornittance of the radial temperature differences in a conventional 

approach, conventional calculation of the ac resistance by correction factors versus the 

Electromagnetic M d e l  embedded in the Unified Model, and separate use of only two 

models versus the interactive combination of al1 four models within the Unified Model. 

The probabüity based Unified Model predicts electricai, thermal and mechanical 

characteristics taking account of the realistic history of the conductor and all the 

interdependences between the variables and phenomena within al1 four models. 
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Figure 79 Variation of the surface temperature rise of the conductor with current. 
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Figure 81 Variation of the steel and aluminum stresses with current. 
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Figure 82 Variation of the horizontal tension of the wnductor with cumnt. 
probability based Unified Model 

--- conventional approach 



Figure 83 Variation of the sag of the conductor with curent. 
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CHAPTER 6 

CONCLUSIONS 

The Unified Model, an original work that enables the simultaneous prediction of 

al1 aspects of the behaviour of the overhead conductor in a seamless fashion, is 

developed. For the first tirne, electromagnetic. mechanical, steady-state transfer, and 

radial conduction models, that were separately used in the past. are combined and their 

mutuai influences are taken into consideration. This is of panicular importance for 

accurate prediction of the conductor behaviour at high temperatures where the 

dependencies between the models are not negligible any more. Relations between 

existing models are explicitly defined. Although interdependencies between models were 

known, they have never been explicitly stated. In addition, the probabilistic approach 

is introduced in the Unified Model which, in combination with overall prediction of the 

characteristics of the conductor, enables realistic evaiuation of the conductor thermal 

history and, for the first time. the realistic prediction of mechanid characteristics such 

as birdcaging, annealing, etc. The calculation of the loss of tensile strength of the 

nonferrous layers due to anneaüng is included into the Uaified Model and WU be 

incorporated in design practice for the first tirne. 

This work created a general procedure that successfÛUy couples four models and 
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gives results fiom al1 models by equilibrating common variables. The Model is 

especially applicable to ACSR conductors. Complete software has been developed to 

accomplish the above. In order to conaect the four existing models, each of them has 

been developed m e r .  Combination of steady-state thermal model and electromagnetic 

model that calculates surface temperature corresponding to power losses from both 

models represents an improvement in the integrated Model compareci to results from 

separate models. The mechanical model is extended to apply the probabilistic approach 

and to include annealing. 

The Model is applied to ACSR Grackle conductor. Results reveal relations 

among coupling variables; moût of them are given for the first the. Al1 aspects of the 

conductor behaviour are now predicted simultaneously, these studies were not possible 

witbout the Unified Model. For example we can now predict the occurrence of 

birdcaging when a realistic history is coosidered. As well, we can predict the power loss 

relation with the radial temperature differences within the conductor after a period of 

exposure. The Model enables accurate prediction of the temperatures of the layers, 

power losses, currents in layers and ac resistance of the conductor, stresses and tension 

in the conductor, sag of the conductor, loss of tensile strength of the nonferrous layers 

due to annealing ,etc. 

The Unified Model should prove to be a powerfbl tool for manufacnirers in the 

design of new conductors and improvement of existing conductors for the reduction of 

losses, optimization of electrical and mechanical cbaracteristics, etc. The application of 

the probability based Unifie. Model can be used to investigate other effects in conductor 

design, such as the reduction of the calculated Rated Tensile Strength (RTS) of the 
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conductor to aîiow for the predicted loss of tende strength of aluminum wires for the 

Iifetime of the conductor. 

The Model will also be very useful in operatiom. for accurate prediction of the 

characteristics of the conductor at increased temperatures in order to Unprove safety 

through accurate evaluation of the sag and annpaling, to decrease power losses, to 

cietennine maximum transmissible power. The Unified Model can be readily applied 

for estimation of the conductor lifetime and for the real-the prediction of the maximum 

permissible transfer based on weather forecasting within the SCADA. 

It will ais0 be very applicable for the design and optimization of the overhead 

transmission and distribution lines, since it predicts mechanical, electrical, 

electromagnetic, and thermal characteristics or the conductor in a searnless fashion. 

Accurate prediction of the sag and power losses are also very important for the economic 

evaluation of the design and for operationai practice. 

The sensitivity of the conductor parameters to atmospheric variables, such as wind 

speed and solar irradiation, can be readily determined. The probability based Unified 

Model fully describes the conductor as used in shorter lines and, together with the 

stability analysis, for longer lines. 

Application of the probability based Unified Model to ACSR Grackle conductor 

shows the relations among electrical, thermal and mechanical parameters of the conductor 

and the effects which the ambient temperature, time of exposure, additional loads, air gap 

thickness, and span have on them. The main results of the application can be 
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1. The radiai temperature differences within a conductor affects the current 

distribution and ihe ac resistance of the conductor more through the change of the 

complex magnetic permeability with increasing steel temperature than through increased 

temperatures of the inner aluminum layers. 

2. The changes in aluminum and steel stresses do not signifîcantiy affect the 

electrical characteristics of the conductor. 

3. Radiai temperature differences within the conductor are not very sensitive to 

changes in the aluminum and steel stresses. 

4. The surface temperature of the conductor is not significantly affected by the 

mechanical stresses in aluminum and steel. 

5. The loss of tensile strength of aluminum layers due to amealing reaches a 

signifiant level during the lifetime of the conductor, and thus may have a major impact 

on the reliability of the line. 

6. When the aluminum layers are under compression, either the air gap thickness 

is greater than ten times the air gap thickness under tension or the metal to metal contact 

area is smaller than chat formeci by the maximum stress which occurs during the 

conductor lifetirne, or maybe both. 

7. Air gap thickness does not seriously affect the mechanical and electrical 

characteristics of the conductor for currents Iess than the conventional current rating. 

8. The conventional design practice significantly underestimates power losses, ac 

resistance and the sag of the conductor. 



Some observations regarding the design of the overhead line wnductors are: 

1. The rated tensile strength of the conductor used in design practice should be 

decreased to account for the l o s  of tensile strength of the aluminum for the whole 

predicted lifetime of the conductor. The safety factors for the conductor will be 

maintaineci in this way . 

2. The probability based Unified Model should be employed instead of the 

conventional approach to ensure safety (sag), reliability (loss of tensile strength), aud 

economical assessrnent (powet losses) of overhead lines. 

3. There is not enough statistical information ftom any published source to verify 

the Model. The Unified Model should be irnplemented as a part of SCADA to collect 

statistical operations data during longer pe&d of the  to veriw the Model. 

FURTHER WORK 

More work on the separate models is necessary. For example, the Radial 

Conduction Model is experimentally verified only when the layers are not under 

compression. For the application of the Unified Model at larger currents and thus higher 

temperatures, the Radial Conduction Model should be extended and verified for the 

prediction of both the case with aluminum stresses less than zero before birdcaging 

occurs and during birdcaging . 
The Mechanical Model should be developed further to predict the strains and 
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stresses in each layer. 

Data on the complex relative magnetic permeability of the steel core of the 

conductors and its variation with temperature, steel wire diameter and stress should be 

obtained. This information is a prerequisite for the wider use of the Unified Model. 

Alloys for the steel wires should be standardiseci. 

Further development of the Unified Model should include statktical variation of 

the current, ambient temperature, solar radiation intensity , and wind speed and direction, 

and their simultaneous Monte Carlo treatxnents. The purely random values of these 

parameters will be used simultaneously for the evaluation of the conductor history and 

the prediction of conductor parameters. 
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