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ABSTRACT

The South African economy is an emerging market anduch there is a continued and
growing need for the efficient supply of cost effee electricity. The capital investment
involved in the design, construction, installatiand commissioning of overhead
transmission line networks are high and so todleesubsequent maintenance and operation
costs, incurred over their life cycle periods. Tieed to improve the electrical operating
efficiency of existing and future electrical trarisgion networks, through the reduction of
electrical losses, focused and motivated the rebearthis particular area.

The results and findings produced by this reseatotly show that the magnetic induction
produced by the steel core in ACSR (Aluminium catdy steel reinforced) conductors
cause in increase in the ac power losses, assbeietdc resistance ratio and the effective ac
resistance of the conductor, whilst the conduda@mnergised during normal operation. More
specifically, the key parameters that cause thiseese in the effective ac resistance of the
conductor, as a result of the magnetic inductioodpced by the steel core, are those of
hysterisis and eddy current power losses in thel stee and an added power loss caused by
the non-uniform redistribution of current in theydas of aluminum wires, due to the
‘transformer effect’. Therefore the addition of tekenductor dc resistance value to the
component resistances produced by the currentiriedison and magnetic hysterisis & eddy
current power losses, form the total effective anductor resistance. This is contrary to
standard practice where assumption is made thatahductor ac and dc resistance values
are equal.

The factors which influence the magnetic inductiomglude amongst others; the ferro-
magnetic properties of the steel core, the physgmaistruction of the conductor, the
conductor operating/core temperature and the loaeit. In order to calculate the effective
ac-resistance of multi-layer ACSR conductors a agmep simulation program was
developed, which was largely based on determirtiegrnpact of varying these key factors,
by evaluating its effect on the ac resistance @& tonductor. It was found through
manipulation of these factors that the total effectc resistance of the conductor could be
reduced and significantly so with higher load cotse The conductor sample used in this
research study is commonly known as TERN ACSR catodun the South African market
and it was shown that with practical changes inréips or lay lengths, one is able to reduce
the total effective ac resistance of the conduaial associated power losses.

Several software simulation exercises were perfdraséng the developed software
simulation program, to ultimately produce a sebptimised lay-lengths (lay-ratios) for the
TERN ACSR conductor, with the intention that theseulated parameters would be
employed in the production of actual conductor dasprlhe intention going forward after
the planned production trial runs would be to these conductor samples to verify
compliance, in meeting both electrical and meclemperformance requirements.

It should be noted that the planned productiotstaad relevant conductor-testing processes
did not form part of the scope of this researctoreput are processes that have been
planned for in the near future. Although testingg€ 61089 are post processes that are
planned for outside of this research scope, theifsption requirements of IEC61089 were
incorporated into the various computer simulatinereises.
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1. INTRODUCTION

1.1 Background

The use of aluminium conductors, steel reinforé¢ed ACSR) for transmission and
distribution networks, were first introduced by 8écin 1909. The use of copper for
overhead transmission line constructions are slalivhinishing because the use of
aluminium for such applications offers many moreaadages over copper [1]. The
determination of accurate values of effective atstance of ACSR conductors is primarily
important for two key reasons i.e.

1. To determine the current carrying capacity ofS&Cconductors and
2. To determine the electrical losses that ACSRIaotors will produce whilst in normal

operation at varying load currents and conducteraing temperatures.

The key differentiator between All Aluminium Cordars (AAC), All Aluminium
Alloy Conductors (AAAC) and ACSR conductors, whiate also used quite extensively for
overhead transmission and distribution line apfitice, is the presence of a steel core in
ACSR conductors. The steel core provides the addedntage of mechanical strength to the

conductor but this also has consequential effatitscelectrical characteristics.

The magnetic induction produced by the steel corACSR (Aluminium conductor
steel reinforced) conductors is the cause of acepdesses, the associated ac-dc resistance
ratio and the effective ac resistance of the cotmtuavhilst the conductor is energised
during normal operation. More specifically, the ggrameters that cause this increase in the
effective ac resistance of the conductor, as dtreSthe magnetic induction produced by the
steel core, are those of hysterisis and eddy cupewer losses in the steel core and an
added power loss caused by the non-uniform redigtan of current in the layers of
aluminum wires, due to the ‘transformer effect’.[Zherefore the addition of the conductor
dc resistance value to the component resistanceliged by the current redistribution and
magnetic hysterisis & eddy current power lossesmfdhe total effective ac conductor
resistance. This is contrary to standard practicererassumption is made that the conductor

ac and dc resistance values are equal [3].

The factors which influence the magnetic inductiaolude amongst others; the ferro-
magnetic properties of the steel core, the physigastruction of the conductor, the
conductor operating/core temperature and the laaeiat [3].



1.2 Motivation for the research

The global demand for electric power continuesrawgdaily and the demand for
electricity far exceeds supply [4], thus makingstential to supply electricity effectively

and efficiently.

Within the African continent it is evident that tBeuth African economy is the fastest
growing emerging market [5] and as such therecisrdinued and growing need for the
efficient supply of cost-effective electricity. Tlapital investment involved in the design,
construction, installation and commissioning ofrinead transmission and/or distribution
line networks are high and so too are the subsequaimtenance and service operation costs
incurred over their life cycle periods. Therefdne tmotivation behind the selection of this
research area was to investigate a means that wopldve the electrical operating
efficiency of existing and future Electrical Transsion networks through the reduction of
electrical losses and financial savings as a réiseteof. Cost savings realised through the
reduction of electrical losses will assist in syl more cost-effective electricity, which is

essential in assisting an economy to grow and gtinemn.

1.3 Primary Research Objectives

The primary objective of this research study waseal at investigating a technique of
optimising ACSR conductor lay-lengths to reducetieal losses experienced by ACSR
conductors, in order to optimise the electricafganance characteristics of bare ACSR

conductors, in overhead line applications.

The hypothesis in carrying out this study was: Vaeation of stranding lay-lengths
(i.e. pitch) will result in optimised service optoa of multi-layered ACSR overhead-line
conductors (Aluminium Conductor Steel Reinfor¢eéljough reduced power losses, in
comparison to that, which would otherwise be exgreréd with the use of current

conventional ACSR conductor lay-length constructidesigns.

The specific outcomes of this research study wedetermine whether the effective
ac resistance, ac-dc resistance ratio and ac gossss of overhead ACSR conductors could
be reduced by varying the lay ratios or lay lengtiishe non-ferrous/metallic layers of

aluminium wires that make up the ACSR conductor.



1.4 Research Methodology

In order to determine and test the specific outcoaidhis research study
(i.e. evaluation of effective ac resistance, acedistance ratio and ac power losses of
overhead ACSR conductors), a suitable researclaaalgsis tool needed to be
identified/developed. Having identified that there several variables (i.e. the ferro-
magnetic properties of the steel-core, the physicaktruction of the conductor, the
conductor operating/core temperature, the loaceatiand the electrical system frequency)
that interact simultaneously with lay-length vaoas to alter the effective ac resistance of
the conductor, it was decided that the most effeatésearch tool would be to develop a
computer simulation program to perform and compleoutputs of these complex

interactions.

Through in-depth literature review it was identifighat the most suitable theoretical
model on which to base and develop the computearlation model, bearing in mind the
primary research objectives, was Electromagnetic Modelas presented by Morgan and
Price [6] and Barrett, Nigol, Fehervari & Findlag] [

The selected theoretical model [7] was then usexlmssis to develop the computer
software simulation program, using MATCAD 13 ® ke programming software. Several
software simulation exercises were performed feeteof varied scenarios (described fully in
Chapter 4). Using the developed software simulgbimgram, a proposed set of optimised
lay-lengths (lay-ratios) for the identified ACSRnchuctor research sample, was developed.
The scenarios for which each of the computer sitimria were performed, simulated what
one could expect primarily in terms of electricdes as a result of effective ac resistance
variations, by changing or varying the lay ratiosay lengths, of the non-ferrous/metallic
layers of aluminium wires that make up the ACSRdeartor. At the same time the
behaviour of other critical parameters (i.e. magriatiuction, magnetic field strength and
current re-distribution factors [i.e. ac-dc resistaratio]) were noted and assessed for both
cases of current lay-lengths versus optimisedédagths, for the identified ACSR conductor

research sample.



1.5 Research Scope

In order to determine the specific outcomes of tegearch study as described in 1.3
above, a single ACSR conductor type needed toddifted on which the relevant research
could be conducted. The conductor type which thégarch study was based on, is
commercially known a§ERN ACSR Conductor within the South African market and is
manufactured to the IEC 61089 [8] conductor speaifon (i.e. International Electrical

Committee - “Round wire concentric lay overhead&leal stranded conductors”).

This research study was conducted jointly betwherconductor manufacturer
(Aberdare Cables Pty. Ltd.)and the industrial end-usgEskom Pty. Ltd.) who both
shared mutual interest in this research area. iNghesearch being focused on yielding
benefits in the short term, the approach to selgdtie identified research sample
(i.e. TERN ACSR Conductor) was based on identgyirhich conductor type has been and
will most be used by Eskom Pty. Ltd. in their exigtand future infrastructure development.
All presented analysis and recommendations aredbaséhe assessment of this specific

conductor type within this research report.

This research study was aimed at investigatingetienique of optimising ACSR
conductor lay-lengths to reduce electrical lossperenced by ACSR conductors to
improve its electrical performance characterist®=sveral software simulation exercises
were performed using the developed software sinmgirogram (Refer 1.4), to determine a
set of optimised lay-lengths (lay-ratios) for tHERN research conductor sample. To this
end, the research conducted lead to a proposaitiofised lay-lengths for the research
conductor sample and a summary of potential savingkectrical losses that could be
obtained should the conventional lay-lengths beaghd to the optimized lay-lengths as

generated by the computer simulation program.

The intention when going forward will be to usesd®ptimised lay-lengths in the
production of actual conductor samples. There#ftéest these conductor samples to verify
compliance, in meeting both electrical and mectemperformance requirements.

It should be noted that the planned productiomstaad relevant conductor testing
processes did not form part of the scope of thiearch report but are processes that have
been planned for in the near future. Although testo IEC 61089 are post processes that are
planned for outside of this research scope, theifsgetion requirements of IEC61089 were

incorporated into the various computer simulatinereises.



1.6 Post Research Objectives

Using the developed software simulation program {he research tool) that defines
and computes the interactions between lay-lengiirrétio) variations and its impact on ac
resistance for multi-layered ACSR conductors, anaghie to quite accurately predict the
expected electrical power losses based on thedfftaitive ac resistance of the conductor.

Having developed a proposal that specifies optlmalengths, for the TERN ACSR
conductor sample, the post research objectivebsithe manufacturing of a TERN ACSR
type conductor using these optimised productiodéagths. To this end and based on the
research findings contained in this research repdmtrdare Cables Pty Ltd. has initiated a
development project aimed at trial production/mastiring runs and testing of the TERN
ACSR conductor sampléRefer to Appendix C - PACE Project number: 00412)The
aim of this process will be to validate the progelésimulated savings in terms of electrical

losses and the calculated reduction in ac resistanc

On successful validation, the intention is to ojgerthe lay-lengths of all other ACSR
conductors manufactured by Aberdare Cables Pty.vitth the use of the developed
software simulation program. The factory trial @esting processes, as will be applied to the
TERN conductor research sample, would then be gragléor each ACSR conductor

identified for lay-length optimisation.

1.7 Definition of Key Terms

1.7.1 ACSR Cable/Conductors — “Aluminium Conductor SteelReinforced (or ACSR)
cable is a specific type of high-capacity, highesgth stranded cable used in
overhead power lines. The outer strands are alumighosen for its excellent
conductivity, low weight, and low cost. The cergteand is of steel, providing extra
strength” [9].

1.7.2 Lay-length — “The axial length of one complete turn of the h&med by an
individual wire in a stranded conductor” [8].

1.7.3 Lay-ratio — “ Means the ratio of the lay-length to the externairater of the

corresponding layer of wires in the stranded cotati¢8].



1.7.4

1.75

1.7.6

1.7.7

1.7.8

1.7.9

ac-dc ratio —Means the ratio of the ac resistance of the caodta its dc

resistance value.

Concentric lay stranded conductor —*A conductor composed of a central core
surrounded by one or more adjacent layers of viie@tsg laid helically in opposite

direction” [8].

Magnetic field strength —“that part of the magnetic induction that is determined a
any point in space by the current density and degrhent current at that point
independently of the magnetic or other physicapprties of the surrounding
medium. Symbol: H " [10].

Magnetic flux-density/induction — “Represented by the Greek letdefphi), is a
measure of quantity of magnetism, taking into aotélie strength and the extent of
a magnetic field. The Sl unit of magnetic fluxtetweber (in derived units: volt-

seconds), and the unit of magnetic field is theevgler square meter, or tesla.” [11].

Electrical resistance— “a material's opposition to the flow of electciarrent;

measured in ohms.” [12].

Transformer Effect — “The transformer effect, or mutual induction, isosf the
processes by which an electromotive force (e.ns.induced. In a transformer, a
changing electric current in a primary coil creaeshanging magnetic field that

induces a current in a secondary coil” [2].



2. LITERATURE REVIEW : SUMMARY

The primary objective of this research study wasvestigate the use of lay-length
variations to reduce electrical power losses yitloye ACSR conductors, by reducing its
effective ac resistance and associated ac-dcaasestatioThe approach taken in realising
this objective was firstly to perform an intensitedy of existing literature based on or
related to the optimisation of electrical perforroarcharacteristics of ACSR overhead
conductors. The intention behind the literaturelgtwas to evaluate a suitable
method/model/technique that effectively dealt waHucing electrical losses experienced by
ACSR conductors through lay-length variations anddin an in-depth knowledge in the

subject area.

The skin effect [13], [14], [15], [16] and proximieffect [17], [15] are the 2 key
phenomena that influence the current density néloligton in non-metallic conductors and
are dependant on system operating frequency. Tlyipim@ases in the ac-dc resistance ratio
are in the range of less than 5 percent, whengheirsg between conductors is ten times
greater than its diameter and operated at syseguéncy [17].

The vast majority of conductors used for overheadsmission and distribution lines
are of the ACSR type (Aluminium conductor, ste@tfi@rced), where the stranded steel core
provides the mechanical strength of the conductdrthe non-ferrous/metallic layers of
aluminium wires provide the path of electrical coathnce. Longitudinal flux is produced in
the steel core due to the spiraling effect of tineents in the different layers of aluminium.
The magnetic field strength and permeability of¢tranded steel core are factors that
determine the magnitude of the steel core longi@idiux. This in translation implies that
the longitudinal flux depends on the magnitudehef@luminium layer currents and the
geometric construction of the conductor (i.e.atglength). In an effort to reduce this
longitudinal flux, the conductor is manufacturedhathe different layers of aluminium being
laid in opposite directions to the layer belowli8].

However, during the manufacturing of the condudtug, lay-lengths of the aluminium
layers of wires are not optimal and this resulta iresidual flux’ in the steel core, which
generates power losses, due to hysterisis andaadynts which circulate in the steel core
[19], [20].



Although it has been measured and practically shinanthe effective ac resistance
of ACSR conductors increase with increasing loadetus [21], [22], many authors could
not provide the exact reasoning for it although ynaitempts were made to do so. Initial
analyses attempted to evaluate consider the ingbdmtsteresis and eddy currents in the
steel core as well skin-effect [23], [24], [22] Wehiater studies used equivalent circuits to
simulate the effects of the steel core [25], [2&i such simulations/studies were not very
effective as they did not establish a relationsl@ween the core losses and the steel core

itself.

Morgan, V. T. & Price, C. F. [6] established thesfimodel that developed and
interpreted the relationships between longitud&alrcular fluxes and how they interacted
with the different layer inductances and resisfiMity way of expressing the layer currents in
complex notation. The short coming of this modeklvhver, was that the magnetic loss
angles and permeability of the steel core wereerptessed in the same format as that of the
complex value layer currents [6]. Barrett et allpter corrected this model developed by
Morgan and Price, by introducing and showing thedigh the ‘transformer effect’ mutual
and self inductances are produced in the alumitayers and that these inductances bring
about a redistribution of the current through theaus layers of aluminium wires making

up the ACSR conductor, as they are increased .

The paper by Barrett et al [7] also showed tha ftieasured ac resistance of ACSR
conductors sometimes exceeds values calculateddhyional methods” and that “three
layer conductors were specifically identified agihg ac-dc ratios up to three percent higher
than the calculated values”. Therefore the aduitibthe conductor dc resistance value to
the component resistances produced by the curdigtribution and magnetic hysterisis &
eddy current power losses, form the total effeciive&onductor resistance. With
transmission lines having a life expectancy of 8Bars, this increase in ac resistance
becomes very significant when one takes into cematébn the cumulative losses that are

incurred as a result of this increase in ac rast&td7].

The later paper by Morgan and Price [6], which based on the ‘corrected’ model
developed by Barrett et al [7], aimed to examireeeffect of core temperature and total load
current on the ac-dc resistance ratio, the magpeticer loss in the core and the power
losses caused by the redistribution of the alumini@yer currents, for a 3 layer ACSR

conductor.



It was experimentally shown by Morgan and Price ftijat the modulus, real and
imaginary parts of the permeability, for a thragdr Grackle ACSR, all increase with
increasing magnetic field strength at constantileesress and constant temperature, up to
maximum values of about 2000 A/m, and then decraagke saturation of the steel sets in.
It was also found that, with constant temperatmettansile stress, the core loss increases
with 1.83 x the power of the magnetic induction”.

Morgan and Price [6] also show experimentally tita distribution of the current
density in the middle layer is about 30% greatantthose in the inner and outer layers for a
Grackle ACSR conductor at 1608 A, 20°C and 300 Nista stress”, which also shows
agreement to the work performed by Barrett et phfTere the “average current density was
2.65 A/mm?2 with the steel core conducting only &% of the total current”. This is
indicative of the impact that the “transformer-etfeand “skin-effect” have on the

individual wires within the different layers alunim of wires.

It was also experimentally shown that the dendithe current in the middle layer of
aluminium wires increased, while that of the dgnsftthe current in the outer and inner
layers of aluminium wires decreased, as the temyreravas gradually increased between
25 to 120 degrees celcius, with 300MPa steel doesssat a load current of 1608
amps [6].

The experimental work performed by Morgan and Rticevaluate the effect of load
current on the total effective ac resistance dirad layered ACSR conductor (Grackle
ACSR), showed that at a load current of 1800A aitl the conductor steel core at 290MPa
stress and 25°C, that the increase of the ac-thtaese ratio of by 9.1 percent resulted, with
the core loss component contributing to 2.3 percghile 6.8 percent was attributed to the
transformer effect. This invariably showed that itheease in the ac-dc resistance ratio was

proportional to an increase in load current.

Therefore the key relationships depicted by Morgaxperimental work [6], to
examine the effect of core temperature and totad kurrent on the ac-dc resistance ratio,
the magnetic power loss in the core and the powgsek caused by the redistribution of the

aluminium layer currents, for a 3 layer ACSR cortducan be summarized as:

1. The ac-dc resistance ratio and the associatpdvaer loss both increased with increasing
load current and 2. Increasing the core temperaiuees a redistribution of the current

density between the 3 layers of aluminium wiresolthiesults in a further power loss.
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3. THE COMPUTER SIMULATION MODEL

3.1 Introduction

In order to determine and test the specific outcaidhis research study
(i.e. evaluation of effective ac resistance, acadistance ratio and ac power losses of
overhead ACSR conductors) a suitable researchraalgsis tool needed to be developed.
Having identified that there are several varialfles the ferro-magnetic properties of the
steel core, the physical construction of the cotwluthe conductor operating/core
temperature, the load current and the electricgtesy frequency) that interact
simultaneously with lay-length variations, to altiee effective ac resistance of the
conductor, it was decided that the most effectesearch tool would be to develop a
computer simulation program to perform and compleoutputs of these complex
interactions.

Through in-depth literature review it was identifighat the most suitable theoretical
model on which to base and develop the computearlairon model, bearing in mind the
primary research objectives, was the ‘Electromagmodel’ as presented by Morgan and
Price [6] and Barrett et al [7], where it is showrthe model to include “the ferromagnetic
power loss in the steel core and the redistributiocurrent due to the transformer effect.
Input variables are the geometry of the conduther glectrical and magnetic properties of
the ferrous and nonferrous materials, the totalecurand the temperature and the output

variables are the complex layer currents, the pdogsrand the ac resistance”.

It is on this model that the computer software s$ation program was developed,
using MATCAD 13 ® as the programming software. &alsoftware simulation exercises
were performed for a set of varied scenarios (desdrfully in Chapter 4). Using the
developed software simulation program, a proposedfoptimised lay lengths (lay-ratios)
for the identified TERN ACSR conductor (i.e. thegarch sample) was produced. The
scenarios for which each of the computer simulatiware performed, simulated what one
could expect primarily in terms of electrical losses a result of effective ac resistance
variations, by changing the aluminium wire lay-lgrgyof the different layers of aluminium
wires making up the conductor. Concurrently theav@ur of other critical parameters (i.e.
magnetic induction, magnetic field strength andenirre-distribution factors [i.e. ac-dc
resistance ratio]) were noted and assessed fordas#s of current lay-lengths versus
optimised lay-lengths, for the identified TERN AC&&hductor research sample.
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3.2 Background

The conventional method employed in calculatingefiective ac resistance of ACSR
conductors is to experimentally determine and afipgymagnetic losses (i.e. eddy-current
and hysteresis losses) together with the skin-effea correction factor to the actual dc
resistance of the conductor [7]. The very firgtdels employed the use of equivalent
transformer circuits to evaluate the impact of doeses but were inadequate in a sense that
they did not specifically account for these los3ée ‘equivalent resistance method’ did not
associate the core losses with the specific layieatuminum and ‘the correction method’

did not cater for the effect that the core lossmselon the current redistribution through the

various layers of aluminum [7].

In the model presented by Barrette et al, the lomges of the steel core are
represented by means of complex permeability vakdesh ensured that the core losses
have an impact on the current redistribution inlfyers of aluminium and while at the same
time are correctly related to the steel core. Téedifferentiation between the models
presented/developed by Barrett et al [7] to thdflofgan and Price [6], comes from the use
of complex permeability values for the core lossed the determination of layer
inductances through an alternative method of catmn. The density of the current in the
different layers of aluminium wires is calculatedrh the center of the layer whilst the

surface current density is assumed as constamt@nmdining the steel core current.

The model presented by Barrett et al [7], calcsléite magnetic field strength in the
steel core, by assuming that assuming that theedntid current flows through helical

pathways of the aluminium wires.
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3.3 Data Inputs and Outputs

The computer simulation program was developed aiitew using MATCAD 13 ®
and based on the electromagnetic model as presentgdrrett et al [5 ]. The computer
simulation model proved to be a useful design todérms of processing these input and

output parameters.

Displayed below in 3.3.1 are typical input data aimdulated output data for an
example simulation scenario. The simulated data outpuegpenduced through mathematical

processing of the input values through a seriesaifices and formulae.

EXAMPLE SCENARIO — TERN ACSR Conductor with origina | lay-lengths @ 600A

Lo&irrent
3.3.1 General Input Data
tc =75 - Core Temperature (Degrees @sjci
Itot = 600 - Total load Current (A)
f = 50 - frequency
-7 - magnetic permeability of the air
Ho:=40r0o
Q [hm? - specific resistance of steel, Code 1
pst:=0.177! E—
m -
1 - temperature coefficient of steel
a st := 0.00393 —_—
deq-
Q [rnmz - specific resistance of alloy, Code 2
p aal := 0.0327 _—
m
a aal := 0.00360 1 - temperature coefficient of alloy
deq-
pal := 0.028126 - specific resistance of aluminium, Code 3
m
aal = 0.00404 1 - temperature coefficient of aluminium
deg-
Nls = 2 - number of steel layers
Nlaa = 0 - number of alloy layers
Nla = = - number of aluminium layers

NI :=NIs + Nlaa + Nla Nl =5 - total number of layers
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Mc. =1 - material code of 1st layer (first wire in centigsumed as 1st layer)

nw.=1 dw. = 2.25 - number and diameter (mm) of wires in 1st layer

O .
Layratio 0= 0 - lay ratio of 1st layer

Mc. =1 - material code of 2nd layer
1
nw. =6 dw. =225 -humberand diameter (mm) of wires in 2nd layer
1: 1752
Layratio , := 16.44 - lay ratio of 2nd layer
1 .
Mc . = 3 - material code of 3rd layer
5"
nw . = 9dw. = 3.3 - numberand diameter (mm) of wires in 3rd layer
5 5= 3
Layratio ., := 13.54 - lay ratio of 3rd layer
5’ .
Mc . = 3 - material code of 4th layer
3
nw. = 15dw . ‘= 3.38 " number and diameter (mm) of wires in 4th layer
3° 3 ’
Layratio  := 11.85 - lay ratio of 4th layer
3 .
Mc = 3 - material code of 5th layer
4= 8
nw . = 21dw . = 3.3g -humberand diameter (mm) of wires in 5th layer
4" 4 =3
Layratio , := 10.74 - lay ratio of 5th layer
4" .
; — - lay ratio of 1st layer
Layratio . :=0 d . S0 .
y 0 (First straight wire in the centre is assdras the 1st layer)
Layratio , := 16.44 - lay ratio of 2nd layer
1 .
Layratio ., := 13.54 - lay ratio of 3rd layer
5" .
Layratio ., := 11.85 - lay ratio of 4th layer
3 .
Layratio , := 10.74 - lay ratio of 5th layer
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3.3.2 General Output Data

0.242
0.255 - ac current density (A/mﬁ)

i=| 1.451 per layer
1.525
1.44

0
110.97
B - lay lengh (mm)
A =| 182.925 per layer:
240.2

290.30

Bm = 0.108 - Magnetic flux density / magnetic induction (T/m)

H = 727.724 - Magnetic field strength (A/m)

kred = 1.008 - ac-dc ratio (Current redistribution factor)

AR = 2575 10 7 - Magnetic Resistanc&(m)

Rcon=8.63% 10 S - Total dc resistance of conduct©/(n)

Rac=8.704x 10 5 - Total ac resistanc&(m)

Pmagnetic = 0.093 - Magnetic Loss Component (W/- N

(Core losses as a result of Hysterisis & Eddyr€hts)
ItOtZRaC: 31.334 - ac Resistance loss Component (W/m)
Itot2 Rcon = 31.099 - dc Resistance loss Component (W/m)

The detailed results of key computer simulated &ges and analysis thereof, as presented
in Chapter 4, are based on the determination sktkey output variables for each scenario.
Determination of the set of optimised lay-lengttesvbased on firstly adhering to the
lay-ratio constraints as detailed in IEC 61089([&. International Electrical Committee —
“Round wire concentric lay overhead electricalstied conductors”) and secondly, within
these constraints, to determine the combinatidaysfengths that would yield the highest
reduction in terms of the Magnetic field strength,(Magnetic resistancéR) & Magnetic

Core losses (Pmagnetic).
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4. RESULTS AND FINDINGS

4.1 Introduction

The factors which influence the magnetic inductiaolude amongst others; the ferro-
magnetic properties of the steel core, the physieastruction of the conductor, the
conductor operating/core temperature, the loaceatiand system frequency. In order to
calculate the effective ac-resistance of multi-fa%f€ SR conductors a computer simulation
program was developed, which was largely basedetermhining the impact of varying these
key factors, by evaluating its effect on the aéstaace of the conductor. It should be noted
that although this research dissertation was basele study of a single type of ACSR
conductor (i.e. TERN ACSR with 3 layers of alumimiy the computer simulation program
that has been written, caters for the simulatiothefidentified data outputs (Refer 3.3.2),

for a range of ACSR conductor types with 1 to ®fayof aluminium.

The primary objective of this research study waseal at investigating the technique
of optimising ACSR conductor lay-lengths to redetectrical losses experienced by ACSR
conductors in order to optimise the electrical perfance characteristics of bare ACSR

conductors in overhead line applications.

The specific outcomes of this research study wedetermine whether ac power
losses, associated ac-dc resistance ratio andféutive ac resistance of the conductor could
be reduced by varying the lay ratios or lay lengtiishe non-ferrous/metallic layers of

aluminium wires that make up the ACSR conductor.

The magnetic induction produced by the steel corACSR (Aluminium conductor, steel
reinforced) conductors cause in increase in theesistance, ac-dc resistance ratio and the
associated ac power loss of the conductor, whikstconductor is energised during normal
operation. More specifically, the key parameteet tause this increase in the effective ac
resistance of the conductor, as a result of thenetaginduction produced by the steel core,
are those of hysterisis and eddy current powerk#s the steel core and an added power
loss caused by the non-uniform redistribution afent in the layers of aluminum wires, due
to the ‘transformer effect’ [2]. Therefore the ailuth of the conductor dc resistance value to
the component resistances produced by the curedigtribution and magnetic hysterisis &

eddy current power losses, form the total effeciive&onductor resistance.
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4.2 Analysis

This research study was aimed at investigatingetienique of optimising ACSR
conductor lay-lengths to reduce electrical lossgerenced by ACSR conductors, with the
primary aim of optimising the electrical performarcharacteristics of bare ACSR

conductors, in overhead line applications

In order to determine and test the specific outcaidhis research study
(i.e. evaluation of effective ac resistance, acadistance ratio and ac power losses of
overhead ACSR conductors), a suitable researclamalysis tool needed to be
identified/developed. Having identified that thare several variables (i.e. the ferro-
magnetic properties of the steel core, the physigastruction of the conductor, the
conductor operating/core temperature, the loaceatiand the electrical system frequency)
that interact simultaneously with lay-length vaoas to alter the effective ac resistance of
the conductor, it was decided that the most effeatésearch tool would be to develop a
computer simulation program to perform and compleoutputs of these complex

interactions.

Having developed a reliable computer simulatiorgpan to test the outcomes of
lay-length variations, a suitable ACSR conductpetpeeded to be selected as the research
study sample. The conductor type which this re$estedy was based on is commercially
known asTERN ACSR. Figure 4.1 below is @RACKLE ACSR conductor and is similar to
the TERN ACSR conductor construction, except that the GRREKonductor as a 19 wire

steel core. However the behaviour of the longitaand circular fluxes is similar.

3-rd Al layer

2-nd Al layer—,

T-st Al layer —,

LONGITUDINAL
FLUX -~

Figure 4.1 - GRACKLE ACSR- Showing Longitudinal andCircular Flux paths
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All the presented analysis and recommendationbased on the assessment of the
TERN ACSR conductor type within this research répaa diagrammatic representation of

which is shown in Figure 4.2 below.

27’ .03

ch.27
13.91

6.795

High Strain steel wire — 7 x 2.25mm

Hard drawn aluminium wire — 45 x 3.38mm

Figure 4.2 - TERN ACSR Conductor

Using the developed software simulation programes® software simulation
exercises were performed for a set of varied st@né&r ultimately produce a proposed set
of optimised lay-lengths/lay-ratios for the ideigif ACSR research conductor sample
(i.e. TERN ACSR). The scenarios for which eachhef ¢computer simulations were
performed, simulated what one could expect primamiterms of electrical losses as a result
of effective ac resistance variations, by changireglay-lengths of the aluminium wires
within each layer of aluminium wires making up AWESR conductor. At the same time the
behaviour of other critical parameters (i.e. maigriatiuction, magnetic field strength and
current re-distribution factors [i.e. ac-dc registratio]) were noted and assessed for both
cases of current lay-lengths versus optimisedeagths, for the identified ACSR conductor

research sample.



18

The approach taken in performing this researchysivas to:

a) Identify the scenarios for which the computemgations would be conducted and
b) To determine the output variables on which teelthe required analysis on for each of

the simulated scenarios.

In establishing the requirements §fadove, it was firstly required that a set of ppsed

lay-lengths be determined whilst adhering to tlyertdio constraints as detailed in

IEC 61089 [8] and secondly, within these constgitd determine the combination of lay-
lengths that would yield the highest reductionemts of the Magnetic field strength (H),
Magnetic resistancR) & Magnetic Core losses (Pmagnetic) at maximutadtoad
current of 875A and constant core temperature afe¢fees Celcius. After the
determination of what would be the optimised layghs for the TERN ACSR conductor,
comparison would be performed against the TERN A@&R current lay-lengths, in a bid
to establish the possible savings in terms of yattasses as a result of the reduced ac

resistance of the conductor.

In establishing the requirements gfdbove, the research objectives were noted and

invariably determined the key data outputs whiehreflected in Table 4.1 below. All
computer simulation exercises performed and reftest this research study, are displayed

in this format.

Output Data Fields Description of Output Data Fields

Bm Magnetic Flux density / Magnetic Induction (T/m)
H Magnetic field strength (A/m)

Kred AC-DC ratio (Current redistribution factor)

AR Magnetic Resistanc€(m)

Rcon Total DC resistance of the conductaimf)

Rac Total AC resistance of the conduct€/m)

Magnetic Loss Component (W/m)- CORE losses as a

Pmagnetic result of Hysteresis & Eddy Currents
Itot2 Rac AC Resistance loss Component (W/m)
Itot2 Rcon DC Resistance loss Component (W/m)

Table 4.1 — Key Output Data fields for Computer Simlation exercises
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According to IEC 61089 [8], the following lay-ratidlay-length parameters were noted
and adhered to:

“5.4.4 a) The lay ratio for the 6-wire layer of the7 and 19-wire steel cores shall be not
less than 16 nor more than 26~

“5.4.5 a) The lay ratio for the outside layer of alminium wires shall be not less than 10
nor more than 14”

“5.4.5 b) The lay ratios for the inner layers of aiminium wires shall be not less than 10
nor more than 16” and

“5.4.6 In a conductor having multiple layers of wires, the lay ratio of any layer shall be

not greater than the lay ratio of the layer immediaely beneath it”

Applying the above parameters as defined in IEG3818], to the particular TERN ACSR
conductor sample, the maximum and minimum lay-lesdbr each layer of steel and
aluminium wires were calculated and reflected ibl&at.2. In order to calculate these
maximum and minimum lay-lengths, the actual outameters for each layer of steel and
aluminium were required. These layer diameters weteced from the datasheet and design
drawing of the Conductor manufacturer (Refer to éqgix A and Appendix B for Design
drawing and Datasheet respectively).

The mathematical formula governing the interachetween Lay-ratio (LR), Lay-length

(LL-mm) and Layer Outer Diameter (OD-mm) is givenExquation 1 below:

LR=LL/OD | .o, Equatidh

It is important to note that the 7-wire high-strateel inner, is a bought-in item to Aberdare
Cables Pty. Ltd. and since it is not a manufactemdponent within the companies domain,
its measured lay-length was maintained as a carasathis could not be changed through
the companies manufacturing processes. It shoutebtsl that this philosophy was
maintained throughout all computer simulations @enied and discussed with this research
study. Therefore only changes to the lay-lengthhefaluminium wires of the different

layers of aluminium making up the conductor werswated.
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Steel Reinforcement:

7 x 2.25mm Strands (Laylength =111mm - Bou

ht in)

IEC Lay ratio (L1)

Outer diameter of L1 (mm)

Lay length (mm) (L1)

Minimum = 16
Maximum = 26

6.75
Minimum = 108
Maximum = 175.5

(Tern Drawing / Datasheet)
(Refer to Appendix A and E)

Aluminium Conductor:

45 x 3.38mm Strands (3 Layers - 9/15/21 wires)

IEC Lay ratio (L1)

Outer diameter of L1 (mm)

Lay length (mm) (L1)

IEC Lay ratio (L2)

Outer diameter of L2 (mm)

Lay length (mm) (L2)

IEC Lay ratio (L3)

Outer diameter of L3 (mm)

Lay length (mm) (L3)

Minimum = 10
Maximum = 16

13.51
Minimum = 135.1
Maximum = 216.16
Minimum = 10
Maximum = 16

20.27
Minimum = 202.7
Maximum = 324.32
Minimum = 10
Maximum = 14

27.03
Minimum = 270.3
Maximum = 378.42

(Tern Drawing / Datasheet)
(Refer to Appendix A and B)

(Tern Drawing / Datasheet)
(Refer to Appendix A and B;

(Tern Drawing / Datasheet)
(Refer to Appendix A and B;

Table 4.2 — IEC 61089 maximum and minimum lay-ratis and lay-lengths as applied to
and calculated for the TERN ACSR conductor sample
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Since only changes to the lay-lengths of the aliuminayers were simulated, only

8 permutations existed (i.e. A — H): in terms ofximaum and minimum lay-ratios, for the
lay-length combinations of the 3 layers of alummiwires making up the TERN ACSR
conductor. These 8 permutations are reflected batwhindicate the maximum and
minimum allowable lay-ratios (as per IEC 61089 [&dm the innermost aluminium layer

to the outermost aluminium layer respectively:

A) Max lay-ratio (16), Max lay-ratio (16), Max lawatio (14)
B) Max lay-ratio (16), Max lay-ratio (16), Min lasatio (10)
C) Min lay-ratio (10), Min lay-ratio (10), Min layatio (10)

D) Max lay-ratio (16), Min lay-ratio (10), Min layatio (10)
E) Min lay-ratio (10), Max lay-ratio (16), Max lawtio (14)
F) Max lay-ratio (16), Min lay-ratio (10), Max lawtio (14)
G) Min lay-ratio (10), Max lay-ratio (16), Min lagatio (10)
H) Min lay-ratio (10), Min lay-ratio (10) Max layatio (14)

When the lay-ratio parameters of IEC 61089 [8] wagrplied to the 8 possible permutations
above, only 4 of the 8 permutations were allowébte A — D). The computer simulations
that were performed to determine the optimisedéagiths/lay-ratios were therefore
simulated for these 4 scenarios and were primaeged on identifying which of these
scenarios yielded the highest reduction in termf@Magnetic field strength (H), Magnetic
resistanceAR) & Magnetic Core losses (Pmagnetic) at maximutedréoad current of 875A
and at a constant core temperature of 75 Degrdesi€eBased on these parameters,
computer simulations were performed for the scesdrelow (i.e. A — D), to determine the

optimal lay-lengths/lay-ratios, for the TERN ACS&nhductor sample:

- SCENARIO A- TERN Conductor: Max lay-ratio(16), Méay-ratio(16), Max lay-ratio(14)
at 875A Load Current

- SCENARIO B- TERN Conductor: Max lay-ratio(16), Keay-ratio(16), Min lay-ratio(10)
at 875A Load Current

- SCENARIO C- TERN Conductor: Min lay-ratio (10),iMay-ratio(10), Min lay-ratio(10)
at 875A Load Current

- SCENARIO D- TERN Conductor: Max lay-ratio(16), Miay-ratio(10), Min lay-ratio(10)
at 875A Load Current
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The key output results for each of these computeulations (i.e. for scenarios A — D
described above) are shown in the proceeding TdbBes 4.6.

SUMMARY OF KEY DATA FOR

SCENARIO A - TERN Conductor: With MAX, MAX, MAX Lay -ratios
at 875A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO A

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 875 Total load Current (A)
Bm 0.187 Magnetic Flux density / Magnetic Induction (T/m)
H 902.59° | Magnetic field strength (A/m)
kred 1.009 AC-DC ratio (Current redistribution factor)
3.299E-
AR 07 Magnetic Resistance @/m)
8.551E-
Rcon 05 Total DC resistance of the conductorQ/m)
8.628E-
Rac 05 Total AC resistance of the conductor /m)

Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic| 0.253 a result of Hysteresis & Eddy Currents

ltot? Rac | 66.05¢ AC Resistance loss Component (W/m)

Itot2 Rcon | 65.46" DC Resistance loss Component (W/r

Lay ratio of 1st layer (First straight wire in the

Layratio0 | O center is assumed as the 1st layer) (Steel)

Layratio 1 | 16.44 Lay ratio of 2nd layer (8el)

Layratio 2 | 16 Lay ratio of 3rd layer (Fst Aluminium Layer)
Layratio 3 | 16 Lay ratio of 4th layer ($end Aluminium Layer)
Layratio4 | 14 Lay ratio of 5th layer Tind Aluminium Layer

Table 4.3 — Computer simulation results for SCENARO A:
TERN Conductor: With MAX, MAX, MAX Lay-ratios @ 875A Load Current
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SUMMARY OF KEY DATA FOR

SCENARIO B - TERN Conductor: With MAX, MAX, MIN Lay -ratios
at 875A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO B

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 875 Total load Current (A)
Bm 0.398 Magnetic Flux density / Magnetic Induction (T/m)
H 1313 Magnetic field strength (A/m)
kred 1.04 AC-DC ratio (Current redistribution factor)
AR 0.000001311 Magnetic Resistance@/m)
Rcon 8.620E-05 Total DC resistance of the conductorQ/m)
Rac 8.961E-05 | Total AC resistance of the conductor Q/m)
Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic| 1.003 a result of Hysteresis & Eddy Currents
ltot? Rac | 68.61: AC Resistance loss Component (Wi/r
Itot2 Rcon | 65.994 DC Resistance loss Component (W/m)
Lay ratio of 1st layer (First straight wire in the
Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.44 Lay ratio of 2nd layer (8€l)
Layratio 2 | 16 Lay ratio of 3rd layer (FFst Aluminium Layer)
Layratio 3 | 16 Lay ratio of 4th layer (®®nd Aluminium Layer)
Layratio4 | 10 Lay ratio of 5th layer Tind Aluminium Layer

Table 4.4 — Computer simulation results for SCENARO B:
TERN Conductor: With MAX, MAX, MIN Lay-ratios @ 87 5A Load Current
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SUMMARY OF KEY DATA:

SCENARIO C - TERN Conductor: With MIN, MIN, MIN Lay -ratios
at 875A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO C

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature Degree: Celcius)
Itot 875 Total load Current (A)
Bm 0.377 Magnetic Flux density / Magnetic Induction (T/m)
H 128( Magnetic field strength (A/m)
kred 1.044 AC-DC ratio (Current redistribution factor)
AR 0.000001186 Magnetic Resistance@/m)
Rcon 8.705E-05 | Total DC resistance of the conductor@/m)
Rac 9.090E-05 | Total AC resistance of the conductor )/m)
Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic| 0.908 a result of Hysteresis & Eddy Currents
ltot?2 Rac | 69.59¢ AC Resistance loss Component (W/r
Itot2 Rcon | 66.647 DC Resistance loss Component (W/m)
Lay ratio of 1st layer (First straight wire in the
Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.44 Lay ratio of 2nd layer (8el)
Layratio 2 | 10 Lay ratio of 3rd layer (First Aluminium Layer)
Layratio 3 | 10 Lay ratio of 4th layer (®end Aluminium Layer)
Layratio 4 | 10 Lay ratio of 5th layer Tind Aluminium Layer

Table 4.5 — Computer simulation results for SCENARO C.:
TERN Conductor: With MIN, MIN, MIN Lay-ratios @ 87 5A Load Current
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SUMMARY OF KEY DATA:

SCENARIO D - TERN Conductor: With MAX, MIN, MIN Lay -ratios
at 875A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO D

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 87¢ Total load Current (A)
Bm 0.129 Magnetic Flux density / Magnetic Induction (T/m)
H 807.157 | Magnetic field strength (A/m)
kred 1.005 AC-DC ratio (Current redistribution factor)

1.685E-
AR 07 Magnetic Resistance@/m)

8.677E-
Rcon 05 Total DC resistance of the conductor@Q/m)

8.724E-
Rac 05 Total AC resistance of the conductor /m)

Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic| 0.129 a result of Hysteresis & Eddy Currents
Itot2 Rac | 66.79 AC Resistance loss Component (W/m)
Itot?2 Rcon | 66.43 DC Resistance loss Component (W/m)
Lay ratio of 1st layer (First straight wire in the

Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.4¢ Lay ratio of 2nd layer (el
Layratio 2 | 16 Lay ratio of 3rd layer (Fst Aluminium Layer)
Layratio 3 | 10 Lay ratio of 4th layer (S®nd Aluminium Layer)
Layratio4 | 10 Lay ratio of 5th layer Tind Aluminium Layer

Table 4.6 — Computer simulation results for SCENARO D:

TERN Conductor: With MAX, MIN, MIN Lay-ratios @ 87 5A Load Current
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It is therefore evident, from the preceding compsimulation results
(i.e. simulation results A — D) th&@imulation Scenario D’, would be the optimum lay-ratio
combination, as it yielded the highest reductiotenmns of the Magnetic field strength (H),
Magnetic resistanc\R) & Magnetic Core losses (Pmagnetic) — refer ablés 4.7 and 4.8
below.

This invariably meant that the lay-ratio combinatif
maximum (16) / minimum (10) / minimum (10) (as He€ 61089 [8]), applied from the
innermost aluminium layer to the outermost alumimiayer respectively, are optimum and
when translated into lay-lengths, this lay-rationtination, yielded the following for each

layer of aluminium wires (Using Equation 1):

- Innermost Aluminium layer: 216.16 mm (Lay-lenpt
- Middle Aluminium layer: 202.70 mm (Lay-length)
- Outermost Aluminium layer: 270.30 mm (Lay-lemgt

902.597
1313.00I
1280.000
807.157

o0 ||w|>

Table 4.7 — Magnetic field strength (H) in A/m forScenarios A —D
@ 875A Load Current

Pmagnetic| A 0.253 AR A 3.3E-07
B 1.003 B 1.31E-06
C 0.90¢ C 1.19E-06
D 0.129 D 1.69E-07

Table 4.8 — Magnetic ResistanceAR) in Q/m and Core/Magnetic losses (Pmagnetic)
in W/m, for Scenarios A — D
@ 875A Load Current
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Having established a set of theoretical optimisgdi¢éngths for reduced power losses, the
next objective of this study was to determine anangify the possible savings in terms of
ac resistive losses, if the current lay-lengththef TERN ACSR conductor were
changed/manufactured to the ‘optimised’ set ofléngths, as identified by that of the

computer simulation results for scenario D, presipuescribed.

In order to achieve this objective, a set of 4 cotepsimulations were performed for the

identified scenarios below (i.e. Scenarios 1 $af)the TERN ACSR conductor sample:

- SCENARIO 1: TERN Conductor: With Original Lay-igihhs at 750A Load Current
- SCENARIO 2: TERN Conductor: With Original Lay-kgths at 875A Load Current
- SCENARIO 3: TERN Conductor: With Optimised Laywghs at 750A Load Current
- SCENARIO 4: TERN Conductor: With Optimised Laywghs at 875A Load Current

In performing the computer simulations for Scemafie4, the core temperature was
maintained at a constant temperature of 75 de@elesus while the load current was
changed between 2 values in performing the comirtaulations (i.e. 750 and 875 amps).
The reason for performing the simulations at 2edéht load currents was to establish a
range of expected ac wattage losses that couldigaly be expected in the field, as
transmission lines in actual operation don’'t neaelysoperate at maximum load current.
This approach would then also produce a rangemdard ac wattage savings based on the

load current applied.

Computer simulations for scenarios 1 and 2 wertopeed on the TERN conductor sample
with its current (Original) lay-lengths for 2 diffent load currents (i.e. 750 and 875 amps).
These computer simulation results produced the-limse&alues of expected ac resistance
and associated ac wattage losses, for comparisexpetted savings/reductions against
these parameters, when compared to the resultageddy the simulations for

scenarios 3 and 4 (i.e. TERN conductor with ‘opsiea’ lay-lengths for load currents of 750

and 875 amps respectively).



28

The key output results for each of these compineulations (i.e. for scenarios 1 — 4

described above) are shown in Tables 4.9 — 4.12.

SUMMARY OF KEY DATA FOR

SCENARIO 1 - TERN Conductor: With Original Lay- lengths
at 750A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO 1

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 750 Total load Current (A)
Bm 0.169 Magnetic Flux density / Magnetic Induction (T/m)
H 909654 Magnetic field strength (A/m)
kred 1.012 AC-DC ratio (Current redistribution factor)
AR 3.753E-07 | Magnetic ResistanceQ/m)
Rcon 8.639E-05 | Total DC resistance of the conductor@/m)
Rac 8.744E-05 | Total AC resistance of the conductor Q/m)
Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic| 0.211 a result of Hysteresis & Eddy Currents
Itot2 Rac | 49.185 AC Resistance loss Component (\W/m)
Itot2 Rcon | 48.593 DC Resistance loss Component (W/m)
Lay ratio of 1 layer (First straight wire in the
Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.4¢ Lay ratio of 2nd layer (sl
Layratio 2 | 13.54 Lay ratio of 3rd layer (Fst Aluminium Layer)
Layratio 3 | 11.85 Lay ratio of 4th layer (®end Aluminium Layer)
Layratio 4 | 10.74 Lay ratio of 5th layer Tind Aluminium Layer

Table 4.9 — Computer simulation results for SCENARO 1.
TERN Conductor: With Original Lay-lengths at 750A Load Current
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SUMMARY OF KEY DATA FOR

SCENARIO 2 - TERN Conductor: With Original Lay-leng ths
at 875A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO 2

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 875 Total load Current (A)
Bm 0.23: Magnetic Flux density / Magnetic Induction (T/m)
H 1061 Magnetic field strength (A/m)
kred 1.017 AC-DC ratio (Current redistribution factor)
AR 4.911E-07 | Magnetic Resistance@/m)
Rcon 8.639E-05 | Total DC resistance of the conductor@/m)
Rac 8.782E-05 | Total AC resistance of the conductorQ/m)
Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic | 0.37¢ a result of Hysteresis & Eddy Currents
ltot? Rac | 67.238 AC Resistance loss Component (W/m)
Itot? Rcon | 66.14 DC Resistance loss Component (\W/m)
Lay ratio of 1st layer (First straight wire in the
Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.4¢ Lay ratio of 2nd layer (sl
Layratio 2 | 13.54 Lay ratio of 3rd layer (Fst Aluminium Layer)
Layratio 3 | 11.85 Lay ratio of 4th layer (®end Aluminium Layer)
Layratio 4 | 10.74 Lay ratio of 5th layer Tind Aluminium Layer

Table 4.10 — Computer simulation results for SCENARO 2:
TERN Conductor: With Original Lay-lengths at 875A Load Current
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SUMMARY OF KEY DATA:

SCENARIO 3 - TERN Conductor: With Optimised Lay-lengths
at 750A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO 3

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 75C Total load Current (A)
Bm 0.096 Magnetic Flux density / Magnetic Induction (T/m)
H 691.849 Magnetic field strength (A/m)
kred 1.004 AC-DC ratio (Current redistribution factor)
AR 1.328E-07 | Magnetic Resistance@/m)
Rcon 8.677E-05 | Total DC resistance of the conductor@/m)
Rac 8.711E-05 | Total AC resistance of the conductorQ/m)
Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic| 0.075 a result of Hysteresis & Eddy Currents
Itot2 Rac | 49.001 AC Resistance loss Component (W/m)
Itot2 Rcon | 48.806 DC Resistance loss Component (W/m)
Lay ratio of 1st layer (First straight wire in the
Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.44 Lay ratio of 2nd layer (8€l)
Layratio 2 | 16 Lay ratio of 3rd layer (FFst Aluminium Layer)
Layratio 3 | 10 Lay ratio of 4th layer (Send Aluminium Layer)
Layratio4 | 10 Lay ratio of 5th layer Tind Aluminium Layer

Table 4.11 — Computer simulation results for SCENARO 3:
TERN Conductor: With Optimised Lay-lengths at 750ALoad Current
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SUMMARY OF KEY DATA:

SCENARIO 4 - TERN Conductor: With Optimised Lay-lengths
at 875A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO 4

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 87¢ Total load Current (A)
Bm 0.129 Magnetic Flux density / Magnetic Induction (T/m)
H 807.157 Magnetic field strength (A/m)
kred 1.005 AC-DC ratio (Current redistribution factor)
AR 1.685E-07 | Magnetic Resistance@/m)
Rcon 8.677E-05 | Total DC resistance of the conductor@/m)
Rac 8.724E-05 | Total AC resistance of the conductorQ/m)
Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic| 0.129 a result of Hysteresis & Eddy Currents
Itot2 Rac | 66.79 AC Resistance loss Component (W/m)
Itot2 Rcon | 66.43 DC Resistance loss Component (W/m)
Lay ratio of 1st layer (First straight wire in the
Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.44 Lay ratio of 2nd layer (8€l)
Layratio 2 | 16 Lay ratio of 3rd layer (FFst Aluminium Layer)
Layratio 3 | 10 Lay ratio of 4th layer (Send Aluminium Layer)
Layratio4 | 10 Lay ratio of 5th layer Tind Aluminium Layer

Table 4.12 — Computer simulation results for SCENARO 4:
TERN Conductor: With Optimised Lay-lengths at 875ALoad Current
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Having established what would be optimum lay-rat@yshe 3 layers of aluminium wires

for the TERN sample conductor (i.e. scenario D) alsd having established the expected ac
resistance and ac wattage losses for this lay-catitbination (as per computer simulation
results for Scenarios 3 and 4), the next objedféis research study was to determine if

these ‘optimum’ lay-ratios/lay-lengths i.e.

- Innermost Aluminium layer : 216.16mm Lay-leng@® Lay-ratio 16)
- Middle Aluminium layer: 202.70mm Lay-length (t@y-ratio 10)
- Outermost Aluminium layer: 270.30mm Lay-len¢@ Lay-ratio 10)

were obtainable through the actual manufacturioggsses, before attempting to calculate

any possible savings in ac wattage losses, if thp8mised lay-lengths were employed.

After consultation with the relevant production gmmnel and taking into consideration the
machine-gearing ratio capability chart (Refer tgpapdix D — Gearing ratio sheet), it was
found that these lay-lengths could heatachieved exactly as specified/simulated by &ben
D. An alternative set of lay-lengths (i.e. ‘OptimisProduction lay-lengthsvas then

developed, which was kept as close as possibleetmitially proposed lay-lengths of
‘Scenario D, which could be achieved in actualdarct manufacturing. These ‘Optimised

Production lay-lengths’ are depicted below:

- Innermost Aluminium layer : 206mm Lay-length (@y-ratio 15.25)
- Middle Aluminium layer: 206mm Lay-length (@ Lagtio 10.16)
- Outermost Aluminium layer: 271mm Lay-length (@y-ratio 10.03)

Based on these ‘Optimised Production lay-lengtt@mputer simulation exercises were

performed for the scenarios 5 and 6 below, on 88BN conductor sample:

- SCENARIO 5: TERN Conductor: With Optimised Protio Lay-lengths at 750A
Load Current
- SCENARIO 6: TERN Conductor: With Optimised Protioi Lay-lengths at 875A

Load Current

The key output results for each of these compurteulations (i.e. scenarios 5 & 6)

(described above) are shown in Tables 4.13 and 4.14
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SUMMARY OF KEY DATA:

SCENARIO 5 - TERN Conductor: With Optimised Production
lay-lengths at 750A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO 5

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 750 Total load Current (A)
Bm 0.109 Magnetic Flux density / Magnetic Induction (T/m)
H 739.728 Magnetic field strength (A/m)
kred 1.005 AC-DC ratio (Current redistribution factor)
AR 1.680E-07 | Magnetic Resistance@/m)
Rcon 8.675E-05 | Total DC resistance of the conductor@/m)
Rac 8.720E-05 | Total AC resistance of the conductor Q/m)
Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic| 0.094 a result of Hysteresis & Eddy Currents
Itot2 Rac | 49.051 AC Resistance loss Component (W/m)
Itot2 Rcon | 48.79¢ DC Resistance loss Component (W/m)
Lay ratio of 1% layer (First straight wire in the
Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.44 Lay ratio of 2nd layer (8el)
Layratio 2 | 15.25 Lay ratio of 3rd layer (Fst Aluminium Layer)
Layratio 3 | 10.16 Lay ratio of 4th layer ($ond Aluminium Layer)
Layratio 4 | 10.0¢ Lay ratio of 5th layer Tind Aluminium Layer

Table 4.13 — Computer simulation results for SCENARO 5:
TERN Conductor: With Optimised Production Lay-lengths at 750A Load Current
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SUMMARY OF KEY DATA:

SCENARIO 6 - TERN Conductor: With Optimised Production
lay-lengths at 875A Load Current

PROGRAMMATIC SIMULATION RESULTS : SCENARIO 6

Parameter Value Description of measured Parameter
tc 75 Conductor Core / Operating Temperature (Degrees Celus)
Itot 875 Total load Current (A)
Bm 0.147 Magnetic Flux density / Magnetic Induction (T/m)
H 863.017 Magnetic field strength (A/m)
kred 1.007 AC-DC ratio (Current redistribution factor)
AR 2.140E-07 | Magnetic Resistance@/m)
Rcon 8.675E-05 | Total DC resistance of the conductor@/m)
Rac 8.737E-05 | Total AC resistance of the conductor Q/m)
Magnetic Loss Component (W/m)- CORE losses as
Pmagnetic | 0.16< a result of Hysteresis & Eddy Currents
Itot2 Rac | 66.89 AC Resistance loss Component (W/m)
Itot2 Rcon | 66.416 DC Resistance loss Component (W/m)
Lay ratio of 1 layer (First straight wire in the
Layratio0 | O center is assumed as the 1st layer) (Steel)
Layratio 1 | 16.4« Lay ratio of 2nd layer (8el
Layratio 2 | 15.25 Lay ratio of 3rd layer (FFst Aluminium Layer)
Layratio 3 | 10.16 Lay ratio of 4th layer ($ond Aluminium Layer)
Layratio 4 | 10.03 Lay ratio of 5th layer (Tind Aluminium Layer)

Table 4.14 — Computer simulation results for SCENARO 6:
TERN Conductor: With Optimised Production Lay-lengths at 875A Load Current
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The results obtained for Scenarios 1 — 6, wereggdwand analysed for 2 load current
values (i.e. 750A & 850A load currents). This as#dyis shown graphically for grouped
Scenarios 1, 3 and 5 (i.e. at 750A load current@ore temperature of 75 Degrees Celcius)
and grouped Scenarios 2, 4 and 6 (i.e. at 875Adoaent and Core temperature of 75
Degrees Celcius). The graphical representationthisigrouped scenario approach, are
shown for each of the data output fields as preshoreflected in Table 4.1 (shown again

below):

Output Data Fields Description of Output Data Fields

Bm Magnetic Flux density / Magnetic Inducn (T/m)
H Magnetic field strength (A/m)

Kred AC-DC ratio (Current redistribution factor)
AR Magnetic Resistanc€(m)

Rcon Total DC resistance of the conductemg)

Rac Total AC resistance of the conduc@rng)

Magnetic Loss Component (W/m)- CORE losses as a

Pmagnetic result of Hysteresis & Eddy Currents
Itot?2 Rac AC Resistance loss Component (W
Itot2 Rcon DC Resistance loss Component (\W/m)

Table 4.1 — Key Output Data fields for Computer Simlation exercises

Each of these graphical representations (Graphs 4.18) are accompanied by tables
(Tables 4.15 — 4.32) which reflect the actual rssoibtained from the computer simulations
performed, for that specific parameter, at theipaldr load current, for the grouped
scenarios. Each graph also depicts the behaviewnd wof the particular parameter within
these defined conditions and this is representegithgr green (i.e. decreasing trend) or red
(i.e. increasing trend) trend lines. As previouslgntioned the core temperature for all

computer simulations was maintained at a constewf 75 Degrees Celcius.
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MAGNETIC FLUX DENSITY (Bm) @ 750A LOAD
CURRENT
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Graph 4.1 — Magnetic Flux Density (Bm)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

@ 750 A . @875 A
Bm| 51 01e9] | 52 022 |
a3 .26 | 4 54 o129 | ¢4
g5 0.109 INE: 0.147 ,

Table 4.15 — Tabulated values of Magnetic Flux Deitg (Bm)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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MAGNETIC FLUX DENSITY (Bm) @ 875A
LOAD CURRENT
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Graph 4.2 — Magnetic Flux Density (Bm)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

@ 750 A . @875 A
Bm| 51 01e9] | 52 022 |
a3 .26 | 4 54 o129 | ¢4
g5 0.109 INE: 0.147 ,

Table 4.16 — Tabulated values of Magnetic Flux Deitg (Bm)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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MAGNETIC FIELD STRENGTH (H) @ 750A LOAD
CURRENT
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Graph 4.3 — Magnetic field strength (H)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

750 75
@ 750 A N @875 A
H| 51|  909.654 T a2 1061

53] 6org4s] | 4 54 807.157 1

25| 739728 WEL £63.017 ||

Table 4.17 — Tabulated values of Magnetic field stngth (H)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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MAGNETIC FIELD STRENGTH (H) @ 875A LOAD
CURRENT
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Graph 4.4 — Magnetic field strength (H)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

@7504Af o @8TSA| o o
H| 51| 909654 52 1061

83 A91 849 + 54 807157 +

g5 739728 A 863.017 1

Table 4.18 — Tabulated values of Magnetic field stngth (H)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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AC/DC RATIO (kred) @ 750A LOAD CURRENT
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Graph 4.5 — AC-DC ratios (kred)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

@ 750 A . @875 A

kred| 51 Lotz | g2 Lot7] |
53 1o04] 4 4 54 1oos| 4 4
25 1.005 INE: 1.007 ,

Table 4.19 — Tabulated values of AC-DC ratios (kred
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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AC/DC RATIO (kred) @ 875A LOAD CURRENT
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Graph 4.6 — AC-DC ratios (kred)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

750 4 75
@ 750 A . . @875 A .
kred| 51 1.012 52 1.017
B3 1.004 + 54 1.005 +
55 1.005 1L |28 1.007 ]

Table 4.20 — Tabulated values of AC-DC ratios (kred
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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MAGNETIC RESISTANCE (AR) @ 750A LOAD
CURRENT
0.0000004
0.00000035 '\&
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Graph 4.7 — Magnetic resistanceAR)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

@ 750 A @875 A
AR| 81| 3.753E-07 T 22| 4.911E-07 T
53| 13zsE-07] | % s4  LassE-07] | %
55| 1.630E-07 C [=6]  2.140E-07 ,

Table 4.21 — Tabulated values of Magnetic resistaadAR)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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MAGNETIC RESISTANCE (AR) @ 875A LOAD

CURRENT
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Graph 4.8 — Magnetic resistanceAR)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

@750 o @8754]
AR| 51| 3.753E-07 52| 4.911E-07

23| 1.328E-07 * Sd|  16RSE-07 *

35| 1.680E-07 || 26|  2.140E-07 ]

Table 4.22 — Tabulated values of Magnetic resistaadAR)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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CONDUCTOR DC RESISTANCE (Rcon) @ 750A
LOAD CURRENT
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Graph 4.9 — Conductor dc resistance (Rcon)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

@ 750 A @875 A

Rcon| 51| 8.639E-05| ¢ _ T |s2| szé39E05) ¢ 1
53| 8.677E-05| § T 54| B6TFE-05| J T
55| 8.675E-05] | 56] 8.675E-05] ]

Table 4.23 — Tabulated values of Conductor dc resance (Rcon)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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CONDUCTOR DC RESISTANCE (Rcon) @ 875A
LOAD CURRENT
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Graph 4.10 — Conductor dc resistance (Rcon)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

@ 750 A @875 A
Rcon| 51| 5.63%E-05| T _ T |32 &639E05 T 1
53| 8.677E-05| § T 54| 86TIE-05| § T
55| 8.675E-05) | 56] B.6ISE-05] ]

Table 4.24 — Tabulated values of Conductor dc resance (Rcon)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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CONDUCTOR AC RESISTANCE (Rac) @ 750A LOAD
CURRENT

8.750E-05
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Graph 4.11 — Conductor ac resistance (Rac)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

@ 750 Al . @875 A
Rac| 81| 8.744E-05 T 52|  8.732E-05 T

s3] s.711E-05] § % 54| 8724E-05] |
25| 8.720E-05 1 l=6] 273705 ,

Table 4.25 — Tabulated values of Conductor ac resénce (Rac)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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CONDUCTOR AC RESISTANCE (Rac) @ 875A LOAD
CURRENT

8.790E-05
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Graph 4.12 — Conductor ac resistance (Rac)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

@504 o @873 4|
Rac| 51| 8 T44E-05 52| B7E2E-05

23| 8. 711E-05 + 4| 27E-05 +

55| 8.720E-05 L =8| &737E-05 ]

Table 4.26 — Tabulated values of Conductor ac resance (Rac)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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MAGNETIC LOSS COMPONENT (Pmagnetic) @
750A LOAD CURRENT
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Graph 4.13 — Magnetic Losses (Pmagnetic)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

@ 750 A . @875 A
Pmagnetic| 51 0.211 T ald 0.376 T
33 n.o7s| ¢ 4 54 o129 | ¢
55 0.0%4 HE: 0164 !

Table 4.27 — Tabulated values of Magnetic Lossesrlagnetic)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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MAGNETIC LOSS COMPONENT (Pmagnetic) @
875A LOAD CURRENT
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Graph 4.14 — Magnetic Losses (Pmagnetic)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

750 . 75
@ 750 A . @875 A
Pmagnetic| 31 0.211 T a2 0.374 T

a3 n.o7s| ¢ % 54 o129 | ¢

g5 0.094 HE 0.164 1

Table 4.28 — Tabulated values of Magnetic Lossesr{Rgnetic)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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AC RESISTANCE LOSS COMPONENT (ltot2 Rac)
@ 750A LOAD CURRENT
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Graph 4.15 — ac Resistance losses (Itot?2 Rac)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

750 4 75 |
@ 750 A . @8754|
Itot® Rac| 51 49,185 T 82 67 238

83 qo001| § % 54 665,79 i

55 49051 L |56 66,59 ||

Table 4.29 — Tabulated values of ac Resistance lesgItot?2 Rac)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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AC RESISTANCE LOSS COMPONENT (ltot?2 Rac)
@ 875A LOAD CURRENT
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Graph 4.16 — ac Resistance losses (ltot2 Rac)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

750 4 75 |
@ 750 A . @8754|
Itot® Rac| 51 49,185 T 82 67 238

83 qo001| § % 54 665,79 i

55 49051 L |56 66,59 ||

Table 4.30 — Tabulated values of ac Resistance lesglItot? Rac)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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DC RESISTANCE LOSS COMPONENT (Itot? Rcon)
@ 750A LOAD CURRENT
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Graph 4.17 — dc resistance losses (Itotz2 Rcon)
for Computer Simulation scenarios 1, 3 and 5 at lahcurrent of 750A

@ 750 A @875 A

Itot: Reon| 51 4593 1 |sz 66.14| . 1
53 48.806| o T 54 6643 o
55 48,796 ¢ 56 66,416

Table 4.31 — Tabulated values of dc resistance lass(Itotz2 Rcon)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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DC RESISTANCE LOSS COMPONENT (Itot? Rcon)
@ 875A LOAD CURRENT
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Graph 4.18 — dc resistance losses (Itotz2 Rcon)
for Computer Simulation scenarios 2, 4 and 6 at lahcurrent of 875A

@ 750 A @875 A
Itot* Reon| 51 4z593 1 |az 6614 . 1
53 48.806| o T 54 6643 o
55 48,796 ¢ 56 66,416

Table 4.32 — Tabulated values of dc resistance lass(Itotz2 Rcon)
for Computer Simulation scenarios 1 — 6 at load cuents of 750A and 875A
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Having established a set of optimised lay-lengtinsdéduced power losses (i.e. scenario D),
the next objective of this study was to determing quantify the possible savings in terms
of ac resistive losses, if the current/origingHlengths of the TERN ACSR conductor were

changed/manufactured to the ‘optimised’ set ofléngths.

In order to compute the possible savings in acagatiosses a series of computer

simulations were performed (i.e. Scenarios 1 -t 2)different load currents.

The intention behind performing computer simulagidor scenarios 1 and 2(i.e. TERN

Conductor withoriginal lay-lengths at load currents of 750 and 875A respectively)s wa

produce expected base-line values for the keyal#fzut parameters and more importantly
the expected ac resistance and associated ac evlitay for comparison of expected

savings/reductions against these parameters, wirepared to the results produced by the
simulations for scenarios 3 and 4 (i.e. TERN coholuwith ‘optimised’ lay-lengths for load

currents of 750 and 875 amps respectively).

The computer simulations performed $menarios 3 & 4(i.e. TERN conductor with
optimised lay-lengths/lay-ratios at 750 and 875¢pestively), was based on the optimised
lay-ratio combination (16/10/10) as was initialeflected/identified for scenario D. The key
difference between scenarios 3 and 4 to that ofaste D was the extrapolation of the
computer simulation at different load current Ieviel order to calculate the range of savings
in terms ac wattage losses.

Earlier discussions noted that after consultatigh the relevant production personnel and
taking into consideration the actual machine caiirsts, it was found that these
lay-lengths/lay-ratios of scenarios 3 and 4, cawdtlbe achieved in production. An

alternative set of lay-lengths (i.e. ‘Optimised @urotion lay-lengthswas then developed,

which was kept as close as possible to the injt@bposed lay-lengths of scenarios 3 and 4.
These ‘Optimised production lay-lengths’ were teemployed in computer simulation
exercises for scenarios 5 and 6 (TERN conductdr @jitimised Production lay-lengths)

and the associated ac wattage losses were notetthéogvith other key parameters.

Tables 4.33 and 4.34 show the expected ac watbageshvings for comparisons of both

scenarios 3 & 4 and 5 & 6 to scenarios 1 & 2.
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It should be noted that the total savings in adagat losses are based on the following

assumption: The transmission system is a 100knig3¢y double-circuit system, with 1

conductor being used per phase. The expected kWhgs for all cases is then calculated

and shown in Tables 4.35 — 4.38.

Load/Line Current (A) 750 875
Percentage load current to rated current (Approx.) 85% 100%
TERN Conductor with current Laylengths Scenario 1 Scenario 2
AC Wattage Loss Component (W/m 49.18¢ 67.23¢
TERN Conductor with Optimised Laylengths ( Simulated ) | Scenario 3 | Scenario 4
AC Wattage Loss Component (W/m) | 49.001 ‘ 66.79
Summary between Scenarios 1&2 and 3&4
Theoretical AC Wattage Saving (W) 0.184 0.448
% AC Wattage Savinc 0.37 0.67

Assumption: ie. A Single Conductor is used per Phase - 3 Phase system - Double circuit

network - 100km Length

Total Theoretical AC Wattage Saving (W) 110400

268800

Total Theoretical AC Wattage Saving (kW) 110.4

268.8

Table 4.33 — Expected ac wattage savings with Optised lay-ratios/lay-lengths

at load currents of 750A and 875A




56

Load/Line Current (A) 750 875
Percentage load current to rated current (Approx.) 85% 100%
TERN Conductor with current Lay-lengths Scenario 1l | Scenario 2
AC Wattage Loss Component (W/m) 49.185 67.238
TERN Conductor with Optimised L ay-lengths (Production) Scenario5 | Scenario 6
AC Wattage Loss Component (W/m) 49.051 66.89
Summary between Scenarios 1&2 and 5& 6

Theoretical AC Wattage Saving (W) 0.134 0.348
% AC Wattage Savinc 0.27 0.52

Assumption: ie. A Single Conductor isused per Phase - 3 Phase system - Double circuit

network - 100km Length

Total Theoretical AC Wattage Saving (W)

80400

208800

Total Theoretical AC Wattage Saving (kW)

80.4

208.8

Table 4.34 — Expected ac wattage savings with Optised Production

lay-ratios/lay-lengths

at load currents of 750A and 875A
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Expected Energysavings for
1 year (365 Days) in kWh

Time
(This is the
time over
which the
energy is used
or delivered)

Expected energy savings as was
calculated in Table 4.33 in kW

365

| 110.4 .
Kilowatts

967100 .
Kilowatt Hours

Days

[

Table 4.35 — Expected ac wattage savings with Optised lay-ratios/lay-lengths
at a load current of 750A (For 1 year)

Expected Energysavings for
1 year (365 Days) in kWh

Time

(This is the time

over which the

energy is used or

delivered)

Expected energy savings as was
calculated in Table 4.33 in kW

365

| 268.8 .
Kilowatts

2355000 .
Kilowatt Hours

Days

Table 4.36 — Expected ac wattage savings with Optised lay-ratios/lay-lengths
at a load current of 875A (For 1 year)
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Expected Energysavings for
1 year (365 Days) in kWh

Time
(This is the time
over which the
energy is used or
delivered)

Expected energy savings as wa
calculated in Table 4.34 in kW

LS

365

704300 .
Kilowatt Hours

Kilowatts

ac

Table 4.37 — Expected ac wattage savings with Optised Production

lay-ratios/lay-lengths

at a load current of 750A (For 1 year)

Expected Energysavings for
1 year (365 Days) in kWh

Time
(This is the time
over which the
energy is used or|
delivered)

Expected energy savings as we
calculated in Table 4.34 in kW

LS

365

| 208.8 .
Kilowatts

1829000 .
Kilowatt Hours

Days

Table 4.38 — Expected ac wattage savings with Optised Production

lay-ratios/lay-lengths

at a load current of 875A (For 1 year)
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4.3 Summary of Key Findings

The discussions as presented in section 4.2,nmstef the lay-lengths and lay-ratios, are
summarized in Table 4.39 below.

KEY :
s — Steel, LL — Lay-ratio
al — First Aluminium layer, D — Oudr diameter
a2 — Second Aluminium layer, LR — Layatio

a3 — Third Aluminium layer,
|

Outer
Lay-length Diameter Lay-
(mm) (mm) Ratio

A. Tern Conductor (Current/Original)

(Applied to Computer simulation scenarios 1 & 2)
LLs 110.97 Ds 6.75 LRY 16.44
LLal 182.93 Dal 13.51 LRajl 13.54
LLa2 240.20 Da3 20.27 LRaIZ 11.85
LLa3 290.30] Da4 27.03] LR 1074

B. Optimised Tern

Conductor (Initial Software Simulation)

(Applied to Computer simulation scenarios 3 & 4)
LLs 110.97 Ds 6.75 LRS 16.44
LLal 216.16 Dal 13.51] LRajl 16.00
LLa2 202.70 Da3 20.27 LRaIZ 10.00
tta3 | 27030] Da4 27.03] LrRap 10.00
C. Optimised Tern Conductor (Post Production Constthtion)
(Applied to Computer simulation scenarios 5 & 6)
LLs 110.97 Ds 6.75 LRS 16.44
LLal 206.00 Dal 13.51] LRal 15.25
LLa2 206.00 Da3 20271 LRap 10.16
LLa3 271.00 Da4 27.03 LRalB 10.03

Table 4.39 — Lay-lengths/Lay-ratios:

(Current TERN conductor lay-ratios,
Optimised TERN Conductor lay-ratios [Initial Simul ation],

Optimised TERN Conductor lay-ratios [Simulation pog Production consultation])
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The preceding tables 4.15 — 4.32 and their asgacfataphs 4.1 - 4.18 all showed
decreasing trends for each of the key output pass&or grouped scenarios 1, 3, 5 and 2,
4, 6) reflected in Table 4(Le. Magnetic Induction [Bm], Magnetic field strergth[H], ac-
dc ratio [kred], Magnetic resistance AR ], ac resistance [Rac], Magnetic losses
[Pmagnetic] and ac losses [Itot? Rag]with the exception of thdc resistance (Rconpand
the associatedc resistance loss component (Itot2 Rcomyhich both showed an increasing
trends.

The proposed set of Optimised lay-lengths (layesgtfor the TERN conductor

sample is therefore that of the ‘Optimised Produrctay-lengthswhich is summarised and

presented in Table 4.39 part C. The proceedingysisalk based on the selection of this
optimized set of lay-lengths for the 3 layers afmalnium wires of the TERN ACSR
conductor sample (the detailed computer simulationthis selection of optimised
lay-lengths, at load currents of 750 and 875 A Haen shown previously for scenarios 5 &

6, the detailed results of which are reflected abl€s 4.13 and 4.14 respectively).

The key parameters that impacted /influenced tfeztfe ac resistance were found to
be that of hysteresis & eddy current power lossekstiae redistribution of the layer currents
for the TERN ACSR conductor sample, when the laygls of its aluminium layers were
varied. TheMagnetic Induction [Bm] in the steel core showed a reduction of 35.5 6436.
% and theMagnetic field strength [H] show a reduction of 18.66 — 18.68 %.

As a result of the reduction in the effective mdgnieduction in the steel core, the
ac-dc resistance ratio [kred]showed a reduction of 0.69 to 0.98 % and the &mt@ower
losses [Itot?2 Racjwere reduced by 0.27 — 0.52 %, as the load cuwastvaried. It was also
found that thec resistance [Racpf the TERN ACSR conductor sample could be reduced
0.27 — 0.52 %, synonymous with that of the redutiooted in the ac power losses.

Therefore the addition of the conductor dc resitawalue to the component
resistances produced by the current redistribugiod magnetic hysterisis & eddy current
power losses, form the total effective ac conduegsistance. This is contrary to standard

practice where assumption is made that the condactand dc resistance values are equal.
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With the ac-dc resistance ratio ranging from 1.806007 (i.e. the ac resistance is 0.5
— 0.7% greater than the dc resistance), it is etittet the magnetic core losses accounts for
0.2 — 0.25% of the increase in the ac resistankeee\and the current redistribution accounts
for the remaining 0.3 — 0.43% of the increase m dlo-resistance value, based on the load
current (i.e. 750A or 875A).

Based on a 100 (hundred) kilometer twin-circuihgmission line, with a single
conductor being used per phase, the reductionsvireiploss would amount to
approximately 704 300 kWhs — 1 829 000 kWhs ovemayear period, based on the load
current at a constant core temperature of 75 degmeleius (Refer to tables 4.37 and 4.38). If
the assumption of R1.55 is used as the cost/kVéhexpected savings would amount to R1,
091,665.00 — R2, 834,950.00 per year. If theseegalere to be extrapolated to reflect the
possible savings that could be achieved over tb@kipectancy (+/- 50 years) of overhead
transmission lines, then the savings in termsedtatal losses becomes hugely

considerable.

The findings described above therefore confirmediypothesis of this research

study as well as effectively satisfied the objeesiwof this research study.
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5. CONCLUSION AND RECOMMENDATIONS

5.1 Introduction

The primary objective of this research study waseal at investigating the technique
of optimising ACSR conductor lay-lengths to redetectrical losses experienced by ACSR
conductors, in order to optimise the electricafganance characteristics of bare ACSR

conductors, in overhead line applications.

The hypothesis in carrying out this study was: Vaeation of stranding lay-lengths
(i.e. pitch) will result in optimised service optoa of multi-layered ACSR overhead-line
conductors (Aluminium Conductor Steel Reinforcedjough reduced power losses, in
comparison to that, which would otherwise be exgrared with the use of current
conventional ACSR conductor lay-length constructidesigns.

The specific outcomes of this research study wedetermine whether the effective
ac resistance, ac-dc resistance ratio and ac dosssas of overhead ACSR conductors could
be reduced by varying the lay ratios or lay lengtiishe non-ferrous/metallic layers of
aluminium wires that make up the ACSR conductor.

In order to determine and test the specific outcaidhis research study
(i.e. evaluation of effective ac resistance, acedistance ratio and ac power losses of
overhead ACSR conductors), a suitable researclamalysis tool needed to be
identified/developed. Having identified that there several variables (i.e. the ferro-
magnetic properties of the steel core, the physigastruction of the conductor, the
conductor operating/core temperature, the loaceatiand the electrical system frequency)
that interact simultaneously with lay-length vaoas to alter the effective ac resistance of
the conductor, it was decided that the most effeatesearch tool would be to develop a
computer simulation program to perform and compleoutputs of these complex

interactions.

Through in-depth literature review it was identifighat the most suitable theoretical
model on which to base and develop the computearlairon model, bearing in mind the
primary research objectives, was Hectromagnetic Modelas presented by Morgan and
Price [6] and Barrett, Nigol, Fehervari & Findlag] [
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The selected theoretical model [7]

was then used as a basis to develop the compuiterase simulation program, using
MATCAD 13 ® as the programming software. Seveodlvgare simulation exercises were
performed for a set of varied scenarios (describliylin Chapter 4). Using the developed
software simulation program, a proposed set ofwipéd lay-lengths (lay-ratios) for the
identified ACSR conductor research sample, wasldped. The scenarios for which each of
the computer simulations were performed, simulatedt one could expect primarily in
terms of electrical losses as a result of effeciveesistance variations, by changing or
varying the lay ratios or lay lengths, of the nenrdbus/metallic layers of aluminium wires
that make up the ACSR conductor. At the same timéehaviour of other critical
parameters (i.e. magnetic induction, magnetic fitedngth and current re-distribution
factors [i.e. ac-dc resistance ratio]) were noted assessed for both cases of current lay-

lengths versus optimised lay-lengths, for the ifiet ACSR conductor research sample.

5.2 Research Conclusions

The key parameters that impacted /influenced tfeetfe ac resistance were found to
be that of hysteresis & eddy current power losselstiae redistribution of the layer currents
for the TERN ACSR conductor sample, when the layglls of its aluminium layers were
varied. TheMagnetic Induction [Bm] in the steel core showed a reduction of 35.5 646.
% and theMagnetic field strength [H] show a reduction of 18.66 — 18.68 %.

As a result of the reduction in the effective magnieduction in the steel core, the
ac-dc resistance ratio [kred]showed a reduction of 0.69 to 0.98 % and the &mt@ower
losses [Itot2 Racwere reduced by 0.27 — 0.52 %, as the load cuwastvaried. It was also
found that theac resistance [Racpf the TERN ACSR conductor sample could be reduced

0.27 — 0.52 %, synonymous with that of the redudtiooted in the ac power losses.

Therefore the addition of the conductor dc resitawalue to the component
resistances produced by the current redistribugiod magnetic hysterisis & eddy current
power losses, form the total effective ac conduegsistance. This is contrary to standard

practice where assumption is made that the condactand dc resistance values are equal.
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With the ac-dc resistance ratio ranging from 1.805007 (i.e. the ac resistance is 0.5
— 0.7% greater than the dc resistance), it is etittet the magnetic core losses accounts for
0.2 — 0.25% of the increase in the ac resistanitee\and the current redistribution accounts
for the remaining 0.3 — 0.43% of the increase m dlo-resistance value, based on the load
current (i.e. 750A or 875A).

5.3 Recommendations for Future and Further Research

Using the developed a software simulation progricenthe research tool) that defines
and computes the interactions between lay-lenghly-atio) variations and its impact on ac
resistance for multi-layered ACSR conductors, aneow able to quite accurately predict

the expected electrical power losses based omthkdffective resistance of the conductor.

Having developed a proposal that specifies optlmalengths, for the TERN ACSR
conductor sample, based on computer simulatioec@mmendation for further research
would be to actually manufacture the TERN ACSR emtaol using these ‘Optimised
Production lay-lengths’, as presented in this nesestudy. In this regard, and based on the
research findings contained in this research reparerdare Cables Pty Ltd. has already
initiated a development project which will be ainedrial production/manufacturing runs
and testing of the TERN ACSR conductor sampldsgutie proposed set of ‘Optimised
Production lay-lengthqRefer to Appendix C — PACE Project number: 00412)The aim
of this process would be to validate the projecieuilated savings in terms of electrical

losses and reduction in ac resistance.

With successful validation results, it is furthecommended that the lay-lengths of all
other ACSR conductors manufactured by Aberdare&3aPty. Ltd. be evaluated for
possible optimisation, with the use of the devetbpeftware simulation program. The
factory trial and testing processes should theappdied to each ACSR conductor identified

for lay-length optimisation, as will be appliedttee TERN conductor research sample.
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5.4 Conclusion

The results and findings produced by this reseataldy show that the magnetic
induction produced by the steel core in ACSR (Aloionin conductor, steel reinforced)
conductors cause in increase in the ac power lpassseciated ac-dc resistance ratio and the
effective ac resistance of the conductor, whilg gdonductor is energised during normal
operation. More specifically, the key parameteet tause this increase in the effective ac
resistance of the conductor, as a result of thenetaginduction produced by the steel core,
are those of hysterisis and eddy current powerk#s the steel core and an added power
loss caused by the non-uniform redistribution ofent in the layers of aluminum wires, due
to the ‘transformer effect’. Therefore the additiminthe conductor dc resistance value to the
component resistances produced by the currentiriédison and magnetic hysterisis & eddy
current power losses, form the total effective anductor resistance. This is contrary to
standard practice where assumption is made thatdhductor ac and dc resistance values

are equal.

The factors which influence the magnetic inductioolude amongst others; the ferro-
magnetic properties of the steel core, the physgmaistruction of the conductor, the
conductor operating/core temperature, the loadeatirand the electrical system frequency.
A computer simulation program was developed to wate the effective ac resistance of
multi-layer ACSR conductors and was largely basedietermining the impact of varying
these key factors, by evaluating its effect ongbeesistance of the conductor. It was found
through manipulation of these factors that theltetfective ac resistance of the conductor
could be reduced and significantly so with highled currents. The conductor sample used
in this research study is commonly known as TERNSRCGconductor in the South African
market and it was shown that with practical charigéay ratios or lay lengths, one is able to

reduce the total effective ac resistance of thelgotor and associated power losses.
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APPENDIX A

Drawing of TERN ACSR conductor
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MATE: WIFE DIMEMSICHMS ARPE SUBJECT TO A L TOLEFAHCE.
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Izzue Date: 20BE-B1-132
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Unless otherwise stated all Dimensions are Nominal and are Subject to Manufacturing Tolerances.
Aberdarereserves the right to make changes to this data as and when required.




67

APPENDIX B
Code Name TERN CONDUCTOR
Specification IEC61089 acllals
Stranding and Wire Diameters 45/3.38+7/2.25 No. AL/No. St/mm
Diameter over Steel 6.75 mm
Overall Diameter 27.03 mm
Strand Build-up 1St-6St—9AI-15Al-21Al
Type of Grease Ungreased
Grease Drop Point n/a °C
Aluminium Area 403:77 mm?
Steel Area 27.83 mm2
Total Area 431.60 mm2
Aluminium Mass 111491 kg/km
Steel Mass 220.04 kg/km
Grease Mass N/A kg/km
Total Mass 1334.95 kg/km
DC Resistance at 20°C 0.07154 ohm/km
Ultimate Tensile Strength 98710 Newtons
Breaking Load 10065 kg
Coefficient of Linear Expansion 21.22 per °C *1¢°
Initial Modulus of Elasticity 42900 N/mm?2
Final Modulus of Elasticity 66600 N/mm?2
Current Rating ( as per Operating Conditions statedbelow ) 875 A
Short Circuit Rating ( Temp rise from 75 to 200°C) 34.28 kA for 1 Second
Conductor - Black and Exposed to Sun OPERATING CONDITIONS
Operating Temperature 75 °C
Ambient Temperature 25 °C
Wind Speed 0.44 m/s
Solar Radiation 0.089 W/cm?

DRUM DETAILS

Offered Length 4000 m
Diameter over Flange Battens 2476 mm
Overall Drum Width 1252 mm
Gross Mass 6025 kg
Drum Material WOOD
Treated (i.e. Resistant against Biological attack NO

Unless otherwise stated all Dimensions are Nominal and are Subject to Manufacturing Tolerances.
Aberdarereserves the right to make changes to this data as and when required.
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APPENDIX C

PACE DEVELOPMENT PROJECT
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APPENDIX D

MACHINE GEARING RATIO CHART
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