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Abstract
As part of extensive activities on the reduction of CO, emissions, a rapid expansion of
power generation using new more fuel efficient technologies (large, medium and
embedded scale with combined heat and power (CHP) projects) and renewable energy
(wind, biomass, solar PV) is currently taking place in numerous European countries,
including the UK. The research presented in this thesis is a part of a UK government
funded project, which aims to find answers to how to accommodate increased renewable
energy into the distribution network. Current ratings, which are limited by the
temperature of the conductors used in the distribution network, are based on worst case
scenario conditions and are conservative. The temperature limits can be lifted if one
takes into consideration the dynamic changes in the surrounding environmental
conditions of the conductors. Implementation of real-time thermal rating of existing
power systems could result in greater installed capacities of distributed generation (DG).
This research aims to provide new insights into the thermal state of overhead line
conductors (OHL) and underground cables (UGC) by using Computational Fluent
Dynamic methods. An algorithm consists of building the geometry of the calculation
domain, meshing, choosing a model, inputting initial conditions, initiation of the

calculation, and analysing results.

A part of the UK power system was chosen by Scottish Power Energy Networks for
monitoring essential data of OHL conductors in order to validate results of the
temperatures of the conductors.
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NOMENCLATURE

Symbols
A Cross-sectional area of conductor, mm?
A’ Projected area of conductor (square feet per linear foot)
A Constant
A> Constant
a Conductor cross-sectional area, m”
B Constant
B; Constant
B, Constant
C Specific heat of soil, J/kg K
C Capacitance per unit length, F/m
G Heat capacity, J/kg K
Cp Specific heat at constant pressure
Cy Specific heat at constant volume
c Volumetric thermal capacity of the material, J/m’K
Cui Constants
Cy2 Constants
Cus Constants
d Diameter of conductor, m
d Diameter of a wire, m
do .
T Temperature gradient, K/m
D External diameter of an OHL conductor, in
D Sag, m
D Diameter of circumscribing circle, m
D Density of soil, kg/m’
E Energy, J
e Internal energy, J



F External body forces

f Frequency, H

for Viscous damping function

G, Production of turbulent viscosity in the near-wall region

Gravity constant, m/s’

g Thermal resistivity of soil, °C-m/W

Gr Grashof number

H Height of the roughness elements, m

(H/D) Surface roughness

he Convective heat transfer coefficient, W/m*K
H, Altitude of sun, degrees

1 Current, A

1 Unit tensor

1 Current in the conductor, A

1 Conductor AC current, A

1 Conductor DC current, A

Iy Final current, A

Iy Final current, A

I; Initial current, A

I; Initial current, A

k Conductivity, J/(kg K)

k Kinetic energy of turbulence, J

k Von Karman constant

ki Coefticient, which takes into account skin effects
K;, K, Coefficients

K ungie Cooling term factor

ky Thermal conductivity of air, W/(m-K)

ky Thermal conductivity of air at temperature 7y, W/(ft-°C)

Physical length of the conductor, m

Latent heat of evaporation of water, J/mol

M Mass, kg
M Mass of conductor per unit length, kg/m
mj Constant
m; Constant

vi



Nu
Nucor
p

p
P(s), O(s)

Q sol
Os

Gas/fluid molecular weight

Number of load-carrying conductors in the cable (conductors of
equal size and carrying the same load)

Number of loops in the network

Constant

Nusselt number

Corrected Nusselt number

Factor for apportioning the thermal capacitance of a dielectric
Pressure, Pa

Polynomials

Convection heat loss, per unit length per unit time, W/m
Ionization heat gain, per unit length per unit time, W/m
Time constant, s!

Joule heat gain, per unit length per unit time, W/m
Production of turbulence, J /m’

Ferromagnetic heat gain, per unit length per unit time, W/m
Radiation heat loss, per unit length per unit time, W/m
Prandtl number

Solar heat gain, per unit length per unit time, W/m

Total heat input, W/m

Reynolds stresses, Pa

Reynolds stresses, Pa

Reynolds stresses, Pa

Reynolds stresses, Pa

Reynolds stresses, Pa

Reynolds stresses, Pa

Temperature rise at node 7 at time ¢, °C

Thermal capacitance of conductor

Total thermal capacitance of dielectric per conductor
Thermal capacitance of outer covering

Ratio of losses in conductor and sheath to losses in conductor
Solar energy incident, W /m *

Total solar and sky radiated heat flux, W/ft’

Heat flux, W/m?

vil



qc
qr
qs

R(T,)
Rac
Rdc

S heat source

Sh
As

Iy

T,

T

T

Ty

Convective heat loss, W/ft

Radiated heat loss, W/m

Heat gain from the sun, W/m

Resistance, Q/m

Specific gas constant

AC resistance of the copper conductor, 0/m

AC resistance per linear foot of conductor at 7, Q/ft .

AC resistance per unit length

DC resistance per unit length

Reynolds number

Roughness of conductor

Universal gas constant

Scalar measure of the deformation tensor

Global solar radiation

Span length, m

Source terms, W/m®

Heat of chemical reaction or volumetric heat sources
Displacement vector from the upstream cell centroid to the face
centroid

Temperature, K

Time, s

Time from the beginning of the step, s

Total thermal resistance of dielectric per conductor

Thermal resistance per unit length between one conductor and the
sheath, K-m/W

Thermal resistance per unit length of the bedding between sheath
and armour (K-m/W);

Thermal resistance per unit length of the external serving of the
cable (K-m/W);

Thermal resistance per unit length between the cable surface and

the surrounding medium;

viil



T Thermal resistance of outer covering

T, Ambient temperature, K

T, Ambient temperature, °C

Tu Conductor mean temperature, °C

T, Conductor temperature, °C

T4 Tp Tc Elements of equivalent thermal circuit

Ty Film temperature, K

T; Initial temperature of the conductor, K

T Coefficient, °Cm/W

T, Temperature on the surface of the OHL conductor, K

Uy Voltage to earth, V

u, v, Gas velocity components along x, y and z-axis, respectively, m/s
v, Velocity of air stream, ft/h

v Wind velocity, m/s
v Transported variable

W ot Rate of energy entering the cable, W/m

Wous Rate at which energy is dissipated by conduction, convection, and

radiation, W/m

Wins Rate of heat generated internally in the cable, W/m

AWy, Rate of change of energy stored within the cable, W/m

W, Conductor losses including skin and proximity effects, W/m

Wa Dielectric loss per unit length, W/m

Wi Total loss per unit length of each cable in the group, W/m

Xvwa Mole fraction of water in air in the atmosphere

Xovs Mole fraction of water in air in the atmosphere at the free surface

of the water film

Y Heights above sea level, m

Y Correction factors for the skin effect

Y, Correction factors for the proximity effect

Y, Destruction of turbulent viscosity in the near-wall region
VA factor, which allows for cable stranding and for the lay,

Z =0.03 for single core cables with cross-sectional area equal to or

less than 500mm?®, and 0.04 for larger cables

X



N

Azimuth of sun, degrees

Z; Azimuth of line, degrees

Greek symbols

a Thermal diffusivity of soil, m*/s

a Temperature coefficient of resistance per degree K
ds Absorptivity of conductor surface

a; Velocity of sound, m/s

p Thermal expansion coefficient

o Angle of attack

) The dielectric loss angle

0 Thermal diffusivity of soil, m*/s

Ojj Kronecker delta

& Emission coefficient

€ Relative permittivity of the insulation

& Permittivity of free space
Mean component

Fluctuating component

A Y

Thermal conductivity, W/(m-K)

A Thermal conductivity of air, W/(m-K)

A7 Ratio of losses in the metal sheath to total losses in all conductors
in the cable

A2 Ratio of losses in the armouring to total losses in all conductors in
the cable

Y7, Molecular viscosity, Pa-s

M, Turbulent viscosity, Pa-s

Hy Absolute viscosity of air, 1b/ft-h
Kinematic viscosity, m%/s
Effective angle of incidence of the sun’s rays (degrees)

O; max Maximum operating temperature, °C

Os Absolute temperature on the surface of the cable, K

Oumb Ambient temperature, K

Pr Density of air, Ib/m’



p Density, kg/m’

p Thermal resistivity, K-m/W

p Resistance, O/m

p Resistivity, Q'm

p Thermal resistivity of soil, Km-/W

Po Air density at sea level, kg/m’

Po Resistivity of conductor metal at 20 °C, Q- m
Pr Density of air, Ib/m’

oB Stefan Boltzmann constant, o, =5.67-10* W/m*-K*
Gk Constant

T Thermal time constant of the conductor, s

T Stress tensor

(‘rij )e// Deviatoric tensor

Tl Ty Shear stress, Pa

7,77, Shear stress, Pa

T,T,,T., Shear stress, Pa
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Acronyms

AAAC
AAC
AACSR
AASC
AC
ACAR
ACSR
AWS
BCC
CFD
CHP
CIGRE

CPU
DC
DES
DG
DIUS
DNOs
DNS
ENA
EPR
FANS
FD
FDM
FEA
FEM
FVM
HSM
IEC
IEEE
LES

All Aluminium Alloy Conductors

All = Aluminium Conductors

Aluminium Alloy Conductors Steel Reinforced
Aluminium Alloy Stranded Conductor
Alternating Current

Aluminium Conductor Alloy Reinforced
Aluminium Conductor Steel Reinforced
Automatic Weather Station

Bare Copper Conductors

Computational Fluid Dynamics

Combined Heat and Power

International Council on Large Electric Systems (Conseil International
des Grands Reseaux Electriques)

Central Processing Unit

Direct Current

Detached Eddy Simulation

Distributed Generation

Department for Innovation, Universities and Skills
Distribution Network Operators

Direct Numerical Simulation

Energy Networks Association

Ethylene Propylene Rubber Insulation
Favre-Averaged Navier-Stokes

Finite Difference

Finite Differences Method

Finite Element Analysis

Finite Element Method

Finite Volume Method

Hybrid Sag Method

International Electrotechnical Commission
The Institute of Electrical and Electronics Engineers
Large Eddy Simulation

xii



MDPE
MIND
N-S
NSM
OHL
PILC
PV
PVC
RANS
RMSE
RNG
RSM
SAW
SOuU
SPEN
T&D
TRXLPE
UDFs
UuGC
WASP
XLPE
2-D
3-D

Medium Density Polyethylene
Mass Impregnated Non Draining
Navier-Stokes (equations)
Numerical Sag Method
Overhead Lines

Paper Insulation Lead Covered
Photo-Voltaic

Polyvinyl Chloride

Reynolds Averaged Navier-Stokes
Root Mean Square Error
Renormalization-group

Stress Transport Model

Surface Acoustic Wave

Second Order Upwinding
Scottish Power Energy Networks
Transmission and Distribution
Tree Retardent XLPE
User-Defined Functions
Underground Cables

Wind Atlas Analysis and Application Program
Crosslinked Polyethylene

2 dimensional

3 dimensional
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CHAPTER 1

INTRODUCTION

As part of extensive activities to reduce CO; emissions, a rapid expansion of power
generation using new more fuel efficient technologies (large, medium and embedded
scale, combined heat and power (CHP) projects) and renewable energy (wind,
biomass, solar PV) is currently taking place in numerous European countries

including the UK.

The growth of renewable power generation can result in some cases in significant
increases in the power flow requirements placed on transmission and distribution
(T&D) networks. An attribute of current distribution networks are their
predominantly passive nature, which can be explained by historical reasons in [1, 2].
Ilic suggested in [1] that “instead of over-designing capacity, much could be gained
by using the right resources at the right time and in the right place within the
network”, and *“one needs a careful balance between operating the system very close
to its limits and maintaining the right amount of reserve capacity”. Therefore,
operating closer to the system’s reliability limits allows reducing “cost of meeting

customers’ needs”. For that reason improved knowledge of the temperature



distribution within conductors and of the speed at which the temperature changes
will allow effective management of electrical networks. Historically the most
important motivation for utilities has been to use proven technologies to meet an
estimated demand, assuming the worst case environmental conditions for maximum
load, so resulting in conservative ratings. Therefore the validity of the standards
which were based on such assumptions is a subject of study for many researchers

[3-7].

Strbac in [7] shows that the future development of power systems requires major
changes to the overall design philosophy. The structure of the present electricity
transmission and distribution networks was designed and particularly adapted for
transmission and distribution of large amounts of power and assures electrical
system reliability. The impact of the growth of distributed generation (DG) into
distribution networks requires significant changes in the development of electricity
systems in order to fully integrate DG and to share the responsibility for delivery of

system support services (e.g. load, frequency and voltage regulation).

1.1 Background

Distribution network operators (DNOs) - the companies licensed to distribute
electricity in the UK - face a number of challenges, not least those due to load
growth, distributed generation growth and the problem of environmental opposition
to building new infrastructure. Therefore, it has become very important to try to
increase the utilisation of existing power system infrastructure in a safe and cost
effective manner. This research supports this aim by investigating the heat transfer

mechanisms associated with overhead lines (OHL) and underground cables (UGC).



This research forms part of a Department for Innovation, Universities and Skills
(DIUS) project which seeks to evaluate a prototype Distributed Generation (DG)
output controller, which will make use of dynamic thermal ratings derived from

component power system models and relevant meteorological data.

Large power transfer benefits can be achieved by a small increase in ampacity. As a
result, many utilities are considering operating their overhead conductors at

utilisation levels that would have been thought unrealistic a few years ago.

In the majority of cases the components of the DN operate in very complex steady or
unsteady conditions, which make it difficult to use simplified heat transfer

correlations obtained for simple cases to predict the thermal state of the components.

1.2 Research objectives

The research described in this thesis aims to provide new insights into the thermal
state, not only of single OHL conductors but also of complex systems, such as a
group of UGC, for which it is difficult to obtain experimental data. This information
could be employed by electrical network companies in their activities regarding the
evaluation of existing operating methods and quantification of the scope in ampacity

that could be exploited.

Modern OHL conductors can successfully operate at temperatures that exceed
100 °C. The higher levels of current create increased electrical losses due to
resistance to the flow of current, which results in decreasing ground clearances.

Additionally, overhead lines are quite often exposed to solar radiation, which also



increases the temperature of the line. Heat from the conductors is dissipated by the
circulation of air surrounding the lines (free convection and wind) and also by the re-
radiation mechanism. At these high load conditions monitoring and the prediction of
the thermal state of components in the electrical distribution network becomes of
paramount importance for the safe operation of the network and the reliable supply

of electricity to consumers.

The serious consequence of the excessive temperature levels in overhead lines is the
resulting increasing sag due to the ability of the conductor material to expand during
heating; as a result the power lines elongate and sag. For underground cables high

temperatures may cause the destruction or degradations of the insulation layers.

Numerical simulations of heat transfer processes could be an attractive alternative to
experimental investigations, which are usually costly and time consuming.
Numerical derivation of the series of refined heat transfer correlations for accurate
estimation of the thermal state of the main components of the electrical distribution
network will be the main and novel contribution to academic and industrial

knowledge in the field arising from this research.

The main research objectives of this Doctoral Thesis are:

e To investigate heat transfer processes using 2 and 3 dimensional (2-D and
3-D) CFD models of an overhead line conductor and 2-D model of an
underground cable for steady-state and transient conductor temperature;

e To identify the potential for increasing the ampacity of existing overhead

lines and underground cables.



In order to achieve this goal the following problems must be solved:
e To analyse steady-state heat transfer processes analytically;
e To calculate steady-state / transient heating of electrical conductors
characteristics using 2-D and 3-D CFD models.
e To validate the obtained results by using available experimental data and

existing standards based on lumped parameter models.

1.3 Thesis structure

The thesis is structured in the following way:

Chapter 2: Literature review

This chapter summarises the key points of existing practice used by DNOs for
estimation of the thermal state of major components of the distribution network, and
also presents results of the critical analysis of published theoretical and experimental
investigations in the field. The critical analysis of the existing methods and published
results was performed to recognise limitations in the existing practice and identify
ways to improve accuracy in the determination of the thermal state of electrical

components which operate under both steady and transient conditions.

Chapter 3: Lumped parameter modelling

This chapter describes the theoretical background of mathematical modelling using
IEEE and CIGRE methods for the determination of the thermal state of OHL
conductors in steady-state and transient modes of operation. The above methods are
based on application of the energy balance equation, assuming that the temperature

in conductors is uniformly distributed in its volume. The section also presents an



example of the calculation of the thermal state of an OHL conductor using the

CIGRE method.

Chapter 4: Basic theoretical background of numerical methods

This chapter describes a set of governing equations including continuity, momentum
and energy equations, and major numerical methods used for heat transfer
investigations of the components of electrical networks. These equations, along with
appropriate boundary conditions, provide a solution at any point in the flow field. In
the absence of analytical methods, the governing equations are usually solved using
advanced numerical methods, such as Finite Differences Method (FDM), Finite
Element Method (FEM) and Finite Volume Method (FVM). Turbulence modelling
and the choice of the turbulence models in Fluent and associated Solution Procedure

using the Finite Volume Method are described in detail.

Chapter 5: Steady-state thermal behaviour of overhead lines

Most wind farms in the UK are connected to the 33 kV system and there is a
tendency to connect larger wind farms to 132 kV system [1]. The Lynx type
conductor was chosen as a subject of the study because it is commonly used in
distribution networks at these voltage levels. This chapter shows the geometry and
calculation scheme of the Lynx conductor and also presents the conductor
temperature results obtained for cross and parallel wind conditions, including the

impact of meteorological factors and temperature dependent material properties.

Chapter 6: CFD modelling of the transient thermal behaviour of overhead lines

A discussion of the results obtained using CFD models for overhead lines are



presented in this chapter. CFD modelling results were obtained for transient
responses when the current instantaneously increases from 433 A, which is a typical
current rating for Lynx conductors, to 866 A. Additionally, three intermediate cases,
when the final current increased was 25%, 50% and 75% greater than the initial
current, were investigated. Four more cases were modelled when the current
instantaneously decreased by 25%, 50%, 75% and 100%. A 3-D model was used to
simulate the transient response for parallel wind conditions when the current changes
from 433 A to 866 A. Results for the transient response at cross wind and parallel

wind conditions are compared.

Chapter 7: Validation - comparison with industrial standards and experimental data
from Scottish Power

This chapter describes investigations into the possibility of increasing the thermal
rating of OHL conductors in distribution networks. Three published papers also
support a statement that the ratings, which are used in industrial standards, are static
and conservative and can be safely increased if the cooling effect of the wind could
be adequately taken into consideration. The dynamic nature of the temperature of
the conductor can be modelled using the CFD technique taking into consideration a
number of changes in weather conditions and also in properties of the conductor. The
input data files with wind velocity and current profiles are created with a 30-second
time step and incorporated into a subroutine which in turn was integrated with the

CFD solver.

Chapter 8: Modelling of the steady thermal state of underground cables

The objectives of investigations carried out in this chapter were to obtain numerical



results regarding the thermal state of the single 33 kV copper conductor cable buried
in the soil in different configurations, taking into account the physical properties of
the soil for a range of values of moisture content for summer and winter conditions.
In this chapter a CFD model of the cable, consisting of a calculation scheme of the
cable and the surrounding soil, and taking into account heat losses, is described. The
results on the temperature obtained using the CFD technique are compared with the
maximum temperatures recommended in corresponding industrial standards.
Additionally, the effect of the wind just above the ground level on the temperature of
the cables buried in soil is investigated in order to explore the possibility of

increasing the load on underground cables.

Chapter 9: Modelling of the transient thermal state of an underground cable

In this chapter 2-D unsteady CFD simulations of the thermal state of a copper
underground power cable are carried out for several cases when the magnitude of the
electrical current passing through the conductor instantaneously changes from 470 to

940 A.

Chapter 10: Conclusions and Suggestions for further work

The objective of this thesis was to explore the thermal limits of OHLs and UGCs,
which are the main cause of restriction of transferred electrical power. This chapter
draws conclusions regarding the scope for transmitting additional power which could
be exploited if the meteorological factors, such as the wind velocity, are taken into
consideration in analysing the process of heat transfer around OHL and UGC
conductors. Finally, a number of suggestions are proposed for further investigations

in this field.



CHAPTER 2

LITERATURE REVIEW

Most of new generation technologies are embedded into electrical distribution network
and this leads to a significant rise of transferred energy. Upgrading and erecting new
lines is often costly for network operators and, consequently, there is pressing a
necessity to operate transmission and distribution lines at higher currents and, as a

result, at higher temperatures.

Accuracy of methods for the estimation of the thermal state of conductors is crucial,
particularly in situations when the network is exploited under high load conditions. The
existing monitoring methods require human presence in the vicinity of the line, together

with transportation facilities during undertaking readings.

The main detection techniques based on physical measurements are: the ultrasonic
detection method, the measurement of the corona pulse current inconsistency, using the
partial discharge detector, the infrared inspection of overhead transmission lines, the

radio noise detection, the solar-blind power line inspection, the corona current



monitoring in high voltage power lines, the fibre optic application for transmission line
inspections, audible noise metering, etc [8]. Bernauer reported in [9] that the Surface
Acoustic Wave (SAW) sensor technology could be used successfully for continuous
monitoring of the temperature of transmission line conductors. The key element of this
technology is implementing a radio link between sensors and the measuring unit. In
spite of the fact that all these monitoring techniques have developed rapidly, as
Douglass mentioned in [10] “optical, ultrasonic, radar and laser-based sag measurement
methods have not yet progressed to operational use”. Real-time rating methods, based
on either tension or sag measurements, provide a basis for estimation of the thermal

state of the conductors.

This chapter consists of three parts. The first part concerning OHL is structured in the
following way: Section 1 provides a description of OHL conductors; Section 2 describes
and compares existing theoretical methods for the estimation of the thermal state of
OHL conductors and their comparisons; Section 3 describes the various models
available to evaluate sag and the loss of strength of the conductor; Section 4 discusses
the impact on temperature of the conductor of forced convection taking into
consideration the quality of the conductor surface; Section 5 focuses on implementation
of numerical methods to study OHL conductors and Section 6 describes air flow around
a cylinder. The second part concerning UGC opens with a description of major world
wide practices of installation of UGC systems, followed in Section 2 by the introduction
of a variety of lumped parameter models of UGC. Then Section 3 shows some examples

of the implementation of numerical methods for the prediction of the thermal state of
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underground cables. The third part of this chapter summarises the key points of the

literature review.

2.1 Theoretical modelling of the thermal state of OHL conductors
Power transmission and distribution networks comprise a number of key elements, such
as towers, insulators and conductors, which must satisfy the requirements in terms of the

electrical, thermal and mechanical strengths.

2.1.1. Description of OHL conductors

Copper can be considered as a reasonable conducting material and therefore initially
transmission lines used stranded copper conductors, but due to economic reasons they
have been replaced by aluminium conductors, although the electrical resistivity of
aluminium is approximately 1.66 times greater than of copper. Bare copper conductors
(BCC), according to British standard (BS) [11], and All — Aluminium conductors
(AAC), according to [12], are available in several specific sizes and can incorporate 7,

19, or 37 wires, see Fig. 2.1.

Fig. 2.1 Cross sections of BCC and AAC conductors
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In order to increase the breaking strength of the aluminium conductor, it is common
practice to use an aluminium conductor with a steel core made of a galvanized steel
wire, and such an arrangement is referred to as the aluminium conductor steel reinforced
(ACSR). The overhead line conductors in the UK have names based on animals and
insects, and in the North America names based on birds and flowers. The nominal
aluminium area, the number of aluminium and steel wires, are indicated in the
description of the conductor. For example, an ACSR cable with 30 aluminum
conductors that requires a core of 7 steel conductors will be identified as 30/7 ACSR

Lynx conductor.

Some of frequently used ACSR conductors are illustrated below in Fig. 2.2.

@ S &

Fig. 2.2 ACSR conductors used in the UK (aluminium is shown unshaded):
a) 6/1 Mink; b) Skunk; c) 30/7 Lynx; d) 54/7 Zebra

ACSR conductors may suffer galvanic corrosion due to the presence of dissimilar metals
(aluminium and steel) under sea or industrial atmospheres. The aluminium strands under

these circumstances may act as the anode of the galvanic cell, being corroded very
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rapidly and promoting the premature failure of the conductor [13]. Penetration of
aqueous corrosives can be avoided by the use of grease within the strands of the

conductor [14].

The manufacturing and testing requirements for all aluminium alloy conductors
(AAAC), aluminium conductor alloy reinforced (ACAR), aluminium alloy stranded
conductor (AASC) and aluminium alloy conductors steel reinforced (AACSR) are

specified in [12].

2.1.2 Existing theoretical methods for estimation of the thermal state of OHL
conductors

There is a realisation that some of the existing theoretical methods used in the industry
for the estimation of the thermal state of conductors are not sufficiently accurate and
restrictive, hence providing conservative predictions. Rating recommendations may also
vary from utility to utility. However, in general, the thermal ratings of overhead line
conductors are normally calculated using IEEE and CIGRE methods [15, 16]. These
methods are based on solving the energy balance equation written for the conductors.
Such mathematical models used to estimate the thermal state of the conductors are also
called lumped-parameter models. The calculation procedures employed in IEEE and
CIGRE methods have some differences, however, the general methodologies are very
similar and ratings calculations are based on the coincident high ambient temperature,
full solar radiation and an effective wind velocity. The value of the latter varies in

different standards - for example, UK Engineering Recommendations P27 [17] uses the

13



value of 0.5 m/s as a wind velocity value for the calculation of ratings. The
IEEE/CIGRE surveys show that a number of utilities have gradually increased their line
ratings by relaxing some of the rating assumptions. At present a number of utilities

assume an effective wind velocity of 0.91 m/s or even higher [10].

Douglass also stressed in [10] that it is very important to take into consideration the fact
that in highly loaded lines the core temperature of a large conductor may be 10-15°C
higher than its surface temperature and therefore sag calculations should use an

effective average temperature of the cross section instead of the surface temperature.

In [18] Schmidt shows that both standards, namely the IEEE and the CIGRE method,
based on the same heat transfer equation use different approaches to calculate the
thermal rating. Whereas the IEEE standard neglects magnetic core losses, the CIGRE

method includes magnetic core losses and skin effect in the equation.

As a case study the 400 mm?* Drake ACSR is used, and the difference between the two
rating calculations is less than 2%. The CIGRE method assumes that a radial
temperature distribution exists, but does not provide a solution which takes this fact into
consideration, and in the IEEE method it is assumed that the temperature across the

conductor is constant.

The main difference between IEEE and CIGRE methods is that IEEE relies on the use

of tabular data to determine various energy balance terms in the equation, whilst CIGRE
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uses closed form equations to calculate the same terms. The IEEE method is restricted in
application due to the limited environmental situations considered. For most practical
line designs and operational conditions both methods produce similar results. However,
for some less typical applications, such as high wind velocity and/or parallel wind
velocity calculations, there are significant variations in the estimates of the ratings and

the engineers make a decision on which of the above two methods should be used.

2.1.3 The effect of the sag on the thermal limits of the conductor
The sag of the conductor depends on the tension and it is formed due to thermal

expansion of the components due to increase of the temperature (see Fig.2.3).

Tension Tension

Weight

Pole Pole

Fig. 2.3 Formation of sag between two poles

A method to calculate the sag for overhead conductors was developed and tested in [19].
The method, called the hybrid sag method (HSM), is based on modifications to the

numerical sag method (NSM) [20] and combines the graphical load distribution
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extracted from stress—strain curves of overhead conductors. HSM provides bilinear sag—

temperature curves which closely follow the experimental sag performance data.

According to [19] the sag can be evaluated by using the simplified correlation (2-1),
which connects the sag (D), the span length (S) and the physical length of the conductor
L):

3.5-(L-2S)
8

D= @-1)

Fig. 2.4 shows how the sag increases with the temperature for 152.4 m and 274.3 m

span lengths.
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Fig. 2.4 Comparison between NSM and HSM for the Drake conductor with the outer
diameter of 28.14 mm [19]

When ACSR conductors operate at temperatures in excess of approximately 93 °C, the
aluminium starts to anneal. (Annealing is used mostly in metallurgy as a heat treatment

in order to change material properties such as strength and hardness).
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The annealing deteriorates the conductor and it can result in the breaking of the
conductor under high wind or ice conditions. To prevent this from happening, utilities

generally limit the temperatures to 75° C for ACSR conductors [21].

A computer program consisting of a combined real-time ampacity and sag tension
calculations was described in [22]. The program uses information on the conductor
current and weather conditions. It was designed to provide accurate results for all
commonly used overhead conductors for conductor temperatures up to 250 °C. The
accuracy of the program was determined by comparing the predicted real-time sag for
two different ACSR conductors that operated over a five-year period in the outdoor test

span.

2.1.4 Impact of various meteorological parameters on the temperature of the
conductor

In [23] Smolleck et al. analysed the influence of various meteorological parameters on
the thermal rating of the ACSR, based on the heat equations from the standard IEEE
738-1993, and discussed how this information could be used by utility industry

personnel to estimate the impact of various factors.

The current carrying capacity of the overhead line is greatly influenced by cooling of the
conductor due to the forced convection. The losses due to radiation and evaporation are
considerably lower at the ambient temperature. An extended version of the energy

balance equation to determine the correlation between the current of the conductor and
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its temperature for the steady-state was presented by Morgan [24]. In this work the heat
gains (per unit length per unit time) due to Joule, ferromagnetic, solar and ionization
(corona) heating are balanced by the heat losses by convection, radiation and
evaporation. Joule heating was calculated as a function of the current, the ambient
temperature and the resistance of the conductor, depending on the temperature of the
conductor. Solar heating depends on the diameter of the conductor and its position
relative to the horizon, the absorptivity of the surface of the conductor, the intensity of
sunbeam, the solar altitude and on the reflectance of the conductor. Unlike the IEEE
approach when the temperature in the conductor is assumed to be uniform, the radial
temperature distribution proposed in [24] is given by equation 2-2:

P D; D
Tc_Tvz : l_ 2 2 gln_l)’ (2_2)
" 212 D’-D! D,

where T is the temperature of the steel core (°C); Ty is the surface temperature of the
conductor (°C); P, is the total heat input (W/m), and D; and D, are the external and
internal diameters (m), respectively. In [25] Black et al. also investigated how the
ampacity of the conductor depends on the temperature gradient inside of the conductor
by means of isothermal and non isothermal models. The comparison shows that the
isothermal model predicted the ampacity rating sufficiently accurately. The maximum
temperature difference obtained from the above models for the stranded conductor was

less than 10°C at a maximum conductor temperature less than 100°C.

Morgan in [26] discussed in details how different factors influence the thermal rating for
a 596 mm® ACSR conductor. Some of these factors, namely the velocity, direction and
intensity of turbulence of the wind, and the air temperature, are more important than

18



others, such as the altitude of the Sun and the inclination of the conductor. It was also
pointed out that in cases when the absorptivity of the conductor is equal to its emissivity

then the impact of solar radiation on the thermal rating is very small.

2.1.5 Experimental investigations and implementation of numerical methods for
evaluation of the thermal state of the conductor.

Heat losses by convection are calculated using tabular data based on the Nusselt, Prandtl
and Grashof numbers. The Nusselt number (Nu) is used in heat transfer analysis very
frequently. The Nusselt number is referred to as a group of parameters, which contain
the heat transfer coefficient, a characteristic linear dimension and thermal conductivity
of the fluid. It can be expressed as the product of two other groups of parameters,
namely the Prandtl (Pr) number and Reynolds (Re) number, which describe flow, in
another words: Nu = f(Pr, Re). The Prandtl number is usually constant and can be found
in property tables alongside other properties. Typical values for Pr for air and a number
of other gases are 0.7-0.8. The Reynolds number is used to define a character of the
flow, such as laminar or turbulent. The flows with natural convection are described by

the Grashof number.

In [27] results of experimental investigations in a wind tunnel on the effect of the forced
convective cooling on the thermal state of the ACSR410 for wind velocities in the range
from 0.2 m/s to 4 m/s at a current equal to 1340 A were described.

The heat dissipation around the conductor is:

P. = A (T, ~T,)Nu. (2-3)
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The relationship between Nu and Re numbers in general form can be presented as

Nu=BxRe". (2-4)
Using experimental results, the authors refined equations employed for calculations of
the thermal state of the conductor. The surface roughness (H/D) for a stranded conductor
is defined as the roughness ratio and equals

H/D=(d/2)-(D-d), (2-5)
where H is height (m); d is diameter of a wire (m), and D is diameter of circumscribing
circle (m). Thus, in the case of the forced convection with the wind velocity less than 1
m/s the authors found that

Nu =1.566x Re®**  for surface roughness <0.1; (2-6)

Nu =1.325x Re™**  for surface roughness >0.1. (2-7)

A study of the thermal state of a number of roughened cylinders exposed to natural and
forced air convection was conducted in [28] by Morgan using stranded overhead
electrical conductors for the transmission network placed in still air condition in a wind

tunnel. The results show that the heat transfer rate in the still air is the same for both
smooth and roughened cylinders for2-10° <(Gr,Pr)<4-10°. In cases of forced

convection the convective heat transfer is not significantly changed by the roughening of
the surface for 0.042<(H/D)<0.366 provided that the Reynolds number does not

exceed a critical value.

In [29] and [30] Lin investigated heat transfer from a Drake ACSR conductor using

mathematical models, equations of which were solved using the finite difference
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method. In the solution an assumption was made that the radial temperature gradient in
the conductor was constant. The obtained numerical results were verified against

experimental data from a number of indoor and outdoor tests.

In [31] Weedy used the finite difference method to solve equations of the mathematical
model of the thermal state of three conductors widely utilised in the USA. The heat

balance equation used was

I*xR(T.)=q.+4,-q,. 2-8)
where ¢, is convective heat loss (W/m); ¢, is radiated heat loss (W/m); g, is heat gain
from the sun (W/m); I is conductor current (A); R(7T.) is 60 Hz AC resistance at the
temperature 7, (€2/m).

quH‘D‘E'GB'(T4—T4), (2-9)

s a

where D is the external diameter of the conductor ; & is the emission coefficient; op

Stefan Boltzmann constant, o, =5.67-10" W/m?-K*; 7y is the temperature on the surface

of the conductor (K) and 7, is the ambient temperature (K).
q, = A, .qul .D’ (2-10)

where a, is absorptivity of conductor surface and Q 4 is solar energy incident per unit

area (W /m ?), D is the external diameter of the conductor.

For the cases with natural convection
Nu=0.53-(Gr-Pr)**, (2-11)
where Pr =0.71 and

Gr=0.896-10°-(T. - T,). (2-12)
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Since
Nu=h-d/k, (2-13)
then

h=1.29-(TS;T“j. (2-14)

Thus the convective heat transfer can be found as

q,=1297-d°” (T, -T,)'”. (2-15)

If a wind is present, then

Nu = 10—0.7+0.315-1nRe+0,0355-(1nRe)2 . (2-16)

To solve the heat balance equation an iteration procedure was applied in which the
initial value of the conductor temperature was assumed and therefore the current value
was determined and consequently 7 was evaluated. The calculations proceeded until the
changes in temperature were less then 0.1 degrees. The time step of 7 s was used to
solve the transient equations. At every time step a new value of the resistance and also

new values of the convective and radiative losses were used.

In [32] Ilgevicius et al. used the finite volume method to investigate the heat transfer
inside the insulated electrical wire, modelling the wire as a solid body with volume
distributed heat sources. The results of the temperature were presented in the form of
diagrams, which then were approximated using analytical equations with a set of

coefficients applicable only to the specific wire.
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2.1.6 Flow around a circular cylinder

The heat transfer investigations of the thermal state of conductors can be considerably
simplified using results obtained from studying fluid flow around a circular cylinder.
Zdravkovich in [33] states that flow around a cylinder is governed by three transitions:
in-the-near-wake, along the free shear layers and along the boundary layers; each
transition is characterized by several flow regimes, which can be classified according to
the Reynolds number. The accumulated experimental observations have revealed an

enormous variety of regular and irregular flow patterns around circular cylinders.

Wau et al. in [34] used the numerical approach, identified as the spectral element method,
in order to study the unsteady fluid problems around a single cylinder for laminar flows
(at Reynolds number between 7 and 200). Experimentally, the soap-film flow
visualization method has been used to derive the separation angle for the first time to
validate the results. Fig. 2.5 shows the flow around the cylinder when the Reynolds

number is 100.
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Fig. 2.5 The streamlines (the solid lines) and vorticity lines (the dashed lines)
for Re = 100 [34]
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The streamlines are plotted as the solid lines and the constant-vorticity lines are shown
as the dashed lines, revealing an overall view of how the streamlines and vorticity field

are transformed within an entire period of vortex shedding.

2.2 State-of-the-art in the determination of the thermal state of underground cables
2.2.1 Basic cable systems for medium voltage and installation practices.

Cable installation practices in Holland, Canada, Germany, Switzerland, Australia, Japan
and UK are discussed in [35]. The two basic cable systems for medium voltage are
widely used in various countries across the world, which are PILC (paper insulation,

fluid filled, lead covered) and extruded dielectric cable.

The extruded dielectric cables can be divided into
e XLPE (crosslinked polyethylene),
e TRXLPE (tree retardent XLPE),

e EPR (ethylene propylene rubber insulation).

The extruded dielectric cable consists of stranded conductor, conventional conductor
shield, strippable insulation shield, bare copper concentric neutral wires without a

jacket.

In the UK medium voltage PILC, XLPE, TRXLPE and EPR are installed by direct
burial, except in London and for other urban networks where duct banks and some

tunnels are used. Currently the extensive PILC system is being converted to extruded
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dielectric. Mass impregnated non draining cables (MIND) are extensively used in 33 kV
distribution systems and they must sustain a temperature of 90° C. The outer coverings

are made of medium density polyethylene (MDPE) to minimise moisture migration.

In parallel with the increase in installation of three cores designs of XLPE cables, there

also has been a rise in installation of some TRXLPE and EPR single core cables.

2.2.2 The lumped parameter models

Sellers et al. in [36] provide the brief overview of investigations of ampacity of
underground cables starting with the first very simplified models for calculating the
current carrying capacity of underground cables that were created more than 100 years
ago, see Kemelly et al. [37] and Rosh [38]. Since publication of the Neher-McGrath
paper [39], its method has been used as the standard for determining the current-carrying
capacity of underground cable. The mathematical model described in the Neher-
McGrath paper used knowledge about heat transfer available at that time and included
several assumptions. However, more recent developments were incorporated into an
improved version of an underground ampacity (current-carrying capacity in amperes)
model. The goals in the work by Sellers et al. [36] were to “objectively examine several
improvements to the Neher-McGrath model, to incorporate recent heat transfer
correlations, and to remove several assumptions considered in [39]”. The suggested
changes resulted in a more complex ampacity model, which lead to an increase in

ampacity in some cases and a decrease in others.
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When cables are placed in ducts the thermal resistance of the fluid layer that surrounds
the cables must be determined in order to calculate the ampacity. Neher-McGrath’s
paper [39] presents two expressions for the resistance of this layer which are simplified
forms of an earlier expression developed by Buller and Neher in [40]. These expressions
consider all three modes of heat transfer: conduction, convection and radiation between
the surface of the cable and the inside surface of the duct. The total resistance of the

medium can then be determined by adding the resistances in parallel.

The thermal resistance between the cable surface and the inner wall of the duct is only a
function of the outer diameter of the cable, the number of conductors within the duct,
and the thermal properties of the duct which are incorporated into the values for the two
constants. The assumptions used in the derivation of the above equation greatly simplify
its form. However, they also reduce its accuracy and even “can produce erroneous

results”.

Cable thermal ratings are also defined by the backfilling soil properties. According to
[41] and [42], the high temperature increases considerably the risk of backfill drying
out, which subsequently causes damage to the cable. Hartley and Black predicted a two-
stage drying process which occurred in the soil, and described it in their study in [43].
The first stage is “characterized by a decrease in moisture content until a critical value is
reached. In the second stage, the drying occurs more rapidly, eventually leading to a
high thermal resistivity layer surrounding the cable”. The second stage produces a

thermal runaway condition which has been classified as a thermally unstable soil. It was
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highlighted in [43] that the thermal stability of soil was as an important factor governing

the rating of underground power cables.

The authors of [43] described the results obtained using a computer program which
solves the transient form of the conservation equations in radial coordinates. The
program was applied to the soil surrounding the cable in order to predict the local
instantaneous temperature and moisture content. The results of the simulations were
used to predict those soil properties and cable operating conditions which would
produce stable and unstable behaviour. Two separate experimental tests took place in
order to validate the results. The comparison showed, that “the prediction of thermal
instability could be accurately achieved with small diameter heat sources”. Therefore, it

was not necessary to perform simulations on full size cable systems.

In [44] Moya et al. performed an experimental analysis of heat and moisture transfer
around a heated cylinder surrounded by an unsaturated soil, see Fig. 2.6. A goal of this
study was to apply the results of this work to high-voltage electrical power distribution
in urban areas. Experiments were performed for both constant and cyclic heating
ranging from 7 to 79 W/m. The location of thermocouples in the experimental set is
shown in Fig. 2.7. Spatial, as well as temporal, temperature heat flux and moisture
content results were also reported. Fig. 2.8 - 2.10 present some data from experiments.
Computations using a 2-D model were also performed and it was reported that a good
agreement prevailed between numerical and experimental results, although Fig. 2.9

indicates the presence of a significant deviation between numerical and experimental
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data. It was found by the authors of [44], that well-graded soils, such as the one used in
their work, had a great capacity for retaining moisture, which is an important feature if

high thermal conductivities around the heat source are desired.

copper tube electrical heater

A
W

710 mm.
Nylon

AT LLAL)

Nylon

unit in mm

Fig. 2.6 Schematic view of the heat source installed in the container and a detailed

view of the heating cylinder [44]
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Fig. 2.9 Comparisons between numerical and experimental results for the temperature

at different horizontal locations in plane A of Fig. 2.6: the heat flux is 17 W/m [44]
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Fig. 2.10 Conductor temperature as a function of conductor current for a three-

conductor armoured cable [44]
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Anders and Brakelmann reported in [45] a method which obtains accurately the
conductor operating temperature. In some cases when the fitting of the temperature
sensing devices on cables is costly or impossible, “an approximate method of real-time
rating analysis based on the current measurements alone might prove to be very
beneficial”. The calculation of the loss factor as a function of conductor temperature was

also introduced.

In [46] Lu et al. reported an improved model for predicting soil thermal conductivity
from its water content. The thermal conductivity and water content relationship is
required for the quantitative study of heat and water transfer processes in saturated and
unsaturated soils. In [46] the soil thermal conductivity was estimated using soil bulk
density, sand (or quartz) fraction and water content. The suggested model was first
calibrated using measured thermal conductivity from eight different soils. As a first step
in the validation, the predicted thermal conductivity from the calibrated model was
compared with the measured thermal conductivity for four additional soils. Except for
the sand, the root mean square error (RMSE) of the new model ranged from 0.040 to
0.079 W m ' K, considerably less than that reported in other models (0.073-0.203 W
m ' K or (0.100-0.174 W m' K'). The authors of [46] stated that their model
provided accurate approximations of the soil thermal conductivity for a wide range of
soils. The models tested demonstrated sensitivity to the quartz fraction of coarse-

textured soils.
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2.2.3 Implementation of numerical methods for evaluation of the thermal state of
UGC

A computer program described by Black et al. in [47] can be used to calculate the
ampacity of cables in trays surrounded by fire barrier material. Numerical results were
validated using an extensive thermal test program. A fire barrier ampacity correction
factor was defined by comparing the predicted ampacity of cables in fire protected trays
and the ampacity stated in the ICEA/NEMA code for an open, unprotected tray. The
results show “that a current derating in the range of 25 to 60 percent can be expected for
typical fire barrier materials and typical barrier designs”. The results show that when fire
barrier material was used to protect the cables in a tray the thickness of the fire barrier
material had the greatest influence on the ampacity, followed by the thermal resistivity
of the material. The heat generated by the cables was transferred from the cable mass
“predominately by the radiative mode because the convective mode was reduced by the
thin, nearly-stagnant air layers that were trapped by the presence of the fire barrier
material”. This conclusion suggests that one way to minimize the derating effect caused
by the protection system is to select a fire barrier material with a high emissivity and to
eliminate multiple air layers next to the cables in the tray. The ampacity correction
factor is not a function of the conductor size or cable diameter and it is only a weak

function of the cable depth in the tray.

In [48] Chaves et al. presented numerical solutions for the transient natural convection
heat transfer by double diffusion from a heated cylinder buried in a saturated porous

medium. Both the cylinder and the medium surfaces were kept at the constant uniform
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temperature and concentration. Such approach can be applied for buried underground
cables. The governing equations were handled numerically by the control volume

method.

2.2.3.1 Finite Element Method

Quite extensive investigations of underground cables were carried out using the finite
element method. M.S. Al-Saud et al. in [49] presented a new approach to underground
power cable thermal field sensitivities and ampacity computations using a proposed
algorithm of the perturbed finite-element analysis. The modelling allows application of
the range of parameters without repeating the finite element analysis process; therefore,
the results can be obtained very fast. Fig 2.11 shows a system of 132 kV XLPE which

was used as one of the case studies.

0.7 .
l Based Materials
Backfilling
Cable Tiles

oon 132KV XLPE Cables
F€—— Optical Fiber Cable
Pilot Cable

Fig. 2.11 A system of 132 kV XLPE cables [49]
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Fig. 2.12 shows a part of a mesh, which was generated in a soil domain and included

two middle power cables and a pilot cable.
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Fig. 2.12 Portion of the discretized region shows middle and right cables of the 132 kV
cable system [49]

Fig. 2.13 below presents the relationship between maximum temperatures in the cables

for different values of the soil thermal conductivity.
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Fig. 2.13 The effect of variation of the native soil thermal conductivity (132 kV cable
system) [49]
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The technique is applicable to “both the design phase and the operational aspects of
power cables buried in complex media of soil, heat sources and skins and variable
boundary conditions”. The new technique “was tested and verified by the laboratory
experiments and was applied to several practical cable systems yielding important

practical findings”.

Miller in [50] proposed a model which takes into account migration of moisture in the
soil. He conducted experimental tests on the cable in the trefoil formation and compared
numerical results with experimental data. The conclusion made was that more accurate

experimental measurements were needed.

The main conclusion drawn in this work is as follows: “It has been shown through
experimentation with this model that the dominant effect on the estimate of the
temperature of a burial cable is the air temperature, and that wind speed and solar

radiation do not affect the cable temperature greatly.”

Swaffield in [51] also described several models employed for the calculation of
comparative continuous ratings of a directly buried 400 kV cable group. Ratings were
obtained using three methods, namely the standard analytical approach (IEC 60287), a
1-D finite difference (FD) and a 2-D finite element analysis (FEA). An equation for the
calculation of a resultant heat-flux has been derived to more precisely model the
dielectric loss in 2-D and 3-D FEA models. All models show good agreement for the

modelling of the isothermal ground surface condition. Also, the validation was carried
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out on the 2-D FEA model against established approaches. The FEA model was used to
investigate ground surface boundary conditions and the effect on the rating of the wind
with the velocity of 1 m/s and 10 m/s. The comparison shows that at a typical buried
depth of 800 mm the cable rating was slightly lower for the wind velocity of 1 m/s, and
it would be equal to the rating for the wind velocity of 10 m/s if the buried depth of the

cable group increases to 900 mm.

2.2.3.2 Finite Volume Method

Existing commercial CFD software can be employed for the analysis of heat transfer
and flow in the conductors and surrounding domains. There are no publications on the
application of CFD packages for OHL conductors or UGC; although a number of cases
with similar geometries were investigated using the CFD software. For example, an
implementation of Fluent CFD [52], software based on the finite volume method, was
presented by Hatipoglu in [53] in order to visualise flow around a cylinder and the
separation regions in particularly. A number of cases at Reynolds numbers of 1.3x10"

and 2.6x10* were investigated, see Fig.2.14.
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b)

Fig.2.14 Separation regions: a) for surface mounted cylinder, G/D=0; b) for semi buried

cylinder, G/D=0.50 [53]

The numerical results obtained from the application of Fluent are presented for

illustration in Figures 2.15 and 2.16.
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Fig. 2.15 Simulated separation regions for semi-buried cylinder, G/D=0.5 [53]
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It was found both numerically and experimentally that the length of the separation
regions decreased with an increase of the burial ratio. Deviations between simulated and
measured lengths of the separation regions were less than 30%. The authors stressed that
“the results have significant implications, both for the illustration of the potential for
using CFD software, and the meeting of the need for data of two dimensional flows

around the buried cylinder”.

Numerical methods allow engineers to take into account numerous factors more
accurately in the real process compared to analytical or lumped parameter models. The
idealizations concerning various structural details and the inhomogeneity of materials
used in cable trenches, inevitable in analytical approaches, negatively effect the results
and make it impossible to assess in more detail the effects of the trench geometry and of

the backfill material type and formation.

2.3 Conclusions on Literature Review

The growth of renewable power generation can result in some cases in a significant
increase in the power flow requirements placed on transmission and distribution
networks. The existing industrial standards are usually conservative in predicting
ampacity of overhead conductors and by using more accurate analysis and predicting
tools it is possible to provide network operators with information to fully exploit the

scope in the overhead line power capacity in a safe manner.
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2.3.1 Overhead lines
The literature review performed on overhead conductors indicates that numerous
lumped parameter models have been developed, but these existing models quite often

provide contradicting results.

Analysis of the published works also shows that a very limited number of studies have
been dedicated to the use of numerical heat transfer methods for predicting the thermal
state of overhead cables, although it is possible to use the same approach which was
employed for the analysis of heat transfer processes in complex heat exchanger

geometries.

The methods of calculation of the thermal state of mainly single conductors described in
the published works are usually based on lumped parameter models. This type of model
employs various semi-empirical correlations for the determination of heat losses due to

free and forced convection.

Until now only a single research paper has been published in which the application of
the control volume method technique was used for the thermal analysis of an insulated
electrical wire placed in air [32]. The case considered was very simple and the energy
conservation equation only was solved, with the flow of air around the wire not taken
into account. Application of the CFD technique to the analysis of the heat transfer and
flow in domains containing overhead lines and underground cables would be a highly

novel research in this area.
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Application of CFD methods could considerably expand the capabilities of the analysis.
CFD methods can be used effectively for studying both steady state and dynamic load
conditions and can refine information on the magnitude of heat losses as a function of
numerous factors, such as variable resistivity of the conductor, ambient temperature,

insolation, wind velocity and its direction.

2.3.2 Underground cables

In addition to a wide range of lumped parameter models for the modelling of the thermal
state of different configurations of underground cables, a wider application of FE
methods is taking place for solving related heat transfer problems [54]. However, most
of FE models developed to date for the simulation of underground cables deal with
solving the heat conduction equation only, and only a few take into account the cooling
effect due to underground flows or wind on shallow buried cables. This task can be
effectively analysed using CFD methods. More extensive application of CFD models for
the analysis of such complex systems as a group of underground cables will provide
deeper insight into heat transfer processes in such systems and provide more accurate
results for engineers. Finally, results of CFD simulations for steady state and transient
conditions can be used to refine existing recommendations or produce completely new

correlations on the calculation of the thermal state of underground cable systems.
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CHAPTER 3

LUMPED PARAMETER MODELLING

When using lumped parameter modelling approaches, single values of discretized scalars are

used instead of spatially distributed parameters.

3.1 Lumped parameter models of OHL

In engineering practice, the thermal ratings of overhead line conductors are normally
calculated using IEEE (The Institute of Electrical and Electronics Engineers) and CIGRE
(Conseil International des Grands Reseaux Electriques - The International Council on Large
Electric Systems) methods [15, 16]. These methods are based on what are commonly referred
to as lumped parameter models which essentially solve the energy balance equation formed
for the OHL assuming that determined scalars (e.g. the temperature) are uniformly distributed
in the conductors. There is some difference in the calculation procedures employed in IEEE
and CIGRE methods; however, the general methodologies and approaches are very similar
and rating calculations are performed for extreme conditions when the high ambient

temperature, full solar radiation and an effective wind velocity coincide in time.

The lumped parameter model solutions for overhead lines operating at steady-state conditions
are found as the outcome of an iterative procedure involving the use of physical intuition on

the value of the temperature of the conductor following the completion of each iteration.
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3.1.1 The IEEE mathematical model for evaluation of the conductor temperature in the

steady (or quasi-steady) state (normal operation)

The conductor can be deemed to be in the steady state thermally when the heat generated in
the conductor due to Joule losses and the heat gained by the conductor from solar radiation is
equal to the heat which is dissipated from the conductor due to convective losses and re-

radiation, see Fig. 3.1.

Convective cooling

Solar heating
Radiative cooling

.. Joule heat gain
Aluminium

conductor

Temperature rise
P Steel core

Ambient temperature

Fig. 3.1 A lumped parameter model of ACSR

The meteorological parameters which have the strongest influence on the thermal state of the
conductor are the wind velocity and its direction, the ambient temperature and solar radiation.

The heat balance equation in the steady state is given by equation 3-1.
I*xR(T.)+q,=q.+4,. (3-1)
where [ is current, A; R(7.) is 60 Hz ac resistance per linear foot of conductor at 7, (Q / ﬁ) (it

is an American standard); ¢, is heat gain from the sun (watt per linear foot of conductor); g.
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is convective heat loss (watt per linear foot of conductor; ¢, is radiated heat loss (watt per

linear foot of conductor) [15].

Joule losses
The product of the current squared and of the resistance (/ 2 x R(T C)) accounts for Joule

losses, which occur due to the electrical resistivity of the material of the conductor. The
resistivity indicates how strongly material opposes the flow of electrical current. Resistivity

for metals increases with an increase in the temperature.

The resistance of the conductor at an arbitrary temperature 7, can be calculated using the

following interpolation:

R\T,., |- R\T,
R(T'c): (;lg )_T( LOW) (T'c _TLOW)+R(TLOW)- (3-2)
Hig Low

In the equation (3.2) the high (7,

o) and low (7, ) temperatures are 75 and 25 °C,

ow

respectively.

Solar heat gain
The magnitude of the solar heat gain depends on the geographical location, the time of day
and the time of the year. The maximum value of the solar heat gain is at the angle of

inclination of 90 degrees, which corresponds to the lowest value of ampacity.

In the general case, the solar heat gain can be determined as shown in equation 3-3.
q.=a-Q,(sin0) A (3-3)
where « is solar absorptivity (0.23 to 0.91); O is total solar and sky radiated heat flux(W/ft?);
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A'1s projected area of conductor (square feet per linear foot); 6 is effective angle of incidence

of the sun’s rays (degrees):
0 =cos"[(cos H,)-cos(Z, - Z,)]. (3-4)
Here H. is altitude of sun, degrees; Z. is azimuth of sun, degrees; Z; is azimuth of line,

degrees.

The values of H. Z, are tabulated for various latitudes (in the range between 20 to 70
degrees) in the Northern hemisphere for the local times at 10 am, noon and 2 pm with sun
declination of 23° [15]. The values of the total radiated heat flux O are also tabulated for

conditions of clear and industrial atmosphere.

Convection heat losses

The temperature of the conductor is usually higher than that of the surrounding air and the
calculation of convection heat losses is different with respect to the intensity of cooling due to
the forced convection at low and high wind velocities and also for natural convection
conditions. In the IEEE standard it is assumed that the transition from laminar to turbulent

regime of the air flow occurs at the Reynolds number of 1000.

Depending on wind velocity conditions determination of the forced convective heat losses
can be calculated using equations (3-5) and (3-6):

a) for low wind velocity conditions

0.52

Dxp,xV

q61:[1.01+0.371>{¢ﬂ ><kf><(TL,—Ta), (3-5)
Hy

b) for high wind velocity conditions
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0.6
Dxp xV,
q62=0.1695>{ﬂ—f} xk,x(T.-T,). (3-6)
|

Here D is conductor diameter (in); o, is density of air (/b/ m*); V. is velocity of air stream

w

(ft/h); k, is thermal conductivity of air at temperature T s, (W/ft-°C); T, is the conductor
temperature (°C); 7, is the ambient temperature (°C); 4, is absolute viscosity of air

(Ib/ fixh).

The greater value of the forced convective losses calculated by (3-5) and (3-6) is used in the

heat balance equation.

In order to take into account the influence of the wind direction the convective cooling term
should be multiplied by the cooling term factor K 4g:

K, . =1194—-cosp+0.194-cos2¢p+0.368-sin2¢, (3-7)

angle

where ¢ is the angle between the wind direction and the conductor axis.

Heat losses due to natural convection are calculated as follows:

q.=0283xp, " x D" x(T.~T,) . (3-8)

Properties of air, namely the density, its absolute viscosity and thermal conductivity are
temperature dependent. The IEEE standard provides this data at the so called film
temperature:

T +T
T -~

film = ) (3-9)

These data are presented in Fig. 3.2.
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Viscosity, density and thermal conductivity of air

0.14
—e—Viscosity (Ib/ft-h)
0.12 —&— Air density (Ib/ft2)
—&—Thermal conductivity of air (W/ft-°C
0.1 4 ——Linear (Viscosity (Ib/ft-h))
——Linear (Thermal conductivity of air (W/ft-°C)
y =-0.0002x + 0.0796
0.08 ——Linear (Air density (Ib/ft2))
e ———
0.06 T ————
y =0.0001x + 0.0416 —
0.04 ¢
0.02
y = 2E-05x + 0.0074 R
0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Temperature,C

Fig. 3.2 Viscosity, density and thermal conductivity of air as function of the temperature

Calculation of re-radiation heat losses
At typical conductor operating temperatures the magnitude of the re-radiation heat losses is
usually very small compared to that of the convective heat losses.

In the general case these losses are calculated as shown in equation 3-10.

4 4
qr=0.138-D~g|:(T”+273j —(T”m) } (3-10)
100 100

where ¢ is the emissivity coefficient, which increases with the age of the conductor and the

pollution of its surface.

3.1.2 CIGRE evaluation of the conductor temperature in the steady (or quasi-steady)
state

In this method for steady-state operating conditions the energy balance equation is used to
correlate between the current of the conductor and its temperature as shown in equation 3-11:

P +P,+P+P =P +PF +P, (3-11)
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where P;, Py, Py and P; are the heat gains (per unit length per unit time) due to Joule,
ferromagnetic, solar and ionization (corona) heating, respectively, and P, P, and P, are the

heat losses by convection, radiation and evaporation, respectively [16].

The Joule heat gain for non-ferrous conductors is calculated as
P, :kjlszc N+ea-(T, —20)], (3-12)

where / is the effective current (4); R 4 is the dc resistance per unit length (/m); a is the
temperature coefficient of resistance per degree K; 7, is the mean temperature (°C); £; is the

coefficient, which takes into account skin effects, and its typical value is 1.0123.

The Joule heat gain (P)) for steel cored conductors is defined as

P =1,"R,  -[l+a-(T, —20)]. (3-13)

J
For the same temperature of the conductor the power input is identical for both AC and DC

and can be written as

I,’R, =1,"R, . (3-14)

For the ACSR conductor with 2 layers of aluminium wires and a nominal cross section of

greater than 175 mm’

]dc

]ac = °
J1.0045+0.09-10° -1,

(3-15)

The resistance value and the temperature coefficient of the resistance are tabulated in IEC

publications.
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Magnetic heating (P)s) occurs in ACSR conductors because a longitudinal magnetic flux is
produced in the steel wires by the current in the aluminium wires spiralling around the steel
core. The skin effect results in an increase in the conductor resistance which is a function of
the frequency of the alternating current. Ferromagnetic losses constitute three components:
eddy losses, hysteresis and magnetic viscosity. Accounting for ferromagnetic heating in
multilayer conductors results in a 5-10 % increased resistance in the 3" and 5™ layers for the
maximum load. The summarised magnetic heating and skin effect have a relatively small
influence (0-3%) on the ampacity rating depending on the number of wire layers and voltage

[18].

Corona heating (P;) should be considered in high voltage transmission lines when convective

and evaporating cooling are intensive (under wet and strong wind conditions).

Solar heating
The calculation of solar heating is carried out as follows:

P=a-S-D, (3-16)
where a4 is the absorptivity of the conductor surface; S is global solar radiation; D is external

diameter of conductor (m).

A more complex method for the calculation of the solar heating term is given in [16], where
the correlation includes direct radiation together with diffused and reflected components and
takes into account the latitude, the position of the sun and the day of the year. This method
can be used if this data is available. The absorptivity coefficient in (3-16) ranges from 0.27 to
0.95 for a new and old conductor, respectively. It is recommended to use the value of 0.5 for

most purposes.
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Calculation of convective heat losses
The convective heat losses are calculated with the use of dimensionless coefficients such as
the Nusselt (Nu), Reynolds (Re), Prandtl (Pr) and Grashof (Gr) numbers.
For a film temperature, defined in accordance with (3-9), the Nusselt number at forced
convection conditions is

Nu=h,-D/2,, (3-17)
where /. is the convective heat transfer coefficient (W/m’K); /r1s the thermal conductivity of
air (W/m-K).
The Reynolds number is given in equation 3-18

Re=p,-v-D/v, (3-18)
where v is the wind velocity (m/s); v is the kinematic viscosity (m?/s); pr 1s the relative air
density:

Py =pPPp,. (3-19)

Here p is the air density at altitude in question and p, is the air density at sea level (kg/m?).

The Grashof number

3
Gr="1 '(TS_T“)'zg, (3-20)
(T, +273)-v

where g is gravitational constant, g =9.807 m/s.

The variables in 3-20 are determined as follows

v=1.32-107+9.5-10"T, ; (3-21)
A, =242:102 +7.2-107°T; (3-22)
Pr=0.715-25-10"T,; (3-23)
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T, =0.5-(T,+T,); (3-24)

p — e—1.16<10’4»y , (3_25)

where y is the height above sea level (m).

The convective heat loss is calculated as
P=r-2,-(T,—-T,)Nu, (3-206)
where the value of the Nusselt number is calculated using different equations depending on

the type of the convection (free or forced). In the case of forced convection different

expressions are used for high and low wind velocities.

Forced convection
The roughness of the surface increases the heat transfer, especially for high wind velocities,

and can be calculated as
Nu = B,(Re)", (3-27)
where B; and n are constants, which depend on Re number and Ry, which is the roughness of

the conductor,
R, =d/[2(D-2d)], (3-28)

where d is the wire diameter (m) and D is overall diameter of the conductor (m).

For the Lynx conductor Ry is equal to 0.1.

Table 3.1 presents values of B; and n for various surfaces and Reynolds numbers.
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Table 3.1 Constants for calculation of forced convective heat transfer from conductors with

steady crossflow of air [16]

Surface Re B; n
from To
Stranded all surfaces 107 2.65-10° 0.641 0.471
Stranded R/< 0.05 >2.65-10° 5-10° 0.178 0.633
Stranded R;> 0.05 >2.65-10° 5-10° 0.048 0.800

The effect of the wind direction is taken into account as follows:

3-29
Nug = Nuy_,, -[A1 +B, -(sin5)" ] (3-29)

Here o is angle of attack (degrees), A;, B> and m; are constants depending on J. Table 3.2

shows the values of these constants.

Table 3.2 Constants for calculation of forced convective heat transfer from conductors with

steady flow of air taking into consideration the angle of attack

The angle of attack A B> mj
0<6<24° 0.42 0.68 1.08
24<0<90° 0.42 0.58 0.9

For the wind velocity less than 0.5 m/s the Nusselt number can be calculated as follows:

Nu,, =0.55Nu, ., (3-30)

where Nu,,, 1s the corrected Nusselt number

Natural convection conditions
Under natural convection conditions the Nusselt number can be defined as a product of

Grashof and Prandtl numbers:
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Nu = 4,(Gr- Pr)™ (3-31)

where A4, and m; are constants, depending on the value of Gr-Pr, see Table 3.3.

Table 3.3 Constants for calculating of natural convective heat transfer from conductors

Gr-Pr A m;
From to
10 10* 0.850 0.188
10* 10° 0.480 0.250

The re-radiation losses are calculated as
P=x-D-z-o,-(T.+273) (1, + 273) ), (3-32)
where o3 is Stefan Boltzmann constant, 7, and 7, is ambient and the conductor temperature,

respectively ( °C); ¢ is the emissivity and it varies from 0.27 to 0.95, depending on the state of

the surface of the conductor. It is recommended to use 0.5 as the value of the emissivity.

The heat losses due to evaporation in CIGRE method are not presented due to the small
effect on cooling of the conductor, although it can be determined using correlation which is

given in [24]:

Py=7-D-L-(x,-x,) (3-33)

where D is the diameter of the conductor (m); L is the latent heat of evaporation of water
(J/mol); x,,, is the mole fraction of water in air in the atmosphere; x,, is the mole fraction of

water in air in the atmosphere at the free surface of the water film.
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3.1.3 Non-steady-state heat balance calculations according to IEEE standard 738-1993
An exact analytical solution of the non-steady state heat balance equation does not exist due
to the fact that some terms which are part of this equation are nonlinear. The equation itself is

given as
4+ 4, +mC, ir_f =q, + I’ xR(T,), (3-34)
where m is the mass of the conductor (kg/m); C, is the total heat capacity of the conductor

(J/kg K).

For ACSR it is possible to present the term mC, as

mC,=m,-C,  +m,-C,. (3-35)
For the Lynx conductor
m, -C,, =0.4957-900 = 446.18 J/mK; (3-36)
m -C,, =0.3368-502.48 =169.23J/m-K. (3-37)
Therefore,
mC, =615.41 J/m'K. (3-38)

The approximation method for the solution of (3-34) is described in [15] and is based on the
following equation:

d(1.-T,)

=K (T KT (3-39)

The solution for a time step change is presented as
T.(0)=T,+(T, -T)-(1-e""), (3-40)
where /; is the initial current (A), /; is final current (A).

The thermal time constant, z, in the transient regime is calculated as

T= : -
R(Tc)'(l_f' _Iiz)
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3.1.4 Example of CIGRE calculations of the thermal state of a conductor
The following is an example of the determination of the thermal state of the conductor in

accordance with the CIGRE method.

The conductor to be considered is 183-AL1/43-ST1A-30/7 Lynx. Calculations are performed
for the following conditions:

-Wind velocity: 1 m/s;

-Ambient temperature: 20°C;

-Height above sea level, y: 100 m;

-I,.: 433A (UK Engineering Recommendations P27 [17]).

The calculation starts with an initial guess that the temperature of the conductor is equal to

40°C.

The energy balance equation states that heat generated in the conductor due to Joule losses
(the heat gained because of solar radiation is neglected), is equal to the heat which is
dissipated from the conductor as convective losses and due to re-radiation:

P=P+P, (3-42)

here P; is the heat gain (per unit length per unit time) due to Joule heating; P, is heat due to

convection and P, is heat due to re-radiation.

The Joule heat gain is calculated as

P = I’R, -[1+a-(T, —20)], (3-43)
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where [ is the effective current (A); Ry is the DC resistance per unit length (Q/m), a is the
temperature coefficient of resistance per degree K. 7,, is the mean temperature of the

conductor, °C.

Taking into account equation 3-15:

[=1, =1, -y1.0045+0.09-10° -1, =433-4/1.0045+0.09-10° -433 =434 A;  (3-44)

P, = PR, [1+a-(T, —20)]=434>-0.000157 -[1+ 0.00403 - (20 — 20)] = 31.955 W/m (3-45)

The film temperature is calculated as

I, +T7, 20+20

film 2 =20 OC’ (3'46)
The air density at the altitude in question, p is
p = = 0.98846702 kg/m’. (3-47)

po is the air density at sea level, which is equal to 1.2 kg/m”.

pr 1s the relative air density:

p, = plp, =0823722517. (3-48)

The kinematic viscosity, v, using (3-21) for the film temperature of 20 °C is 0.00001605 m?/s.
The Reynolds number for the wind velocity of 1m/s is
Re=p,-v-D/v=0.823722517-1-0.0195/0.00001605 =1000.784 . (3-49)
The thermal conductivity of air for the film temperature of 20 °C is
A, =242 107 +7.2-107° - 20 = 0.02636 W/m-K. (3-50)
The convective heat loss can be calculated as
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Ptzﬂ/’i’f(Ts_Ta)Nu (3_51)

The conductor surface roughness can be calculated using equation (3-28), and it is equal to
0.1. Values of the corresponding constants depending on the roughness and used for the

calculations of the Nusselt number are found in Table 3.1.

Nusselt number then is calculated as
Nu =0.641-(Re)™"" =16.59657,

and

P =72, (T, ~T,)Nu = z-0.02636- (40 —20) -16.59657 = 27.488 W/m.

The re-radiation heat losses are calculated as given in equation 3-32:

P, =7-0.00195-0.5-5.67-10"° - ((40 +273)* = (20 + 273)* ): 3.869263 W/m.

Substituting the above values in (3-42) gives

31.95539 =27.48803 + 3.869263 W/m.

To satisfy equation 3-42 it is necessary to repeat the process of calculations with a new value
of the conductor temperature (iterative process). The energy balance equation is satisfied if

T =40.0704°C.

Steady-state conductor temperature calculations for wind velocities in the range from 2
to 15 m/s

Similar calculations were performed for wind velocities in the range from 2 to 15 m/s. For a
wind velocity less than 0.5 m/s the Nusselt number was calculated using Equation (3-31).

Results of the calculations are presented in Fig. 3.3. It can be seen that the temperature of the
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conductor was 313 K at the wind velocity of 0.5 m/s and it reduces with the increase of the

wind velocity and was 296 K when the wind velocity was 15 m/s.
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Fig. 3.3 The temperature of the conductor calculated in accordance with CIGRE method as a

function of the wind velocity

Calculation of natural convective cooling

The calculation starts with assumption that the temperature of the conductor in this case is 66

°C. Joule losses are calculated as

P, =R, -[l+a-(T, —20)] = 434> -0.000157 - [1 + 0.00403 - (66 — 20)] = 35.05393 W/m

The Grashof, Prandtl and Nusselt numbers are calculated as follows:

0.0195 -(66—20)-9.803
Gr= 5
(43+273)-(1.7285E-05)

=35440.91;

Pr=0.715-2.5-10"*-43 = 0.70425;
Nu = 0.48-(35440.91-0.70425)"* = 6.03322;

P =7-0.027296 - (66 —20)-6.03322 = 23.79885 W/m

59



P.=7-0.00195-0.5-5.67-10"° ~((66 +273)* — (66 + 273)4)=1o.137o4 W/m

Substituting the above values in (3-42)
35.05393 =33.93589 W/m
Using an iterative process it was possible to find that 7. = 340.59 K (67.59 °C) satisfies the

energy balance equation.

3.2 Lumped parameter model of UGC
The objectives of the calculations are to determine the temperature of the conductor for a
given current loading or to determine the maximum current loading for a given temperature
of the conductor. The calculation methods for buried cables include two parts — steady-state
rating and transient rating. Both calculations are presented in IEC 60287 [55] and based on
the basic heat transfer equations. The popularity of an analytical approach, based on lumped
parameter models can be explained by the following advantages:

e This method has been used since 1957 when Neher and McGrath’s article was

published.
e Expensive high powered computing equipment is not required for the calculations.

But it also has a disadvantage: it is suitable only for simple geometries.

The energy balance equation for underground cables is shown in equation 3-52.

74

ent

+W.

int

=W

out

+AW,,. (3-52)

Here W, is the rate of energy entering the cable;

ent

W. . is the rate of heat generated internally in the cable by joule or dielectric losses;

/4

out

is the rate at which energy is dissipated by conduction, convection and radiation. The

cable system includes the surrounding soil for underground buried cables;
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AW, is the rate of change of energy stored within the cable.

The two dimensional heat flow scheme is shown in Fig. 3.4.

Earth surface Y

TWy+dy
Soil Wx ' Wx+dx X
o O O — [ 3~
*
Cable
W, z

Fig. 3.4 The heat transfer (conduction) scheme in UGC

Current generates heat in a conductor, which dissipates into soil, therefore the parameters of
the surrounding medium, such as soil type, moisture content, the soil temperature and the

ambient temperature, are the most important factors affecting the heat dissipation process.

Conduction

The Fourier’s law is usually used to define the heat flux emitted by conduction.

g=——22, (3-53)

where ¢ is the heat flux (W/m?); p is thermal resistivity (K-m/W); Z—e is the temperature
x

gradient (K/m).

Radiation

Heat flux due to radiation obeys the Stefan-Boltzmann law:

=c0,0 (3-54)

s
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where ¢ is emissivity of a conductor; o, is the Stefan-Boltzmann constant; and

o, =5.67-10° W/m*-K*; 0, is the absolute temperature on the surface of the cable, K.

Heat flux between the cable and the surroundings are calculated by the formulae
q=5050," =0, (3-55)

where 0, is the ambient temperature, K.

3.2.1 IEC evaluation of the underground power cable in the steady state

The temperature of the underground power cable can be derived from the expression for the
temperature rise above the ambient temperature for the current flowing in the conductor. In
order to solve the heat conduction problem electrical engineers use the similarity between the

flow of electric current and the heat flow.

The lumped parameter model for a single buried cable is presented in Fig.3.5

i i Cable
Dielectric loss Sheath loss Earth surface

surface
Copper loss \

V2 Wq V2 Wy T4 T, T; Ts
econductor 6 sheath Armour External
serving

Ambient temperature

Fig. 3.5 Lumped parameter thermal circuit for a directly buried cable
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The permissible current rating of an a.c. cable can be derived from the expression for the

temperature rise above ambient temperature: [56]
2 ] 2
0.0, =1 R +5W, | T, +(17 R, (14 2,)+W,)n-T,

(1R, (142, +2,)+W,)-n-(T, +T,), (3-56)

where [ is the current flowing in one conductor (A);

6. -0, is the conductor temperature rise above the ambient temperature (K);

R is the alternating current resistance per unit length of the conductor at the maximum
operating temperature ({2/m);

W is the dielectric loss per unit length for the insulation surrounding the conductor (W/m);

T} is the thermal resistance per unit length between one conductor and the sheath (K-m/W);

T, is the thermal resistance per unit length of the bedding between sheath and armour
(K-m/W);

T3 1s the thermal resistance per unit length of the external serving of the cable (K-m/W);

T, is the thermal resistance per unit length between the cable surface and the surrounding
medium;

n is the number of load-carrying conductors in the cable (conductors of equal size and
carrying the same load);

A 1 1s the ratio of losses in the metal sheath to total losses in all conductors in that cable;

A > 1s the ratio of losses in the armouring to total losses in all conductors in that cable.

3.2.1.1 Calculation of losses
Conductor losses are the biggest source of losses within the cable and they are proportional to
the resistance and to the square of the current transferred through the cable:

W, =I"-R,. (3-57)
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Resistance is a function of material and dimensions of the conductor and depends on the
temperature.

R,. 1s d.c. resistance and can be calculated from

R, =L |1+ay -0, -20°) (1+2) Qm, (3-58)

a

cmax

where p, is resistivity of conductor metal at 20 °C (- m);

a is conductor cross-sectional area (m?);
a is the temperature coefficient of resistance per °C at the reference temperature, (o = 0.00393
°C™ for copper);

6. is the maximum operating temperature (°C)

Z is a factor, which allows for cable stranding and for the lay, Z = 0.03 for single core cables

with cross-sectional area equal to or less than 500mm?, and 0.04 for larger cables.

A.C. resistance is higher than D.C. resistance by AR, which shows the increase of resistance

due to “skin” and “proximity” effects:
AR=R, -(Y,+Y,). (3-59)
Here Y, and Y, are correction factors for the skin and proximity effects, respectively.
R, =R, +AR=R, -|I+Y,+Y |. (3-60)

Skin and proximity effects arise due to an alternating magnetic field which occurs within
conductors. These effects increase when the frequency, cross-section, permeability, or

electrical conductivity of the material increases.

The cause of the skin effect is self-inductance, which results in the current density being

higher at the outer surface of the conductor.
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Proximity effect arises due to mutual induction between the conductors of adjacent phases
making the current to flow along one side of the conductor’s cross-section. Proximity effects

can be disregarded for cables with cross-sections smaller than 185 mm?.

The dielectric loss is voltage dependent. According to IEC 60287 [55] the dielectric loss per
unit length is given by:

W,=w-CU, -tand, (3-61)
where C is the capacitance per unit length (F/m); U, is the voltage to earth (V), tandis the
loss factor and

w=2-t-f. (3-62)

Here f is frequency (H).

3.2.1.2 Calculation of thermal resistances for single-core cables
Thermal resistance between one conductor and sheath (T

The thermal resistance between one conductor and the sheath T; is given by:

T, = g—T : h{l + %} , (3-63)
T

where p, is the thermal resistivity of insulation (K-m/W); ¢,1s the thickness of insulation

between conductor and sheath (mm); 4, is the diameter of the conductor (mm).

Thermal resistance between sheath and armour (Ty
Single-core, two-core and three-core cables have a common metallic sheath.

The thermal resistance between sheath and armour, 7, , is given by:

T, =&.1n[1+2£}, (3-64)
2 D

N
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where ¢, is the thickness of the bedding (mm); D, is the external diameter of the sheath

(mm).

Thermal resistance of outer covering (Ts)
The external servings are generally in the form of concentric layers and the thermal resistance

T, is given by:

2
T, = ;’—T . 1{1 4 0_3} , (3-65)
T

a

where ¢, 1s the thickness of serving (mm); D, is the external diameter of the armour (mm).

Thermal resistance between outer covering and soil (T,)

For a single isolated buried cable
T, = g’—f - ln[u +u? - 1], (3-66)
p/a

where p, is the thermal resistivity of the soil (K-m/W) and
u=—:, (3-67)
where L is the distance from the surface of the ground to the cable axis (mm); D, is the

external diameter of the cable (mm).

T, for three cables, which have approximately equal losses, laid in a horizontal plane and

equally spaced apart is given by equation:
2.1
T, = ’20—T-1n[u 1) 11{1 T (—j ] (3-68)
V2 S,

where s; is the axial separation between two adjacent cables (mm).
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3.2.2 A steady-state sample calculation of the 630 mm? copper cable temperature, using
the IEC method

In this section the temperature of the middle cable in the group of three cables for summer
conditions with average soil moisture and a rating of 950 A is calculated. The cables are laid
in a horizontal plane and equally spaced apart. The copper cable has an overall radius of 30.2

mm and is buried at a depth of 800 mm.

Initial data is as follows:

Area of concentric stranded conductor 630 mm *
AC Resistance of conductor 28.3 4-Q/m
Diameter over conductor 28.32 mm
Diameter over insulation 48.7 mm
Diameter over outside covering, D, 60.4 mm
Ambient temperature 15C°

The soil thermal resistivity, g 1.2 C°m/W
Axial spacing between centre lines of conductors, s, 120.8 mm
Depth to centre line of conductors 800 mm

The fundamental equation for a buried cable is equation 3-56, which is repeated below

6. -6, =(12 ‘R, JF%W(],)T1 (1R, (14 4)+W,)-n-T,

(1R, (4 A4, + 4,)+ W, )-n- (T, +T,);

with R =R, ~(1+ys +yp).

According to [42]

R, =R -(1+a,-(0-20C) Q-m™,
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where R is d.c. resistance at 20 °C, which is 0.0000283 Q/m for the copper cable with a cross
sectional area of 630 mm?; @ is operating temperature (°C); a is the temperature coefficient

of resistance per °C at the reference temperature (a = 0.00393 °C™' for copper).

At the conductor temperature of 20°C the AC resistance can be calculated as

R, =R, -(1+y, +y,)=0.0000283-(1+2.02485-10" +0.057762) = 2.99347-10~° Q/m,

I’R,, =950°-2.99347-107 = 27.01605 W/m.

The thermal resistance 7; between one conductor and the sheath is

T, = 3i-ln(n 2'10'19j =0.302 °C/W.
2z 2

Thermal resistance 7, between sheath and armour is assumed to be negligible:
T,=0.
The external servings are generally in the form of concentric layers and the thermal

resistances 7, and 7, are given by:

T, :i-ln(l+%] =0.171338 W/m,
2z 48.7

and
2 2
Py [ \/2—] 2-L) | 12 |2-800 (2~800j
T,="—-Inu+~vu —=1|+In|l1+|—| |=—"In + -1
Yoom ! [ 5, T | 604 60.4

=1.746087 W/m

The dielectric loss per unit length in each phase is given by
W,=w-CU; -tand=2-z- f-CU; -tan&,
where
2-7-,-6 2-r-885-1077:23
d ) 48.7
In| — Inj ——
D 28.32

68

C= =2.359-10"" F/m.




The values of relative permittivity and loss factor were stated in [EC 60287 [55] (Partl,

Table 3).

127000

NG

6.-6,=(27.01605+0.5-1.59389)-0.302

2
Wd=2-7z'~50-C~( j -0.004 =1.59389 W/m.

+(27.01605 +1.59389)-1-(0.171338 +1.746087 ) = 63.2 °C.

Therefore, the temperature on the conductor surface was 78.2 °C or 351.2 K.

3.3 Transient heating of cables

In order to solve the heat conduction problem electrical engineers commonly use the
similarity between the flow of electric current and the heat flow. So the thermal circuit is
modelled in a similar way to an electrical circuit in which voltages and currents correspond to

temperatures and to heat flows, respectively.

The conductor is divided into small parts with their own thermal resistances and capacitances.
The thermal resistance specifies the ability of a material to obstruct the heat flow and the
thermal capacitance defines the ability of the material to store heat. A thermal circuit can be
built for different formations, using thermal resistance and thermal capacitance as
components of the circuit to construct a thermal ladder network to obtain the time dependent

temperature distribution within the cable and its surroundings.

Due to the fact that length of the conductor is considerable larger than its diameter the energy

balance equation for 2-D (see Fig.3.4) can be written as [52]:

ﬁ lﬁ +ﬁ lﬁ +W'im :Cﬁ, (3_69)
dx \ p dx dy\ p dy dt
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where p is thermal resistivity (K-m/W); ? is the temperature gradient (K/m);
X

¢ is the volumetric thermal capacity of the material (J/m’K).

This equation is usually solved with an equation which describes the boundary conditions
The boundary condition is

6-0,, (3-70)
where 3 is the boundary temperature (K).

The conductor heat loss, W;,  can be calculated as

w.

w=1"R. (3-71)
Since information regarding the soil temperature distribution is not always available,
simplifying assumptions are made such as the surrounding soil being homogeneous and the
surface of the soil being isothermic. This assumption can be considered to be reasonably
accurate due to the fact that the depth of burial of the conductor should be a minimum of 10

times more than the diameter of the conductor. For shallow buried conductors and for cables

with large diameters correction factors or numerical methods are often used.

The thermal resistance of the insulation of a cable is the largest obstruction to the heat flow
(the heat resistance of the metal parts are considerably lower and can be neglected). The

thermal resistance of insulation can be calculated as

7=Lon’ (3-72)
2r 1

where r;, 7> internal and external radii of insulation.

The thermal equivalent of Ohm's law using an analogy between electrical and thermal

networks is
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W="". (3-73)

Thermal capacitance is defined as
Q=V-c, (3-74)

where V is volume (m*); ¢ is volumetric specific heat of the material (J/m*K).
Q=%(D§ -D?)-c, (3-75)

where D; and D, are internal and external diameter of insulation, respectively (m).

3.3.1 A ladder network for calculation of transient temperature response
Lumped parameter models are widely used in thermal analysis of cable systems since they

allow the analysis of complex cable systems without the deployment of expensive resources.

The thermal circuit is divided into two parts, such as the thermal circuit of the conductor and
the thermal circuit of the environment of the cable. The dielectric is represented by lumped
thermal constants. The complete transient behaviour is based on two partial transient
responses. These two parts are combined by the implementation of the attainment factor,
which can be computed as a ratio of the temperature rise across the first part at time ¢ during
the transient regime to the temperature rise across the same part in the steady state. Then, the
temperature transient response of the second part of the thermal circuit is created from its
response to a step function of heat input multiplied by a reduction coefficient, which is time

dependent and equal to the attainment factor of the first part [57].

A ladder network represents an electrical circuit with a number of units of resistance and
capacitance. The ladder networks for short and long duration transients are different. To
calculate long and short duration transients in electrical standards Van Wormer’s method [58]

is used. This is based on an assumption that the temperature distribution in the insulation
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follows a steady-state logarithmic distribution for the period of the transient. The thermal
capacity of the insulation is divided between the conductor and the sheath and total heat in the

dielectric is assumed to be unchanged.

The criteria for selecting the thermal circuits to be used for the calculation of the individual
transients depends on the duration of the transient response; and for single cables long

duration transients are define when the transient response exceeds more than one third of the

product of the internal cable thermal resistances,ZT , and capacitances,ZQ, that 1is

> %ET 20 . Fig.3.6 illustrates a ladder network for a long duration transient, when the total

thermal capacity of the dielectric is divided between the conductor and the sheath.

Conductor Outside diameter of insulation

e O

Qo | pQ (1-p)Q
S o

Fig. 3.6 Representation of the dielectric for times greater than > %ZT -ZQ[57]

To distribute the thermal capacitance of dielectric for long-duration transient (longer than 1

hour), the Van Wormer coefficient p is calculated as
b 1 1
- o 2
2ln(Dij (D"j -1
d, d,

where D; is outer diameter of insulation (m) and d. is external diameter of the conductor (m).

: (3-76)
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Short-duration transients last usually between 10 min and about 1 h. The method is the same

as for long-duration transients, except that the cable insulation is divided at diameter

=D, -d, , giving two portions having equal thermal resistances, as shown in Fig. 3.7.

1 1
T T
Conductor 2 d, 2 1

- 1 —— —©° Qutside diameter

of insulation
Q. +p'Q;q (1-p")Q,
T c i ’1?1 PQy + p*QiET |2|
L > » 0]

Fig. 3.7 Representation of the dielectric for times less than or equal < %ET 20 [57]

The Van Wormer coefficient for this case is given by

. (3-77)

A variety of cable designs were reduced to one simplified scheme with a two loop circuit and
was adopted by the electrical standards, which have a reasonable accuracy in practical
installations. A network with v number of resistances and v+1 capacitors, see Fig. 3.8, can be

altered by a two looped circuit, see Fig. 3.9

Iﬂ:l—ﬁl:F—*QI:l IQ:—J_Q
[ I L A N I

Fig. 3.8 General ladder network representing a cable [57]
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T T

| — T I :
j: QA T QB
| ;

Fig. 3.9 Two loop equivalent cable network for calculation of transient response [57].

——0

The first section of network represents the thermal capacitance of the conductor and the inner
portion of the dielectric, along with the thermal resistance of the dielectric. The second
section of network represents of the thermal capacitance and the thermal resistance of the

remainder of the cable.

T and Qp are given by Anders [59] as

Ty =T, +T, +..+T, (3-78)
and
T, +T;+..+T, ’ Ty+T,+..+T, ’
05 =0, J{Tﬁ +T, +...+TJ o J{Tﬂ +T, +...+TJ Os- (3-79)
T, =T; (3-80)
T, =q.T; (3-81)
0,=0. +r9:; (3-82)
and
0,~(1-p)-0+2 PG (3-83)

where 77 is total thermal resistance of dielectric per conductor (K-m/W);
0 is total thermal capacitance of dielectric per conductor (J/m-K);
p 1s factor for apportioning the thermal capacitance of a dielectric,

Q. 1s thermal capacitance of conductor (J/m-K);
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Q; is thermal capacitance of outer covering (J/m-K);
Qs is ratio of losses in conductor and sheath to losses in conductor(J/m-K); and

T3 is thermal resistance of outer covering (K-m/W).

3.3.2 Calculation of transient temperature response
The transient response of the cable is based on an exponential integral formula for the steady

state which is used in IEC Standard 287 [42] for groups of separate cables.

3.3.2.1 Temperature rise in the internal parts of the cable

The internal parts of the cable include the complete serving with its outermost serving. The

Laplace transform of the network's transfer function is given by a ratio [59].

H(s)= (5) (3-84)

Here P(s) and Q(s) are polynomials, their forms depending on the number of loops in the
network. Node i can be the conductor or any other layer of the cable. In terms of time, the

response of this network is expressed by Van Valkenburg in [60].

The temperature rise in a node i in the cable is given by
ZT (1- (3-85)

where Q; () is temperature rise at node 7 at time ¢ (°C);

W.is conductor losses including skin and proximity effects (W/m);

T} 1s coefficient (°Cm/W);

P; is coefficient used for calculating cable partial transient temperature rise ( s
t is time from the beginning of the step(s); and

n is number of loops in the network.
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The transfer function for the network shown in Fig.3.9 is given by

H(s)= (T, +T,)sT,T,0,
— 5 )
1+S(TAQA +T1,0, +TBQA)+S T,0,T,0,

If the following parameters are introduced:

My =3 QAT 47,40, T,)

N, :QA'TA'QB'TB)

a:
N,
M,-/M?-N,
b= =
NO
Ta: 1 'L_b'(TA-i_TB)
a=-b |0,

T,=T,+T,—T,

then the transient temperature rise is

0.()=w |1, e )er, (e

where W, is the power loss per unit in a conductor (W/m).

The conductor to cable surface attainment factor is given in equation 3-94

a(t)=0.(e)w. (T, +T,)].

(3-86)

(3-87)

(3-88)

(3-89)

(3-90)

(3-91)

(3-92)

(3-93)

(3-94)



3.3.2.2 The transient temperature rise of the outer surface of the cable

The calculation of transient temperature rise Q,(¢) of the outer surface of the cable can be

evaluated exactly in the case when the cable is represented by a line source located in a
homogeneous, infinite medium with an uniform initial temperature. For practical applications,
the hypothesis of Kennelly (see Fig 3.10), which assumes that the Earth’s surface must be an
isotherm 1s used. Under this hypothesis, the temperature rise at any point M in the soil is, at
any time, the sum of the temperature rises caused by the heat source Wt and by its fictitious

image placed symmetrically with the earth surface as the axis of symmetry and emitting heat.

Image

Earth surface

M

Cable
Fig. 3.10 The illustration of the Kennely hypothesis

The transient temperature rise above ambient of the outer surface of the hottest cable in the

group of cables under the same load is calculated as

Qe(t)—’j‘fz.{ Ei.(lgf‘j&j—{— Ei.(;@ﬂﬁﬁ[_ Ei-(;(‘a;""‘;zJ—[— EZ[;(QZ”“;]H} (3-95)

where W} is the total power loss per unit length of each cable in group (W/m);

-Ei(-x) is the exponential integral function as provided in [57] ;
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p is soil thermal resistivity (Km-/W);

D, is external surface diameter of the cable (m);

0 is soil thermal diffusivity (mz/ s);

¢ is time from the moment of application of heating (s);

L is axial depth of burial of hottest cable (m);

d,i 1s distance from centre of cable & to the centre of hottest cable p (m);

d i 1s distance from image of centre of cable & to the centre of hottest cable p (m);

N is number of cables.

The complete transient temperature response can be calculated as

0(1)=0.(c)+a(t)-0.(0).

where Q(?) is transient temperature rise of conductor above ambient (K);

(3-96)

O.(?) is transient temperature rise of cable surface above ambient from ¢ = (), assuming total

losses from cable surface (K);
O.(1) is transient temperature rise of conductor above ambient (K);

o 1s the attainment factor

3.3.2.3 Example of calculating temperature of the conductor one hour after switching of

load

The following calculations are made for a cable with 950 A of loaded current, buried at a

depth of 800 mm with average soil moisture. The cable has an overall radius of 30.2 mm. It is

required to find the temperature rise on the surface of this cable one hour after switching of

the load. Load generated a total heat of 36 Wm™ in the cable for current of 950 A, and

resistance of copper 630 mm * cable at 90° C is equal to 0.0405 Ohm per km, or

W =1°R=950%-0.0405/1000 =36 Wm'".
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The soil density is 1900 kg m™ and its specific heat is 830 Jkg' °C"'. The soil thermal

resistivity is 1.2 °CmW™' and the ambient temperature is 15°C.

The temperature rise in the cable is determined as

where

- and =
‘ 4ot Y2 4ot

(3-97)

(3-98)

(3-99)

Here 7 is the overall radius (mm) of the cable; " is a depths of burial (mm); « is the thermal

soil thermal diffusivity (m-K/W); ¢ is time (3600s).

The thermal diffusivity of soil is defined as

a= ! = ! -0.528-10°° ms™.
D-C-g) 1900-830-1.2
r_2:800 5 og:
r 302
lnr—=3.97;
r
2 2
n= . 0.0302 =0.1199;

4ot 4-0.528-10-° 3600

12

¥, =——=52.98-0.1199 = 337.
4at

Applying approximate formulae
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2
jylidyl _— _%20_1163;
and

8 @y, =y+y,=0577216+5.82=6397 (Iny,=In337=5.82).

Therefore after one hour the temperature rise on the surface of the cable is

_36-12 [3.97+
2

0.1163  6.397
2

'
Hcab

}:5.7 °C

The actual temperature of the cable is

6., =15+57=20.7°C

So after one hour the temperature rise on the surface of the cable will be 5.7 © C when

generated heat is 36 Wm™', which corresponds to a transferred current of 950 A.
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CHAPTER 4
THE THEORETICAL BACKGROUND OF
COMPUTATIONAL FLUID DYNAMICS

TECHNIQUES

Computational fluid dynamics (CFD) with associated numerical techniques is one of
the branches of fluid mechanics that uses numerical methods to solve problems
involving fluid flows, heat transfer and chemical reactions. Computers are used to
perform calculations required to simulate the interaction of liquids and gases with
surfaces defined as boundaries of the domain. CFD numerical investigations are used
extensively in the research described in this thesis and this chapter describes the

theoretical background of Computational Fluid Dynamics techniques.

The physical phenomena considered in this work involves the air flow around high
voltage overhead power conductors which are heated due to Joule losses in the
conductor and solar irradiance. This air flow is associated with combined heat
transfer due to conduction inside the conductor, air convection on its external surface

and re-radiation from the conductor to the surroundings.

The thermal state of underground power cables is defined by the heat transfer in
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solid bodies, such as the conductor itself and surrounding soil or protection
structures. Additionally, situations exist when underground power cables are also
exposed to the flow of water, usually with low velocities. Finally, in some cases it is
necessary to take into account the cooling effect of airflow over the ground where

the cable is buried.

This Chapter first presents the system of governing equations describing generic
flow and heat transfer phenomena, then moves on to a discussion of the most

commonly used numerical methods for the solution of these equations.

Unlike laminar flow, the velocities of fluid particles in turbulent flows change
unpredictably in space and in time, making the solution of the governing equation a
complicated task and require substantial computational recourses. Turbulent models
incorporate different techniques in order to simplify and solve heat transfer
problems. General principles of turbulence modelling are described in the third
section of the Chapter, followed by a detailed description of the two most frequently
used models for the solution of equations of turbulent flow, namely Spalart-Allmaras
(one-equation) and k-¢ (two-equation) models. Section 5 also describes the basics of
other turbulence models available in the CFD software package Fluent [52]. Finally,
the solution procedure using finite volumes method is described in detail in Sections

6, 7 and 8.

4.1 Governing equations
The general equations governing fluid flow and heat transfer are the conservation of

continuity, momentum and energy equations. These conservation equations are
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generally called Navier-Stokes (N-S) equations, although to be accurate N-S
equations consist of momentum equations only. The equations governing the
physical phenomena of air flow and heat transfer in the domain with the conductor
are the Navier-Stokes equations for 2-D or 3-D steady and transient flow of
compressible (air) or incompressible (fluid, oil) non-reacting fluid. The flow of

liquids depend on velocity can be categorized as laminar or turbulent.

The continuity, momentum and energy equations (in the form of partial differential
equations) are directly obtained by applying the relevant conservation principles to

an infinitesimally small element (model) fixed in space; see Fig. 4.1 [56].

4.1.1 Continuity equation
The general equation for conservation of mass, i.e. continuity equation for an

unsteady compressible flow can be written as:

8p 0
a—f—i-aT.(p'uj):O, (4-1)

j
where p is the density of the fluid; u; stands foru,,u, andu,, which are the

velocity components in 3-D flows.

4.1.2 Momentum conservation equation
The momentum conservation equation for unsteady, compressible, viscous flow with

body forces in an inertia reference frame may be written as:

0 0 8p az-i,'
“—(pu)+—Ipuu )J=—E+—" 4 po +F , 4-2
p” (pu,) x, (p u,u]) o, o, pg +F (4-2)

where pis the density of the fluid (kg/m?); p is the static pressure (Pa); 77 is the
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stress tensor (Pa); pg, 1is the gravitational body force (N); and F; are the external

body forces (N).
ov
V+—-
oy ¥
D A C
|
ou
. —U+—"0x
@/ u T 2% ox
A | B
\ Sk i

(a) Geometry and Velocities

(7+g@/)-5x
y
D C

ooy —- . (G+a—o—5x)@/

Oox

A . B
TOX

(b) Forces in X — direction

Fig. 4.1 Flow into a patch of fluid [56]

For Newtonian fluid the viscous stress term is

ou, Ou; | 20u,
R AL/ 4.3
fi ﬂﬂ&xj Ox, ] 3 ox, ”} (*+-3)

1

where j=1, 2, 3. If index appears twice then the sum of three terms is used; J; is the
Kronecker delta (51;: Lif i=j, else §,=0). Coefficient x in equation 4-3 is the
dynamic viscosity of fluid (Pa-s).
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4.1.3 Energy equation
The energy conservation equation for unsteady, compressible, viscous flow with heat
transfer (assuming heat flux is given by Fourier’s law) and chemical

reaction/volumetric heat sources may be written as:

0 0 0 0 oT 0
S E)+-(p-u E)=—-(u - k )+ Sh 4-4
ot (p )+ ox (,0 " ) ox (u(/ p)+ ox [ 8x1}+ x; (wz,)+Sh, (4-4)

2
where E:e+u7.

Here e is the internal energy, £ is the conductivity, S# is the heat of chemical reaction

or volumetric heat sources and 7 is the static temperature.

The Navier - Stokes equations which include the continuity equation (4-1),
momentum equations (4-2) and energy equation (4-4) are a coupled system of non-
linear differential equation which is not closed, since the number of unknowns ( p,
D, ux, Uy, u. and e) is greater than the number of equations by 1. The additional
equation required to close the system of equations is the equation of state, for perfect
gas it is

p:p'R'Ta (4_5)

u

where R = with R, R, being the specific and the universal gas constant,

respectively, and M,, is the gas/fluid molecular weight. Equation (4-5) introduces an
additional unknown - the temperature 7. The last equation to close the entire system
must be a thermodynamic relation between state variables. For example, e = ¢(7, p)

and for thermally perfect gas (where specific heat is a function of temperature), this

relation would be:
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e=c, T, (4-6)

where ¢, is the specific heat at constant volume and it is a function of temperature.

4.2 Numerical solution methods

The Navier-Stokes equations (4-1), (4-2), (4-4) and caloric equation of state (4-6),
along with appropriate boundary conditions (no slip, velocities/mass flow rates and
heat flux/temperatures) are expected to provide a solution at any point in the flow
field. However, since the governing equations are a coupled system of non-linear
partial differential equations, there are very difficult to solve analytically. In the
absence of any analytical solution scheme, the governing equations are usually

solved using advanced numerical scheme/procedure.

There are three major numerical methods for solution of a system of partial
differential equations:

+ Finite Differences Method (FDM);

¢+ Finite Element Method (FEM);

¢+ Finite Volume Method (FVM).
The above methods differ from each other in the approximation of the variables and

in the discretisation techniques.

4.2.1 Finite Difference Method (FDM)

Finite-difference methods (FDM) approximate solutions by substituting derivatives
with approximately equivalent difference quotients [56, 61]. Extensive application
of the FD method can be explained by the mathematical simplicity of the

discretisation procedure.
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The error in a solution is defined as the difference between its approximation and the
exact analytical solution. The two sources of error in finite difference methods are
round-off, the loss of precision due to computer rounding of decimal quantities, and
truncation error or discretization error, the difference between the exact solution of
the finite difference equation and the exact quantity assuming no round-off. To use a
finite difference method to attempt to solve a problem, the physical problem domain
must be first discretized. This is usually done by dividing the domain into a uniform
grid. This means that finite-difference methods produce sets of discrete numerical

approximations (algebraic equations) to the derivative.

The first-order derivative can be defined as:
a forward difference:

dU _U(x+h)-U(x)

- +0(h), (4-7)

or a backward difference:

oU _U(x)-U(x-h) .
ox h

o(h), (4-8)

where /4 is the small displacement in the x direction, also called a numerical mesh
size and O(h) denotes that terms of higher order exist, but if the distance 4 is very

small then these terms might be neglected.

In general case, when a time-dependant problem is considered, the Crank-Nicolson
method is based on an application of the central difference at time ¢, + ; ,, and a
second-order central difference for the space derivative at position x;, is used, see
Fig. 4.2. The scheme is always numerically stable and convergent and requires

solving a system of differential equations on each time step.
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Fig. 4.2 The Crank—Nicolson stencil

The disadvantage of the method is that only domains with relatively simple

geometries can be considered.

4.2.2 Finite Element Method (FEM)

The finite element method has been in use since the 1950s and initially was designed
for solving structural mechanics problems. Currently, several types of finite element
method exist (Generalized Finite Element Method, hp-FEM, Extended FEM or
XFEM etc.). In this method the geometry of a physical domain needs to be divided
into a large number of small elements, and then the differential equations are
approximated by the variational principle, usually the weighted residual approach
(the variation of parameters inside the elements is described using special functions).
The solution approach is based either on eliminating the differential equation
completely (steady state problems), or converting PDEs into an approximating
system of ordinary differential equations, which are then numerically integrated
using standard techniques such as Euler's method or Runge — Kutta. More

information about FEM can be found in [62].
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4.2.3 Finite Volume Method (FVM)

The finite volume method deals with a small volume which surrounds each node on
a mesh and calculates the values of the conserved variables averaged across the
volume. The finite volume method is a method for representing and evaluating

partial differential equations in the form of algebraic equations.

In the finite volume method, volume integrals in partial differential equations that
contain a divergence term are converted to surface integrals using the divergence
theorem. These terms are then evaluated as fluxes at the surfaces of each finite
volume. Because the flux entering a given volume is identical to that leaving the
adjacent volume, these methods are conservative. Another advantage of the finite

volume method is that it can be used in unstructured meshes.

Based on the control volume formulation of analytical fluid dynamics the finite
volume method is used in many computational fluid dynamics packages, such as
CFX, Star CD and Fluent. Fluent CFD software is employed in this study and the

finite volume method will be described in more details in the following sections.

4.2.4 The comparison between Finite Element and Finite Difference Methods
The differences between FEM and FDM are:

o The most attractive feature of the FEM is its ability to handle complicated
geometries (and boundaries) with relative ease. While FDM in its basic form
is restricted to handle rectangular shapes and simple alterations, the handling
of geometries in FEM is theoretically straightforward.

o The most attractive feature of finite differences is that it can be very easy to
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implement.

o In general FDM can be considered as a special case of the FEM approach.
Basis functions can be chosen as either piecewise constant functions or Dirac
delta functions. In both approaches, the approximations are defined on the
entire domain, but need not be continuous.

o There are reasons to consider the mathematical foundation of the finite
element approximation more sound, for instance, because the quality of the
approximation between grid points is poor in FDM.

o The quality of a FEM approximation is often higher than in the
corresponding FDM approach, but this is extremely problem dependent and

several examples to the contrary can be provided.

Generally, FEM is the method of choice in all types of analysis in structural
mechanics (i.e. solving for deformation and stresses in solid bodies or dynamics of

structures).

4.3 Turbulence modelling

The FVM is the most accepted method for solution of CFD problems, which usually
require discretization of the domain into a large number of cells/gridpoints (millions
and more).

Directly solving the governing system of equations for turbulent flow is very
expensive computationally. Implementation of simple, lower order approximation

within each cell can decrease the cost of the solution.

Therefore, the N-S equations are time averaged to produce a modified set of
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governing equations, which contains additional unknown variables. This section
describes details of the turbulence modelling methodology for developing additional
equations for dealing with extra unknowns in the time averaged equations. This is
followed by the description of numerical discretization scheme employed for solving
the time averaged N-S equations. Finally, some convergence/stability definitions are

presented.

As mentioned above, a direct numerical simulation (DNS) of the governing system
of equations for turbulent flows, which are characterised by fluctuating velocity
fields and transport properties, is not currently realistic due to the level of
computational requirements for resolving large and small scale flow structures.
Instead, the governing equations are usually time/ensemble - averaged to remove the
fluctuating small scales, resulting in a modified system of equations that is
computationally less expensive to solve. The averaging process introduces
additional unknown variables in the time averaged set of governing equations and
therefore, turbulence models are required to have additional transport equations for

unknown scalar quantities to close the system of time averaged equations.

In Reynolds averaging procedure, the flow variables in the instantaneous N-S

equations are split into the mean and fluctuating components. Let ¢ represent scalar
quantities such as pressure, energy, etc., then:
p=¢+¢, (4-9)
where ¢ and ¢' are the mean and fluctuating components. Similarly, for vector
quantities like velocity
u =i +u, (4-10)
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where, u, and u; are mean and fluctuating velocity components (i =1, 2, 3).

Substituting the form given by equation (4-9) and (4-10) for flow variables into the
continuity and momentum equations in tensor notion and taking time average and
dropping the overbar on the mean yields ensemble-averaged equations. For steady

flow, they can be written:

0

_(p”i):(); (4-11)

Ox;
0 op 0 Ou, Ou; | 2ou, 0 ——
o)=L ¢ . L ———L5. [+—\~pulu'). (4-12
ax, (puu,) ox, *ax, {ﬂ ( o, " ax, ) 3w, ! axj( pu; ,) (4-12)

The ensemble-averaged equation for continuity (4-11) and momentum (4-12) are
referred Reynolds-averaged Navier-Stokes (RANS) equations. They are the same
general form as the instantaneous Navier-Stokes equations, with velocities and
flow variables representing time/ensemble-averaged values. Additional terms
appear in the ensemble-averaged equation, which represent the effects of
turbulence. When equations (4-11) and (4-12) are applied to variable density flows
with the velocities representing mass-averaged (density weighted time average)

values, they are referred as Favre-averaged Navier-Stokes (FANS).

The additional unknown term which appears in equation (4-12), namely, — pu’,u’;

is known as Reynolds stresses and renders the set of partial differential equations
unclosed. In order to obtain a closed form of equations that can be solved, it is
necessary to model the Reynolds stresses. A common method is to employ the
Boussinesq hypothesis (Linear Eddy Viscosity Model, EVM) to relate the

Reynolds stress to the mean velocity gradients. Boussinesq suggested that

92



turbulence could be described by the same type of stress-strain relationship as

—— ou, Ou;| 2 Ou
—pulu = p | A —L | = ph o, =5 4-13
puu; = p, ( ax, 6x,) 3 (p H, aka ’ (4-13)

— —
uiuj

where u, is the turbulent viscosity and k= is the kinetic energy of

turbulence. The term % pko,; in equation (4-13) is included in order to ensure that

the trace of Reynolds stress tensor is equal to (— 2k ), as it should be. In contrast to

molecular viscosity (u), turbulent viscosity (u,) is not a fluid property but depends
strongly on the state of turbulence. It may vary significantly from one point in the

fluid flow to another and also from flow to flow.

The introduction of equation (4-13) alone does not constitute a turbulence model but
only provides the framework for constructing such model; the main problem is now
shifted to determining the distribution of y,. If a separate turbulence model is used to
calculate y, and £, the governing ensemble-averaging equation along with turbulence
model equation form a closed system of partial differential equations, which can be
solved numerically. Turbulence models and corresponding governing equations are

discussed in latter paragraphs.

Similar to time/ensemble-averaging of the continuity and momentum equations, the
energy equation can also be ensemble-averaged to give a modified instantaneous
energy equation with resultant unknown terms representing turbulence. In Fluent,
turbulent energy/heat transport is modelled using the concept of Reynolds analogy to

turbulent momentum transfer. The ‘modelled’ energy equation is given by:
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t J
where £ is the thermal conductivity, ¢, is the specific heat at constant pressure and

(r,.j )eﬁ is the deviatoric tensor defined as

ou, al/l/. 2 auk
)= —L+—|-=u,—0,, 4-15
(TU )gff Hepy [axj axi J 3 Hep axk i ( )

where g, = pu+u,.

The ensemble-averaging of steady energy equation without chemical
reaction/heating source, yields a modified equation which contains many unknown
terms, of which two turbulence terms are more significant (while the rest of the
unknowns are neglected). Of the two significant terms associated with turbulence,
one is modelled analogous to the Fourier heat conduction equation and the other is
modelled in the same fashion as Reynolds stresses. Therefore equation (4-15)
contains an additional modelled term added to the thermal conductivity and a

modified stress tensor term to take care of the Reynolds stresses.

4.4 The most frequently used type of turbulent models

There is no single turbulence model that is universally accepted as being superior to
all classes of problems. The choice of the turbulence model depends on
characteristics of the flow, the level of accuracy required, the available
computational resources and the amount of time available for the simulation [52].
Therefore it is necessary to understand the capabilities and limitations of the
turbulence models in order to make an appropriate choice. Due to enormous

computational requirement, direct numerical simulation (DNS) and large eddy
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simulation (LES) were not used in this work. The k& — model was employed for
most of computational simulations performed and two models, namely Spalart-
Allmaras and k —¢ are considered in detail in this section to demonstrate approaches

used to simulate turbulent flows.

Turbulence models like Spalart-Allmaras, k£ -¢ and £ — ® employ the Boussinesq
approach for modelling Reynolds stresses. The central issue is, how the

eddy/turbulent viscosity, g, , is calculated in each of the above models. An alternate

to the Boussinesq approach is the Reynolds stress transport model (RSM), which

solve transport equations for each of the terms in Reynolds stress tensor directly.

The advantage of Boussinesq approach model over RSM is the relatively low

computational cost associated with the computation of the turbulent viscosity, g, .

The disadvantage of the Boussinesq hypothesis is that it assumes turbulent viscosity
as an isotropic scalar quantity, which may not be correct. RSM is superior for
situations in which the anisotropy of turbulence has a dominant effect on the mean
flow, such as highly swirling flows and stress-driven secondary flows. However, for
many cases, models based on the Boussinesq hypothesis perform very well and the

additional computational expense of the Reynolds stress model is not justified.

It terms of computation, Spalart-Allmaras is the least expensive turbulence model,
since only one turbulence transport equation needs to be solved. The two-equation
models, like k-¢ and k—w, require more computational effort than the Spalart-

Allmaras model.
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4.4.1 Spalart-Allmaras model theory

The model proposed by Spalart and Allmaras is a relatively simple one-equation
model that solves a modelled transport equation for a quantity that is a modified
form of the kinematic eddy (turbulent) viscosity. The Spalart-Allmaras model was
designed specifically for aerospace application involving wall-bounded flows and
has been shown to give good results for boundary layers subject to adverse pressure
gradient [52]. However, no claim is made regarding the suitability of the Spalart-
Allmaras to all types of complex engineering flows. Further, one-equation models
are often criticized for their inability to rapidly accommodate changes in the length

scale.

The transported variable in the Spalart-Allmaras model, v, is identical to the
turbulent kinematic viscosity except in the near-wall (viscous-affected) region. The

scalar transport equation for v is given by:

o, .. O ~ 1|0 ~\ OV o
— +—Apvu,)=G,+—| — (u+p-v)—+C — |-
o o (p-¥u,)=G, . o e v)axj bzp[axjﬂ

Y, +S, (4-16)

where G,is the production of turbulent viscosity and Y, is the destruction of
turbulent viscosity in the near-wall region; S, is a user defined source term; o, and

C,, are constants and v is the molecular kinematic viscosity.

Modelling the turbulent viscosity (u,)

The turbulent viscosity is computed from
M= PVf s (4-17)
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where the viscous damping function, f, , is given by

3

4 v
=4 =_ . 4-18
fvl Z3 + Cj,] Z v ( )
Modelling the turbulent production
The production term, G, , is modelled as
G,=Cy-p-S-7, (4-19)
where
~ v 4
S=S+———-- and =1- . 4-20
kz.dz va va 1+ﬂ“}1 ( )

In equations 4-19 and 4-20 C,; and k are constants, d is the distance from the wall

and S is a scalar measure of the deformation tensor and can be calculated as

S=.2.Q,-Q,, (4-21)

where Qij is the mean rate of the rotation tensor:

o,
Qij:l-(%— u’J. (4-22)

For wall bounded flows the expression for S is justified by the fact that turbulence

is found only where vorticity is generated (near the walls).

Modelling the turbulent destruction:

The destruction term, Y, in (4-16) is modelled as
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Here C,,,C,, andC,, are constants and S is given by equation (4-20)

wl >

Model constants

The following are the default values for the model constants:
2
C, =0.1355; C,, =0.622; o, :E; c,=11;

c _Cu 4Gy

» > C,=03;C,=20; k=0.4187.
k o

Near-wall treatments for wall-bounded turbulent flows

(4-23)

(4-24)

Turbulent flows are significantly affected by the presence of walls. First, the mean

velocity is affected through the no-slip condition existing at the wall. Secondly, very

close to the wall, viscous damping reduces the tangential velocity fluctuations, while

kinematic blocking reduces the normal fluctuations. Towards the outer part of the

near-wall region, however, the turbulence is rapidly increased by the production of

turbulence kinetic energy due to the large gradients in the mean velocity.

Modelling of the flow in the near-wall region determines successful prediction of

wall-bounded turbulent flows, because in the near wall region the solution variables

have large gradients. The near-wall region can be subdivided into three layers. In the

innermost layer, called the “viscous sublayer”, the flow is almost laminar and the
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molecular viscosity plays a dominant role in momentum and heat/mass transfer. In
the outer layer, called the fully turbulent layer (log-law region), turbulence plays a
major role. In the interim region between the viscous sublayer and the fully turbulent

layer, the effects of molecular viscosity and turbulence are equally important.

Unlike the k-¢ model, the RSM and the LES model, which are primarily valid for
turbulent core flows; the Spalart-Allmaras and kA~ models were designed to be
applied throughout the boundary layer, provided that the near -wall mesh resolution

is sufficient.

Wall boundary conditions for Spalart-Allmaras model
The modified turbulent kinematic viscosity v is set to zero at walls. When the mesh
is fine enough to resolve the laminar sublayer, the wall shear stress is obtained from

the laminar stress-strain relationship:

u_puy (4-25)

If the mesh is too coarse to resolve the laminar sublayer, it is assumed that the
centriod of the wall-adjacent cell falls within the logarithmic region of the boundary

layer and log law of the wall is employed:

w1y E(Mj : (4-26)
u. k Y7,

T

where u is the velocity parallel to the wall; u, is the shear velocity; y is the distance

from the wall; k£ =0.4187 is the von Karman constant and £ =9.793.
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4.4.2 The standard k-¢ turbulence model

The standard k-¢ model is a two-equation model, one for the turbulent kinetic energy,
k, and another for the rate of dissipation of turbulent kinetic energy &. The
instantaneous kinetic energy of a turbulent flow is the sum of the mean and the

turbulent kinetic energy.

The standard k- model [52] provides two additional equations, one for £ and another

for €. Velocity scale ¢ and length scale / are given as follows:

s k3/2
p=k'"; [= . (4-27)
£

Hence turbulent eddy viscosity is specified as follows:

k2
U, =Cpgl = pC, e (4-28)
where C, is a dimensionless constant.

The standard model uses the following transport equations for k£ and &:
Lo+ (pugy =+ 2| K G v Gy - pe-v,, (4-29)
ot ox i ox, o, )Ox,

0 0 ) U | os g g’
—(pe)+— E)=—|pu+—|—+C,,—P, +C,,.p— 4-30
6t(p ) axi(p“, ) ox, [,U Ganxi e T 2: P A ( )

where Py is the rate of production of & and is given by

. . Ou, .
R ) A Y (431)
T\ ox; ox; ox )\ ox,

The standard k-¢ model employs values for the constants that are obtained by
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comprehensive data fitting for various turbulent flows:

C,=009 0,=1.00;, 0,=130; C, =144 C,, =192

At high Reynolds number, the standard k-¢ model avoids the need to integrate
equations through to the wall by making use of the behaviour of near-wall flows.

The following wall functions can be used for high Reynolds numbers:

u+:£=lln(Ey;§); fo le _u (4-32)

v, K Je. pt

For heat transfer the universal near-wall temperature distribution valid at high

Reynolds numbers is used:

T-T )C
r=_ 1) p””f=af{u++P(@Ha (4-33)

QW GT,I

where T is the temperature at near wall point y,; T, is the wall temperature; g, is wall
heat flux; C, is the fluid specific heat at constant pressure; o7, is the turbulent Prandtl
number; o7; = uC,/I'r 1s the Prandtl number; /7 is the thermal conductivity; P is a

correction function

At low Reynolds numbers, the k-¢ model requires some modifications by adding a
few wall damping functions f,, f; and f>, and additional terms L; and L, to account for

non-isotropic dissipation process:

2

k
#,=Cppl=pf,C,—; (4-34)
£
% + diV(pkU) = div([,u + ﬂj grad kJ +P —pe+L, (4-35)
Oy
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2

@ +div(pkU) = div((,u +2‘—j grang +C,,f, %Pk ~C,,f, p% +L, (4-36)
The advantages and disadvantages of the k- model are as follows [52]:
Advantages:

o Simplest turbulence model for which only initial and/or boundary conditions

need to be supplied;

o Excellent performance for many industrially relevant flows;

o Well established; the most widely validated turbulence model;
Disadvantages:

+  More expensive to implement than mixing length model

¢ Poor performance in a variety of important cases, such as some unconfined

flows, flows with large extra strains, rotating flows and fully-developed flows

in non-circular ducts.

4.5 The choice of the turbulent models in Fluent
Fluent CFD [52] software provides the following choices of turbulence models,
which depends on the level of accuracy, time available, computer capabilities
e  Spalart-Allmaras model;
e k-¢ models:
0 Standard k-¢ model;
0 Renormalization-group (RNG) k-¢ model;
0 Realizable k-¢ model,;
® k- models:
0 Standard k-w model,

0 Shear-stress transport (SST) k- model;
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e V-fmodel;
e Reynolds stress model (RSM);
e Large eddy simulation (LES) model,

e Detached eddy simulation (DES) model.

The basics of the Spalart-Allmaras model and the standard k-¢ model were described

above.

In Fluent two additional k-¢ models are available:
e the RNG k-¢ model;

e the realizable k-¢ model.

4.5.1 The turbulent models available in Fluent
The RNG k-¢ model includes the following improvements in comparison with
standard k-¢ model:

1. The RNG model has an additional term in its & equation that
significantly improves the accuracy for rapidly strained flows.

2. The effect of swirl on turbulence is included in the RNG model,
enhancing accuracy for swirling flows.

3. The RNG theory provides an analytical formula for turbulent Prandtl
numbers, while the standard k-¢ model uses user-specified, constant
values.

4. While the standard k-¢ model is a high-Reynolds-number model, the
RNG theory provides an analytically-derived differential formula for

effective viscosity that accounts for low-Reynolds-number effects.
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These features make the RNG k-¢ model more accurate and reliable for a wider class

of flows than the standard k-¢ model.

The realizable k-¢ model differs from the standard k-¢ model in two important
ways:
1. The realizable k-¢ model contains a new formulation for the turbulent
viscosity.
2. A new transport equation for the dissipation rate, ¢, has been derived
from an exact equation for the transport of the mean-square vorticity

fluctuation.

It provides accurate predictions for flows involving rotation, boundary layers under

strong adverse pressure gradients, separation and recirculation.

The k- model is also one of common turbulence models. It is a two equation
model, which means it includes two extra transport equations to represent the
turbulent properties of the flow. The first transported variable is turbulent kinetic
energy, k. The second transported variable in this case is the specific dissipation, .
It is the variable that determines the scale of the turbulence, whereas the first

variable, &, determines the energy in the turbulence.

0 0 0 ok

—(ok)+—\pku, ) =—| T, — |+ G, =Y, + S, ; 4-37
at(p )+6x[(p ”,) 6x1{ kax_/.]+ e A T Oy ( )
0 0 0 ow
9 @ (pau)=21. 214G -1 +5.. 4-38
5t(pa))+8xi (pa)uz) axj( kaij—l— 2] a)+ w ( )

Here Gy represents the generation of turbulence kinetic energy due to the mean
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velocity gradients and G,, is the generation of w; [} and I, represent the effective

diffusivity for k£ and w due to turbulence; S;and S, are user defined source terms.

The v’-f model is a low Reynolds number turbulence model, similar to k-¢ model. In
this model the velocity scale, v°, is used instead of the turbulent kinetic energy. The

anisotropic wall effects are modelled through the elliptic relaxation function, f, by

solving a separate elliptic equation.

The Reynolds stress model is the most complex and time consuming model due to
the fact that it requires five additional transport equations and encompasses the

effects of swirl and rotation more accurately than two equation models.

The exact transport equation for the transport of the Reynolds stresses is written as

0 ——t 0 ——
5(/0”1'”*/) +87(pukuiui):

Local Time Derivative

, k
| S —

C;;=Convection

ou . .
+i[ui(w;)]—p(mﬁ+w %j—pﬁ<giu;e+gju:9>+

Jj 7k
ox, ox,

G;=Buoyancy Production

Dy j;=Molecular Diffusion P, =Stress Production
’ ’
ou! ou ou! ou’,
i J i J —— ——
+p| St —oy 2P ey A U g )+ S (4-39)
ox, Ox ox, Ox, ——
J : User-Defined Source Term

Fyy=Production by System Rotation

¢; ;=Pressure Strain ¢ =Dissipation

Here Cj, Dy, P; and Fj; do not require any modelling, but Dz;;, G ;;, ¢; and ¢ need

to be modelled.
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Large-eddy simulation models are implemented in simulating complex flows which
contain a huge number of large and small eddies. LES models are based on the belief
that momentum, mass, energy and other passive scalars are transported mostly by
large eddies and are strongly dependent on the geometries and boundary conditions

and small eddies are less dependent on the geometry and more universal.

LES models have advantages over direct numerical simulation (DNS) and Reynolds-
averaged Navier-Stokes (RANS) methods. Modelling using DNS is very costly,
therefore it is not implemented in industry. RANS models are very computationally
efficient, but cannot model real flow. They are dealing with the mean characteristic
of the flow and are used to predict major parameters, such as lift and drag. In LES
flows large scales are computed directly, as in DNS, and the small scales are
modelled. LES models are not as expensive as DNS models and provide a more

realistic picture of the flow than RANS models.

Detached eddy simulation approach is based on the Spalart-Allmaras model. The
core of DES modelling is implementation of the combination of LES modelling with
RANS modelling for high Reynolds number flow — in cases when LES model cannot

be used.

4.5.2 Comparison between frequently used turbulence models from the point of
computational time and memory storage
The Spalart-Allmaras model is the least expensive turbulence model of the options

provided in Fluent, since only one turbulence transport equation is solved.
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The standard k-¢ model clearly requires more computational effort than the Spalart-
Allmaras model since an additional transport equation is solved. The realizable k-¢

model requires only slightly more computational effort than the standard k-¢ model.

However, due to the extra terms and functions in the governing equations and a
greater degree of non-linearity, computations with the RNG k-¢ model tend to take
10-15% more CPU time than with the standard k-¢ model. Like the k-¢ models, the
k- models are also two-equation models, and thus require about the same

computational effort.

Compared with the k-¢ and k-w models, the RSM requires additional memory and
CPU time due to the increased number of the transport equations for Reynolds
stresses. On average, the RSM in Fluent requires 50-60% more CPU time per
iteration compared to the k-¢ and k-w models. Furthermore, 15-20% more memory

is needed [52].

4.6 Solution procedure using Finite Volume Method

The time/ensemble-averaged N-S equations consisting of continuity (4-1),
momentum (4-2) and energy (4-4), along with equation of state (4-6) and the scalar
transport equation, constitute a set of closed partial differential equations describing
the problem flow physics. These equations when solved along with appropriate
boundary conditions yield the solution to the flow field under investigation. As with
the exact governing N-S equations, the time averaged N-S equations, along with the
scalar equation representing turbulence, form a set of coupled nonlinear partial

differential equations which has no known general analytical solution procedure.
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The implicit density-based solver of Fluent, which is intended for compressible
flows, is used in the present exercise. A control-volume based technique is used for
the discretization of the governing equations and consists of:

e Division of the domain into discrete control volumes using computational
grid.

e Integration of the governing differential equations on the individual control
volumes to construct algebraic equations for the discrete dependent unknown
variables, such a velocities, pressure, temperature and conserved scalars
(modified kinematic viscosity pertaining to the Spalart- Allmaras- model)

e Linearization of the discretized equations and solution of the resultant linear

equation system to yield updated values of the dependent variables.

The density-based solver solves the governing equations of continuity,
momentum and energy simultaneously. The governing equation for turbulence
scalar (modified kinematic viscosity) is solved afterwards and sequentially. For
the reason that the governing equations are nonlinear and coupled, several
iterations of solution must be performed before a converged solution will be

obtained.

Each of iterations includes the following steps:

e Update the fluid properties based on the current solution (if the calculation
has just begun, the fluid properties will be updated based on the initialized
solution).

e  Solve continuity, momentum and energy equations simultaneously.

e Solve equation for scalar (modified kinematic viscosity) using previously
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updated values of the other variables.

e Check for convergence of the equation set.

The above steps are continued until the convergence criteria are met.

In the density-based solution methods, the discrete, non-linear governing equations
are linearized to produce a system of equations for the dependent variables in every
computational cell. The resultant linear system is then solved to yield an updated
flow-field solution. The manner in which the governing equations are linearized may
take an ‘implicit’ or ‘explicit’ form with respect to the dependent variables of

interest. In this study the implicit density solver is used.

The implicit density solver solves for all variables (pressure, velocities and
temperature) in all cells at the same time and for a given variable. The unknown
value in each cell is computed using a relation that includes both existing and
unknown values of the neighbouring cells. Therefore each unknown will appear in
more than one equation in the system and these equations must be solved

simultaneously to give the unknown quantities.

4.7 lllustration of discretization and solution procedure for general scalar
transport equation
A general scalar transport equation in vector form (independent of coordinate

system) for an arbitrary scalar variable, ¢, is given below:

%(p@ + Vip-v-¢) = V([,Vg)+ S4. (4-40)

Unsteady Convection Diffusion Source
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The volume integration of scalar equation (4-40) is given by

myg(/"@d v ([ vie-v-plav =[] v(r,velr +[[[ spav. (4-41)

The integration over the volume J may be transformed to integration over the
surface of the volume by the use of Gauss theorem. Thus integral equation (4-41)

can be rewritten as:

IHV%W)CIV +[[ -7 pdd=[ T,Vpdd+[[[ S,av. (4-42)

where p is the density; v is the velocity vector; A is surface area vector; L, is

diffusion coefficient for ¢; S, is source of ¢ per unit volume and V¢ is gradient
of ¢.

Equation (4-42) is applied to each control volume/cell, in the computational domain.

An example, a 2-D triangular cell shown in Fig. 4.3.

Cy and Cj are the cell centroids of the respective cell.

Fig. 4.3 Control volume — to illustrate discretisation of scalar transport equation [52]

Discretization of equation (4-42) on a given cell yields:

N faces N faces

0 B - ~
E(Wj)V + Zf:p.f VyopdA, = Zf: U,Vodd, + S,V (4-43)
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where N

faces ~

is the number of faces enclosing the cell; ¢, is the value of ¢,

convected through face /'; p, v f.lef is the mass flux through the face f'; ;lf is area
of surface f; V@, is gradient of ¢ at face /'; Vis the cell volume.

All the scalar equations solved for the flow problem take the same general form as

the one given by equation (4-43).

4.7.1 Temporal discretization

For transient simulations the governing equations must be discretized in both space
and time. The spatial discretization for the time-dependent equations is identical to
the steady-state case. Temporal discretization involves the integration of every term
in the differential equations over a time step A¢. A generic expression for the time

evolution of a variable ¢ is given by:

o9 _ .
~ =F(g), (4-44)

where F incorporates any spatial discretization. If the time derivative is discretized
using backward differences, the first-order accurate temporal discretization is given

by:

P =P _Fy), (4-45)

where ¢ is a scalar; n is value at current time #; n+1is value at time ¢+ At .
Once the time derivative has been discretized, F(¢) can be evaluated at future time

level (implicit time integration) or at current time level (explicit time integration). To

evaluate F(¢ ) at the future time level:
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¢ ="
Vi Flg) (4-46)

This is referred to as ‘implicit’ integration since ¢"* in a given cell is related to
¢™*! in the neighbouring cells through F(¢""'). The above implicit equation can be
solved iteratively at each time level before moving to the next time step. The
advantage of the fully implicit scheme is that it is unconditionally stable with respect

to the time step size.

In the density based solver, the coupled set of governing equations (continuity,
momentum and energy) is discretized in time for both steady and unsteady
calculations. In the steady case it is assumed that the time marching proceeds until a

steady-state is reached.

4.7.2 Spatial discretization
The scalars (and also other flow variables) are stored at the cell centers (cy and ¢; in

Fig. 4.2). However, face values ¢, are required for the convection terms in equation

(4-43) and must be interpolated from the cell centre values. This is accomplished

using an upwind scheme. Upwinding implies that the value ¢, is derived from

quantities in the cell upstream, or upwind, relative to the direction of the normal

velocity. In first order discretization the face value ¢, is set equal to the cell-center

value of ¢ in the upstream cell; also first order discretization generally gives better
convergence. When second-order accuracy is desired (as in the present problem),
quantities at the cell faces are computed using a Taylor series expansion of the cell-
centered solution about the cell centroid. So, when second order upwinding (SOU) is
selected, the face value ¢f 1s described as
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Prsou =P+V@-As, (4-47)
where ¢ and V¢ are the cell-centered value and its gradient in the upstream cell

and As is the displacement vector from the upstream cell centroid to the face

centroid. The gradient V¢ needs to be calculated in each cell. In addition, gradients

are required for computing diffusion terms and velocity derivatives. When the

Green-Gauss theorem is used to compute the gradient of the scalar ¢ at the cell

centre ¢y, the following discrete form can be written:
1 -
Vo), =44, (4-483)
Vv
where ¢, is the value of ¢ at the cell face centroid. In Green-Gauss cell-based

gradient evaluation, Zf is computed from the arithmetic average of the values at the

neighbouring cell centers, 1.e.

o dth

gy =" (4-49)

The discretized scalar transport equation (4-47) contains the unknown scalar variable
at the cell centre, as well as the unknown values in surrounding neighbouring cells.
This equation will in general be a non-linear with respect to these variables.

However, a linearized form of equation (4-47) can be written as:

aP.¢:Zanb'¢nb+b5 (4_50)
nb

where the subscript nb refers to neighbour cells; ap and a,, are the linearized

coefficients for¢ and ¢, .

The number of neighbours for each cell is typically equal to the number of faces

enclosing the cell (boundary cells being the exception). Similar equations can be
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written for each cell in the grid. This results in a set of algebraic equations with a

sparse coefficient matrix. The linear system of equation for scalar ¢ is solved using

the implicit Gauss-Seidel method.

4.8 Convergence criteria for numerical simulation

There is no universal metric for judging convergence. Therefore it is required to
judge convergence not only by examining residual (defined below) levels but also
monitoring relevant integrated quantities, such as mass flow, heat transfer
coefficient, etc. For the present problem, the scaled residual (defined below) of 107
is selected as the convergence criterion for all the equations, except the energy

equation, for which the criterion is 10,

In addition, wall bounded compressible flow requires the monitoring of the mass
imbalance between the inlet and the outlet. Mass imbalance of less than 0.2 %
usually implies a converged solution. Thus convergence of wall bounded flow
requires monitoring scaled residuals as well as percentage mass imbalance between
the inlet and the outlet. Solution marching is truncated as soon as both of the above

convergence criteria are met.

Definition of Residuals for scalars

The discretized transport equation for scalar ¢ at a cell P is given by equation (4-50)

and it rewritten below for discussion.

aP~¢P:Zan,,-  +b, (4-51)
nb

where a,1s the cell centre coefficient; a, are the influence coefficients for the
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neighbouring cells and b is the contribution of the constant part of the source term S,

in §=S8c+S,; and of the boundary conditions. The cell centre coefficient is shown

in equation 4-51.

ap = Zanb =S (4-52)
nb

The residual R’is the imbalance in equation (4-51) summed over all the

computational cells. This is referred as the “unscaled” residual. It may be written as:

R¢ = ZcellsN

an anb .¢nb +b_aP¢P ) (4_53)

It is generally difficult to judge convergence by examining the residuals defined by
equation (4-53), since no scaling is employed. The residual given by equation (4-53)
is scaled using a scaling factor representative of the flow rate (flux) of ¢ through

the domain. This “scaled” residual is defined as

ZcellsN

an Ay Py +b— aP¢P‘

R’ =
ZcellsN |aP¢P| (4_54)

Fig. 4.4 shows an example of the residuals of all variables plotted in a consol

window. Histories of residuals can be saved automatically in the data files.

4.9 Conclusions
General principles of numerical methods, turbulence modelling, and the two most

frequently used models for the solution of equations of turbulent flow, namely
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Spalart-Allmaras (one-equation) and k-¢ (two-equation) models and other turbulence
models available in the CFD software package Fluent and also the solution

procedure using finite volumes method were described in detail.

Residuals _
— continuity 1e+02 =
x-velocity
y-velocity 10400
energy i
k -
epsilon 1e-02 =
— do-intensity ]
1e-04 =
1606 — >
1e-08 =
1e-10 T
0 100 200 300 400 500
Iterations

Fig. 4.4 An example of graphic representation of residuals in Fluent

Numerical methods are used when it is impossible to get analytical solution for the
time averaged governing equations for flow and the heat transfer phenomena. The

most applicable methods are FEM, FDM and FVM.

FEM is implemented in all types of analysis in structural mechanics (i.e. solving for
deformation and stresses in solid bodies or dynamics of structures). CFD tends to use
FDM or FVM. Commercial package Fluent utilizes the finite (control) volume
method, the domain is divided into a number of control volumes, such that there is a
control volume surrounding each grid point. The differential equation is integrated
over each control volume to form the algebraic equations containing the grid point

values; therefore the numerical procedure yields solutions only at discrete points and
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not throughout (continuously) the flow domain.

Unlike laminar flow, the velocities of fluid particles in turbulent flows change
unpredictably in space in time, making the solution of the governing equation a
complicated task and requiring substantial computational resources. Turbulence
models incorporate different techniques in order to simplify and solve flow and heat

transfer problems.

117



CHAPTER 5

STEADY - STATE THERMAL BEHAVIOUR OF

OVERHEAD LINES

5.1 CFD model

The main objectives of this chapter are to analyse the heat transfer between the Lynx conductor
and the ambient air under cross wind conditions (when the wind is perpendicular to the axis of
the conductor) and parallel wind conditions (when the wind is parallel to the axis of the
conductor) and the conductor is in a steady state. The thermal state is described by a certain
number of properties, such as temperature, pressure and density. These properties have constant

values for a given state.

As mentioned in Chapter 2, ENA P27 [17] uses a wind velocity of 0.5 m/s as initial data for
calculating the line ratings for cross wind conditions, which can be applied for 3 sets of ambient
temperatures, such as summer (20°C), winter (2°C) and spring/autumn (9°C) and for 3 design

core temperatures 50°C, 65°C and 75°C.

The calculations of the thermal state of the conductor for various cross and parallel wind

velocities were carried out for the case in which the transmitted load corresponded to 433 A with
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a design core temperature of 50°C, which is the static summer rating for a Lynx conductor with

an ambient temperature of 293 K and a cross wind velocity of 0.5 m/s [17].

The commercial CFD package, Fluent was used for solving the governing equations of flow
around the conductor. Fluent provides modelling capabilities to solve the steady state and
transient problem and allows the dependencies of thermo-physical properties of the conductor,
such as heat capacity, conductivity and resistivity on temperature, to be taking into account.

The ACSR conductor Lynx consists of 30 strands of aluminium wire and 7 strands of steel wire,

see Fig. 5.1.

Fig. 5.1 The real geometry of the Lynx conductor [63]

The maximum diameter of the aluminium cylinder and of the steel core is 19.5 and 8.37 mm,
respectively, with the cross sectional area of the aluminium part being 183.4 mm® see Appendix
A. For modelling purposes the conductor was assumed to be a combination of two coaxial
cylinders in order to simplify calculations, as demonstrated in Fig. 5.2. More complex models
will result in increasing computational time and would require a significant amount of memory
to store the associated data. For this calculation scheme the diameter of the steel core was
increased to 12.1 mm to keep the outer diameter and the aluminium cross-section of the
conductor equal to their real values. The conductor is placed in the relatively large square-shaped
air-domain which is 1,000 mm x1,000 mm in order to eliminate the wall effects on the flow

around the conductor. The computational results on velocity and temperature values

119



demonstrate that these dimensions of the air domain are large enough to produce a size-

independent solution.

The scheme of the computational domain and the section of the computational mesh are

presented in Fig. 5.3 and Fig. 5.4.

Fig. 5.2 The model with increased steel core in comparison to the real conductor

Outlet Coiductor Inlet
—1 O —

Air domain

Fig. 5.3 The computational domain scheme

The whole domain incorporates the air domain, the aluminium section and the steel part of the
conductor. The equations describing heat and mass transfer in the computational domain are
discretised using the finite volume method in which the whole domain is split into an array of

much smaller control volumes/elements in the computational mesh.
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Fig. 5.4 The section of the computational mesh used in the modelling process

In this case a mesh with 90,539 cells was created. Mesh refinement tests were conducted in
order to ensure that the solutions are not mesh dependent and the computational mesh with
90,539 cells was selected to conduct numerical investigations. In order to obtain accurate results
of the heat transfer, a very fine mesh was created in the vicinity of the surface of the conductor to
reflect the specifics of the flow and heat transfer in the boundary layer zone around the
conductor. Simplified thermal models of the conductor with illustration of building geometry,
specification of boundary type, checking of quality of the meshes are presented in detail in
Appendix B. Furthermore, the effect on the temperature of a conductor with different meshes

was also studied.

The solution of the system of governing heat and mass transfer equations is subject to the set of
boundary conditions. The velocity inlet and the outflow boundary conditions were prescribed on
the right and left external boundaries of the computational domain, respectively. Air enters the
computational domain with a uniform constant velocity and ambient temperature. The outflow
boundary condition applied assumes that air leaves from the outlet of the computational domain
with the same mass flow rate as it entered the domain. The upper and bottom boundaries of the
computational domain are considered in calculations to be walls and a zero heat flux boundary
conditions were specified on these walls. The ambient temperature was assumed to be 293 K.

The laminar flow model was used in calculations for the wind velocity equal to 0.1 m/s. For
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greater values of the wind velocity the standard k— model, which is a semi-empirical model
which includes the turbulence kinetic energy (k) and its dissipation rate (¢) for the calculation the
turbulent viscosity, with the enhanced wall treatment, was employed to model the turbulence
within the air domain. The k—¢ models, the RSM and the LES model were designed to use
mostly for turbulent flows in the regions far from walls. They can also be suitable for wall-
bounded flows by choosing one of the options of wall treatment approach. The enhanced wall
treatment was chosen because it can be used for the majority of flows and allows more accurate
predictions than standard wall treatment, which is used mostly for flows with high Reynolds

numbers.

The internal heat generation rate (S jear source) 1S included as the energy source term in the energy
conservation equation and this represents the amount of heat uniformly generated within the
aluminium part of the conductor, but not within the conductor core. It is defined as a ratio of the

power generated within the object to its volume. The energy source term is calculated as

I’ R 433.0.157

S = = =160,5000 /m*, 5-1
heat .source A . L 1834 . 10_6 . 103 ( )

where [ is the current through the conductor, 4 is the cross section area of the aluminium part of
the conductor and R/L is the DC resistance of the conductor. The per-unit resistance of the Lynx

conductor is 0.157 Q/Km [12].

As in this case the conductor has a higher temperature than its surroundings, the resulting heat

losses due to radiation from the surface of the conductor have been included in these simulations.

A 3-D CFD model is used for parallel wind conditions, when wind velocity coincides with the
axis of the conductor. The calculation scheme of the conductor in 3-D simulations is identical to

that used in 2-D CFD modelling. Due to the computer RAM limitations it was decided that it
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would not be feasible to employ a computational domain larger than a parallelepiped with
dimensions 3 m X 1 m X 1 m (L x H x W). These dimensions of the air domain are also large
enough to produce a size-independent solutions. The same mathematical models have been used
for solving the system of governing equations describing heat and mass transfer processes in the
computational domain as in 2-D simulations, except that the system of equations was modified to

reflect the 3-D geometry.

Fig. 5.5 presents the geometry of the computational domain used for 3-D CFD modelling (which
is the parallelepipedal air domain surrounding the conductor). A 3-D computational mesh,
consisting of 627,400 hexahedron elements (10,900 hexahedron elements for steel cylinder;
7,500 hexahedron elements for aluminium part of the conductor and 609,000 mixed elements for
air domain) is shown in Fig. 5.6. When creating the computational mesh special care was taken
in order to reflect the presence of boundary layers around the surface of the conductor. Hence the

resolution of the mesh provides mesh independent numerical results.

Fig. 5.5 The computational domain scheme
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Fig. 5.6 The 3-D computational mesh used in the modelling process

Two vertical planes of the parallelepiped which are perpendicular to the axis of the conductor are
the air inlet and outlet, respectively. Other planes limiting the volume of the computational

domain are assumed to be walls.

The temperature distribution within the conductor and its surroundings can be determined by
solving the system of the governing energy, continuity and momentum equations using the
segregated solver with an implicit linearization scheme, a single variable such as pressure is
solved in all cells at the same time. Then similar calculations take place for velocities,

temperatures and also k—e¢ for the turbulence model.

Boundary conditions applied are identical to those applied to the 2-D case with the cross wind
conditions. At the inlet air enters the computational domain with a uniform constant velocity
and the ambient temperature equal to 293 K. The outflow boundary condition is applied at the
air outlet and it is assumed that air leaves from the outlet the computational domain at the same
mass flow rate as it entered the domain. Zero heat flux boundary conditions were set on the

walls surrounding the conductor.
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5.2 Thermal state of the conductor exposed to the cross wind

Fig. 5.7 illustrates a comparison between 2-D and 3-D simulations of the thermal state of the
conductor exposed to the cross wind. The numerical simulations were performed for a number of
cases in which the wind velocity was varied from 0.1 to 15 m/s. Such a range was chosen
because it includes the working range of wind turbines which start to operate when the wind
velocity is approximately 4 m/s, reaching the maximum efficiency at 15 m/s, see Appendix C.
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Fig. 5.7 Temperature of the conductor vs. wind velocity

The calculations performed demonstrated that the results obtained using 2-D and 3-D CFD
models are almost identical: the difference between data does not exceed 0.27 K. The
temperature of the conductor strongly depends on the wind velocity at low wind conditions
(particularly in the range of 0-1 m/s) and the rate of the change in the thermal state of the

conductor is relatively small when the wind velocity exceeds 10 m/s.

Fig. 5.8 and Fig. 5.9 illustrate some general views of velocity vectors and temperature fields

around the conductor for wind velocities of 1 and 15 m/s, respectively.
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Fig. 5.8 Velocity vectors (a) and temperature fields (b) around the conductor for wind velocities

of 1 m/s. (Reynolds number is 1.28 -10°)
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Fig. 5.9 Velocity vectors (a) and temperature fields (b) around the conductor for wind velocities

of 15 m/s (Reynolds number is 19.2 -10%)

From the velocity distribution picture it can be seen that separation of the flow takes place at
approximately the same locations, but the wake region is much longer in the second case. The
boundary layers are thinner as the free stream velocity of the fluid increases; therefore heat

dissipation becomes more intensive with an increase of velocity of the fluid.
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Engineering Recommendations P27 indicate that the design core temperature is 323 K (for the
cross wind velocity of 0.5 m/s and 433 A loading) and according to the CFD modelling the
temperature of the conductor for the same conditions is 307 K (34 °C, which is 16 degrees

lower than the limit).

In order to evaluate the power which could be transmitted additionally, a number of simulations
were performed to find out at what current the temperature in the conductor will reach 323 K. A
wind velocity of 15 m/s was chosen for modelling, since it is in the range of 12-16 m/s when a
wind turbine reaches rated capacity and would be of interest for power system engineers
considering the integration of wind power into power systems. According to the modelling

results, 1600A transmitted current results in the 322 K conductor temperature.

The power is the product of current and voltage. In a three - phase electrical system the power
can be calculated as [64]:

Power =3 x Current x Voltage . (5-2)
For 132 kV network the electrical power which could be transferred is

for 1 =4334: Power = /3 x433x132000 = 98997095.96 W or 99 MW; (5-3)

for 1 =16004 : Power =~/3 x1600x132000 =365809130.6 W or 366 MW. (5-4)

Therefore, the model suggests, that when the conductor experiences a cross wind velocity of
15 m/s, the theoretical maximum power transfer capability of the conductor is increased by a

factor of 3.7.

5.3 Thermal state of the conductor exposed to the parallel wind
Fig. 5.10 presents results obtained for the conductor exposed to parallel wind conditions and it

can also be seen that the temperature of the conductor is approximately 19 K higher for low wind
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conditions when it is exposed to parallel wind. With the increase of the air velocity this
temperature difference gradually reduces and is about 5 K for a 15 m/s wind velocity. It is most
likely that the results for different wind angles will be placed within a “cross and parallel wind”

results envelope.

355
350
345

340*\
335*\

330 \
325 .

A\ —e— Cross wind
320

AN
315 \ S — ' Parallel wind

310 \ ~

305 Il
300 - \‘\‘\‘* _____ —h

295 —— -—0
290 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Wind velocity, m/s

Temperature, K

Fig. 5.10 The average temperature on the surface of the Lynx conductor vs. wind velocity for

cross and parallel wind conditions

If the obtained CFD results are accurate, there is scope for increasing transmitted power even
during fairly modest wind conditions. According to the CFD modelling results, increased
transmitted current by factor of 2.3 leads to the 323 K conductor temperature, which is a design
core temperature; therefore for 132 kV network the electrical power which could be transferred
is

Power =3 x2.3x433x132000 = 227693321 W = 22.769 MW (5-5)
Therefore, the model suggests that when the conductor experiences a parallel wind velocity of

15 m/s, the theoretical maximum power transfer capability of the conductor is increased by a

factor of 2.3.
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Compared to Engineering Recommendations P27, CFD modelling shows that there is
appreciable scope for increasing the rating. The preliminary results from this research suggest
that with careful management it may be possible to temporarily increase the rating and utilisation
of existing overhead lines. This increase could lead to benefits, such as the avoidance of costly

network reinforcement and improved network access for distributed generation.

At low Re numbers viscous forces dominate over inertial forces. Re number can be calculated as
Re = (pvl/,u) , (5-5)
where p is density (kg/m’),v is velocity in the flow (m/s), /is linear dimension(m), x is
dynamic viscosity (Pa-s). The Nusselt number is the ratio of convective to conductive heat
transfer across the boundary. Nusselt numbers for corresponding surface elements can be
calculated as
Nu=hllk, (5-6)

where £ is heat transfer coefficient (W/m*K), k is thermal conductivity (W/K-m).

Finally, Fig. 5.11 presents results of heat transfer coefficients from the surface of the Lynx

conductor in the form of Nu=f(Re) form.

Nu = 2.2555 Re %3065
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N
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Fig. 5.11 Nusselt number as a function of Reynolds number for the cross- and parallel wind
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Convective heat transfer from the surface of the conductor can be calculated using the following

equations:

Nu=2.2555%Re"*" (for cross wind); (5-7)

Nu=1.5035%Re °** (for parallel wind). (5-8)

It can be seen that the heat transfer coefficient is proportional to the wind velocity and is higher

for the case when the wind is perpendicular to the axis of the conductor.

5.4 The effect of the temperature dependence on the material properties of the temperature
of the Lynx conductor

During numerical modelling of the thermal state of the Lynx conductor, the effect of temperature
dependence on the physical properties of the material of the conductor and the influence of solar

radiation were investigated.

Fig. 5.12 presents results of CFD investigations of the thermal state of the Lynx conductor for
different magnitudes of cross wind. Two situations were investigated, namely when the
resistivity of aluminium was assumed to be constant and when it is dependent on the temperature
of the conductor. It can be seen that when the variation of resistivity is taken into account
temperatures are higher by approximately 0.5-2 degrees for wind velocities less than 3 m/s.
Numerical results show that the effect of the dependency of the heat capacity coefficient on the

temperature is very small (fraction of a degree) and therefore can be neglected in the analysis.
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Fig. 5.12 The average temperature on the surface of the Lynx conductor as a function of the

wind velocity

5.5 The influence of solar radiation
During the operational life of a conductor there is a considerable period of time when they are
exposed to solar radiation, which is an additional source of heat. The temperature of conductors
increase depending on the level of solar radiation and the condition of the conductor surface,
which can be specified by the value of the absorption coefficient. The additional source of heat
which emanates from solar radiation can be calculated as

q, =a-d-s (5-9)
where ¢, is solar heat gain in the conductor (W/m); d is diameter of conductor (m); a is the
solar absorption coefficient, which usually varies from 0.3 to 0.9; s 1is the intensity of solar

radiation (W/m?) with a typical value being 800 (W/mP).
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A conductor which has been in service for a considerable period of time usually has a darkened
surface due to oxidation and pollutants and a typical value of the absorption coefficient for such

conductor is about 0.9. The absorption coefficient of a new shiny conductor is about 0.3.

Table 5.1 presents computational results on the thermal state of the Lynx conductor when the
ambient temperature is set to be 293 K, wind velocity is assumed to be 2m/s and the current is

equal to 433 A taking into account solar radiation.

Table 5.1 The effect of solar radiation on the thermal state of the Lynx conductor; when
resistivity of aluminium was assumed to be constant and when it was assumed to be dependent

on the temperature of the conductor material

CFD model: | CFD model: | CFD  model: temperature
constant temperature dependent resistance, convective
resistance, dependent losses, re-radiation and solar
convective resistance; radiation
losses, convective losses,
a=03 | a=0.5 a=0.9
re-radiation re-radiation
Conductor
300.37 300.78 302.2 | 303.45 305.9

temperature, K

It can be seen in Table 5.1 that the temperature of the darkened conductor rises by about 6

degrees for the given set of boundary conditions when insolation is taken into account.

It can also be observed that the influence of re-radiation from the conductor is not significant

when the difference between the temperature of the conductor and that of the ambient is about 7

degrees, but re-radiation losses increase sharply with the rise of the conductor temperature.
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5.6 The influence of the temperature on thermal properties of aluminium and steel

Thermal conductivity, K7, (W/m-K) is the property of the material which shows the ability to
conduct heat. It is defined as the quantity of heat transmitted during time At through a thickness
X, in a direction normal to a surface of area 4, per unit area of A, due to a temperature difference
AT. 1t is a constant in the Fourier law of heat conduction. In solids the conduction of heat occurs
due to vibrations of molecules and internal radiation. There are a vast number of mobile
electrons in metals which provide the heat transfer. For the most metals the thermal conductivity

decreases when temperature increases.

Heat capacity, Cp, (J/kg- K) shows how much energy is needed to increase the temperature of a

unit of a material by one degree.

Fig. 5.13 presents the thermal conductivity and the heat capacity of the material as temperature

dependent functions plotted using tabular data from [65], see Appendix D.
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The comparison of results obtained for parallel and cross wind conditions is shown in Table 5.2.
The simulations were performed for a case when the wind velocity was equal to 2 m/s and the

ambient temperature of 293 K.

Table 5.2. The effect of temperature on the material properties of Lynx conductor; the
temperature in the conductor shown in the table is the maximum temperature obtained from the

CFD model without consideration of radiative heat losses

Temperature of the conductor, K

The wind direction Parallel wind Cross wind
Cp (J/kg K) and K7 (W/m K) assumed to be
constant 303.38 326.45
Cp (J/kg K) and K7 (W/m K) assumed to be
temperature dependent 303.56 326.43

It can be seen that the impact on the temperature magnitude in the conductor due to the
temperature dependent thermal conductivity and heat capacity is negligible in the considered

range of the wind velocity.

5.7 Conclusions

Comparison of numerical results obtained by CFD modelling and lumped parameter models,
used in industrial standards, for the case when the cross-wind velocity is 0.5 m/s, the ambient
temperature is 293 K and the current is 433 A, show that the latter over estimates the temperature
of the conductor by about 18 degrees. This indicates that there is scope for increasing the
ampacity of the Lynx overhead conductor. The model suggests that the theoretical maximum
power transfer capability of the conductor can be increased by a factor of 3.7 and 2.3, when the

conductor experiences a cross and a parallel wind velocity of 15 m/s, respectively.
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Numerical results obtained indicate that the effect on the conductor temperature due to the
temperature dependent resistivity is small, since the difference in temperature of the conductor is
less than 2 K at low wind conditions, when the temperature of the conductor is approximately

325 K.

Comparison of numerical results between cross and parallel wind shows that convective heat
transfer from the surface of the conductor can be calculated using the following equations:
Nu=2.2555xRe™" (for cross wind);
Nu=1.5035xRe **** (for parallel wind).
The increase of the temperature of the Lynx conductor with a darkened surface due to typical

average insolation of 800 W/m? is about 6 degrees.

It could be seen that the impact on the conductor temperature due to the temperature dependent

thermal conductivity and heat capacity is negligible in the range of conductor operational

temperatures and wind velocities.
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CHAPTER 6

CFD MODELLING OF THE TRANSIENT

THERMAL BEHAVIOUR OF OVERHEAD LINES

Very often distributed generation (DG) systems operate under variable output and climatic
conditions which affect the thermal state of overhead conductors. Rapid increases in the current
passing through the line or sudden drops in the wind velocity are extreme examples of such
dynamic conditions. In these cases it is essential for network operators to have information on
the time available to react to protect valuable network assets. This time is determined by the
period of time which elapses from the moment the current increases or the wind drops to the
point in time at which the conductor reaches its maximum allowable temperature level. These
rapid increases in current passing through a conductor could also be caused by network faults,
resulting in circuits being disconnected from the network. This results in sudden increased
loading in the remaining circuits. Changes in the wind direction are also important due to terrain
or vegetation shielding and also the wind direction dependent cooling properties, with respect to
the overhead line. In addition, dynamic modelling results are useful for network operators to

develop short term rating strategies for exploitation of networks with significant levels of DG.

6.1 Concept of the transient thermal state of the conductor

The following are basic definitions when modelling the transient thermal state of the conductor:

137



- “Transient thermal rating is that final current that yields the maximum allowable
conductor temperature in a specified time after a step change in electrical current from
some initial current”.

- “Thermal time constant: The time required for the conductor temperature to accomplish
63.2% of a change in initial temperature to the final temperature when the electrical

current going through a conductor undergoes a step change” [15].

Fig.6.1. illustrates how the temperature in the overhead conductor changes in response to the

current change. The parameters of the surroundings are assumed to be constant.

Current, A Temperature, K
F I ik
o N
Iy
Ii AN T.
______________________________ T
Time, s

Fig. 6.1 A step change from initial (I;) current to final current (lf) [15]
T; and T; are initial and final temperature, respectively;

T, is the temperature of the conductor

After the current step change takes place, the temperature of the conductor starts to rise due to
the increased heat generation rate. The transient thermal state of the conductor in the lumped-
parameter mathematical model (IEEE 738-1993) can be determined by the solution of the

following time-dependent energy balance equation (3.34):
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qc+qr+mcp?j—:=qs+l2xR(Tc),

where g is convective heat loss (Watts per linear foot of conductor), g, is radiated heat loss
(Watts per linear foot of conductor), gs is heat gain from the sun (Watts per linear foot of
conductor), | is conductor current (A), R(T,) is 60 Hz (in USA) or 50 Hz (in UK) resistance per

linear foot of conductor at T,(Q/ ft); T is the temperature of the conductor, mC, is the total

heat capacity of conductor (Ws/ft® C). The physical domains and computational meshes used
previously in Chapter 5 for the cross and parallel winds conditions were deployed for numerical

simulations of the transient behaviour of the conductor.

The following are the results of CFD simulations of the response in thermal state of the
conductor to an instantaneous change in the value of the electrical current for the cross and
parallel wind conditions and to an instantaneous change in the magnitude of the cross wind for a
fixed value of the electrical current, respectively The computational meshes and boundary
conditions used are identical to those deployed for the analysis of the steady thermal state of the

conductor.

6.2 Response to an instantaneous change in current under cross wind conditions

Fig. 6.2 shows the variation in the current which was simulated in numerical investigations for
the case when the cross wind velocity is constant and equal to 0.5 m/s. In this case the Lynx
conductor remains at the steady thermal condition until the moment when the current is

instantaneously changed (increased in the magnitude) in the form of a step function.
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Fig. 6.2 An instantaneous increase in the electrical current passing through the Lynx conductor

Fig. 6.3 presents results of numerical simulations obtained by means of an UDF subroutine, see
Appendix E. It can be seen that for the current of 433 A, the steady-state temperature of the
conductor is 308 K and this temperature increases to 364 K when the amount of the electrical

current is instantaneously doubled. The increase in the temperature is 56 degrees K.

400 - 433Ato541 A
390 433 Ato 649 A
380 / 433 Ato 747 A
. 433 Ato 866 A
« 370 -
¢ 360 //"'—
-
™
, E_ 350 / rd
£ 340 / /——
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-
330 L/
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320 : ﬁ
31 0 |j
300 T T T T T T 1
58.00 60.00 62.00 64.00 66.00 68.00 70.00 72.00

Time, h

Fig. 6.3. Variation of the temperature of the conductor with increase in the magnitude of the

current

Fig. 6.4 presents variation of the time constant for a transient process when the temperature of

the conductor changes due to an instantaneous rise in the current.

140



It can be seen that the time constant parameter increases gradually from 42 to 44 min when the
current increases from 433 A to 541 A and from 433 A to 750 A, respectively, and then
diminishes to 29 minutes for the current rise from 433 to 866 A. The calculations were repeated
using several values of the final electrical current in the range between 757 and 866 A. The
tendency in the reduction of the time constant value for the rise of the final electrical current
value from 757 to 866 A for the fixed value of the initial electrical current of 433 A was
confirmed. Such variation of the time constant parameter is due to the different levels of
contribution of the effect of Joule heat generation inside the conductor and heat losses due to re-
radiation and convection to the final thermal state of the conductor. At the 866 A current level
the heat generation due to Joule losses dominates over the convection and re-radiation heat

losses and determines the rapid temperature rise in the conductor.

45 -

40

35

30 -

20 -

Time constant, min

10 +

433 to 541 433 to 649 433 to 757 433 to 866
Current increase, A

Fig. 6.4 Variation of the time-constant parameter for a transient process when the current

instantaneously increases

In a similar way, the situation when the current instantaneously falls is shown in Fig.6.5.
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Fig. 6.5 An instantaneous decrease in the electrical current passing through the Lynx conductor
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Fig. 6.6 Variation of the temperature of the conductor with the decrease in the magnitude of the

current

The CFD results demonstrate, see Fig. 6.6, that the time constant in the cooling process is 7.5
min less than that in the heating-up case. Thus, this parameter is equal to 21.5 minutes when the

current decreases from 866 to 433 A, see Fig. 6.7.
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Fig. 6.7 Variation of the time-constant parameter for a transient process when the current

instantaneously decreases

6.3 Response to an instantaneous change in current under parallel wind/cross wind
conditions

Fig. 6.8 presents results of numerical simulations when the current undertakes the step change
from 433 A to 866 A for parallel wind conditions. It can be seen that for current of 433 A the
steady-state temperature of the conductor is approximately 327 K, and this temperature increases
to 440 K when the amount of the electrical current is instantaneously doubled. The temperature
rise in the conductor under cross wind conditions is also presented for comparative purposes.
The comparison shows that the temperature difference for two cases before the step change was

19 K and at final steady state it has increased to 76 K.

It can also be seen that the result agrees with that which was calculated using a constant heat

source for the calculation of the steady state of the conductor.
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Fig. 6.8 Comparison of temperature in Lynx conductor under cross and parallel wind condition,
when the current undertakes a step change from 433 A to 866 A

The calculated value of the time constant in the parallel wind case was 16 min, which was 13
minutes less than in the cross wind case, so the heat from the conductor dissipates slower in the

parallel wind case.

6.4 Response to an instantaneous change in the cross-wind velocity

In this section 2-D unsteady CFD simulations of the thermal state of the Lynx conductor have
been carried out for several cases when the amount of the electrical current passing through the
conductor remains constant and equal to 433 A at the constant ambient temperature of 293 K
(the initial conditions set up in Engineering Recommendations P27). For the above cases the
effect of the rapid decrease in the magnitude of the cross wind, as shown in Fig. 6.9, on the

thermal state of the conductor have been investigated.
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Fig. 6.9 A step-function form of the decrease in the cross wind velocity magnitude

Four cases were investigated, namely when the cross wind velocity decreased from 15 m/s to
10, 5, 2.5 and 0.5 m/s, respectively. A thirty seconds time step was used during transient CFD
simulations. The number of time-steps was chosen in such a way that initially the steady thermal
state of the conductor is obtained for conditions when the velocity of the cross wind was 15 m/s.
Modelling then is continued after the instance of time corresponding to the decrease in the
magnitude of the wind velocity and the time increment was stopped when a new steady thermal

state was achieved.

Fig. 6.10 presents the results obtained on the temperature of the conductor for the above four
situations. The numerical results demonstrate that in the steady state the temperature of the
conductor was approximately 295 K when the current passing through the conductor was 433 A,

the ambient temperature was 293 K, and the cross wind velocity was 15 m/s.
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Fig. 6.10 Variation of the temperature of the conductor with decrease in the magnitude of the

cross wind velocity

It can be seen that with a decrease in the wind velocity to 10, 5, 2.5 and 0.5 m/s the temperature
of the conductor gradually rises up to 295.5, 297.3, 299.6 and 307 K, respectively. The results of
the steady thermal states of the conductor during transient simulations are identical to those
obtained in steady-case simulations for the above wind velocities. Furthermore, it can be seen in
Fig. 6.11 that a transition from the steady thermal state of the Lynx conductor corresponding to
the wind velocity of 15 m/s to a new thermal state corresponding to the wind velocity of 10, 5,

2.5 and 0.5 m/s takes approximately 2.3, 5.4, 32 and 85 hours, respectively.
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Fig. 6.11 Variation of the time constant when the wind rapidly decreases from 15 m/s

The results obtained from transient CFD simulations of the thermal state of the Lynx conductor
demonstrate that for the effect of a rapid decrease in the magnitude of the cross wind velocity on
the temperature of the conductor to take place it requires a considerably longer period of time,
compared to the situation when there is an instant change in the current. Therefore the network
operator has much longer in these cases to take the necessary action to protect the network and
also that in many cases the wind speed is likely to have recovered before the overhead line

reaches a dangerous temperature.

6.5 Conclusions

This chapter has considered the transient thermal state of the Lynx conductor in order to
investigate its thermal limits. CFD modelling results were obtained for transient responses when
the current instantaneously increased from 433 A, which is a typical current rating for Lynx
conductors, to 866 A. The results show that the temperature of the conductor increased by 56
degrees (from 308 K to 364 K) and the time constant was 29 minutes. Additionally, three

intermediate cases, when the final current was 25%, 50% and 75% greater than the initial
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current, were simulated. The time constant was found to be least when the current was increased

by 100%.

Four cases were modelled when the current instantaneously decreased by 25%, 50%, 75% and
100% from the 866 A level. Again the fastest response, or the least time constant, was in the case
in which the current decreased by 100%. The time constant for such case was 21.5 minutes. The
temperature of the conductor reduced by 56 degrees from 308 K to 364 K, when the current

decreased from 866 A to 433 A.

Numerical results demonstrate that with a decrease in the wind velocity from 15 to 10, 5, 2.5 and
0.5 m/s the temperature of the conductor gradually rises up by 0.8, 2.6, 4.9 and 10.7K.
Furthermore, it was calculated that the time constant in the transition from the steady thermal
state of the Lynx conductor corresponding to the wind velocity of 15 m/s, to a new thermal state
corresponding to the wind velocity of 10, 5, 2.5, and 0.5 m/s is approximately 2.3, 5.4, 32 and
85 hours, respectively. It was found that the time constants are considerably longer for the cases
when the wind velocity rapidly increases or decreases than in cases when the current
instantaneously changes. These are significant periods of time which could be exploited by
network operating companies to assist them during unplanned network outages or unexpected

demand surges.

A 3-D model was used to simulate the transient response for parallel wind conditions when the
current changed from 433 A to 866 A. Through comparisons between both cases (the transient
response for the cross wind conditions and the parallel wind conditions), it was found that in the
case of the parallel wind, the temperature in the conductor was 76 K higher and the time constant
was 12 minutes less than in the case for the cross wind. Such difference in temperature shows

that the wind direction is a significant factor in determining the rating of an overhead line.
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CHAPTER 7

VALIDATION - COMPARISON WITH

INDUSTRIAL STANDARDS AND

EXPERIMENTAL DATA FROM SCOTTISH

POWER

This chapter begins with a brief overview of published experimental investigations regarding
ratings of some of the most commonly used OHL conductors when taking into account the wind
cooling effect. Three published papers also support a statement that the ratings which are used in
Industrial Standards, are static and conservative and they can be safely increased if the cooling
effect of wind could be adequately taken into consideration. Also two projects were mentioned
which aim to develop a calculation method of the enhanced rating and the possibility of the
monitoring of the conductor temperature and weather data at a number of sites along an OHL,

hence enabling the obtained results to be validate.

The dynamic nature of the temperature of the conductor can be modelled using CFD techniques
which take into consideration a number of changes in the weather conditions. Chapter 7 is
divided into two parts; Section 7.1 deals with comparison between the models - the CFD model

and a lumped parameter model, according to the CIGRE method - and experimental FMCT data
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when the Lynx conductor was in a steady state; Section 7.2 presents a comparison between the

CFD model and FMCT data when the Lynx conductor was in transient state.

Most wind farms in the UK are connected to 33 kV systems and there is a tendency to connect
larger wind farms to 132 kV systems [1]. The Lynx type conductor is commonly used for 132
KV lines, as well as Upas and Zebra conductors. The ratings of the most common ACSR OHL
conductors are plotted in Fig. 7.1 for 75 °C and for wind velocities from 0.5 to 10 m/s for

sheltered and unsheltered conditions.
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Fig. 7.1 The ratings of common 132 kV conductors at 75 °C [1]

The horizontal lines show the standard rating of conductors without solar gain.

A number of studies have been carried out on dynamic ratings [3, 5 and 6]. These articles discuss
the static ratings according to ENA Industrial Recommendations P27 for a Lynx conductor and
suggest methods of increasing the ratings, taking into consideration the wind cooling effect on a

conductor.
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Significant research carried out in 2002 [3] shows that there is a strong connection between wind
power output and power line rating. The wind velocities incident on an OHL were calculated
using data collected at the wind farm, applying the industry standard software WASP (the

Danish National Laboratory) and a code WAKE. The results were published in [4].

Two cases in [3] were set up and analysed — for a medium-sized 50-100 MW offshore wind
farm, see Fig. 7.2, and several wind farms in Scotland with potential export of nearly 140 MW,
see Fig. 7.3. The assigned rating for a Lynx conductor was 523 A at 75 °C; and the wind
velocities were measured at four points along the line such as: a built up area near the coast; in a
wood; on exposed marshland and at a river crossing some way inland. Whereas the lowest wind
velocities were recorded in the woodland, the highest wind velocities occurred in close proximity

to a river crossing with a maximum velocity difference being 1.1 m/s.
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Fig. 7.2 Offshore results [3]

The results of the case study which was carried out in Scotland are presented in Fig. 7.3. The
circuit included ten hydroelectric schemes and one wind farm (with total output of 111 MW),

with a plan to install another three farms adding 45 MW.
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Fig. 7.3 Scottish Power results [3]

The 132 kV circuit includes an OHL Lynx conductor which was rated at 50 °C and which in the
case of an outage could export the whole load. The graph shows that at wind velocity of 6 m/s

the wind farm reached its maximum output.

A graph plotting the ampacity of the conductor against the wind velocity in Fig. 7.4 for 3 sets of
the ambient temperature is presented in [5] relating the dynamic rating and ENA Industrial
Recommendations P27 for a Lynx conductor. The grey area shows the practical limitations in the

rating due to other circuit components, such as joints and switchgear.

Belben et al. [1] state that even a gentle breeze of force 3 (from 3.4 m/s to 5.4 m/s) can add 20%
to the rating of a power line; a gale of force 7-8 (from 14 m/s to 20 m/s) will double the rating,
therefore there is scope for increasing transmitted power even during fairly modest wind
conditions. In order to investigate such a possibility, the consortium of Scottish Power Energy
Networks (SPEN), AREVA T&D, Imass and PB Power and Durham University formed a
collaboration research team designed to tackle the UK government-funded project to investigate

the thermal properties of power system components in order to implement the enhanced thermal
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rating using the developed algorithms. In order to validate the results a section of the SPEN
distribution network has been selected, see Fig. 7.5, for field trials where electrical and thermal

monitoring equipment has been installed.
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Fig. 7.4, Dynamic ampacity as a function of wind speed for different ambient
temperatures T, [5]

A similar project was carried out in Northern Ireland by a consortium of wind developers (RES
and Airtricity), equipment developers (FMCT Ltd) and academics (Queen’s University Belfast)

[6]. This study was supported by Northern Ireland Electricity plc (NIE) which is the electricity

transmission company.

Unlike other companies which use measurements of the ambient temperature, sag, conductor
tension or sag at some points along the line, NIE implemented a hybrid method which included

the monitoring of the conductor temperature and weather data at a number of sites along an

OHL.
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The instantaneous wind velocity was measured and correlated with either the wind statistics or
the wind farm output. NIE intended to collect data over 12 months in order to evaluate

probabilistic overall rating of the existing circuit.
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Fig. 7.5 A part of SPEN network (7 km) OHL 132 kV from Rhyl to St.Asaph on north east coast
of Wales

7.1 Steady-state thermal behaviour of overhead lines

7.1.1 Comparison between CFD model and lumped parameter model according to the
CIGRE method

The CIGRE method was discussed in detail in Chapter 3. In addition a number of case scenarios
were presented when the wind velocities were increased from 1 m/s to 15 m/s, and also a free

convection case, when the wind velocity was assumed to be zero.

The numerical simulations were performed for similar cases in which the wind velocity was
varied from 0.01 to 15 m/s, see Chapter 5, for the situation when the electrical current passing
through the conductor remains constant and equal to 433 A at a constant ambient temperature of

293 K.
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Fig. 7.6 presents a comparison between the results obtained using CIGRE and CFD methods on

the temperature of the conductor as a function of the wind velocity.
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Fig. 7.6 Temperature of conductor for wind velocities in the range of 0 to 15 m/s calculated

using lump parameters method and CFD modelling

The graph in Fig. 7.6 demonstrates that the results obtained using the above two methods are
almost identical over the wind velocity range 5 to 15 m/s. For the free convection case the CFD
model produces a higher prediction of the temperature of the conductor by 10 K, but for the wind
velocities above 0.5 m/s the temperature calculated by the CFD model was lower than the
temperature calculated by the CIGRE method. Such a difference can be explained by the fact
that the calculation of convective losses at low wind velocity in the CIGRE method uses three
approaches and the highest value is submitted in the heat balance equation. However, in general
the results are very close and the difference between the predictions decreases approximately

from 4 K to 1 K for the wind velocities from 4 m/s to 15 m/s, respectively.
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7.1.2 Comparison between CFD model results and experimental FMCT data

The major monitoring techniques of the OHLs focussed on sag, tension, the conductor
temperature and weather data monitoring. They can be divided into two types of measurements,
such as direct (when the conductor temperature, sag and tension are measured with monitoring
equipment from the line) and indirect (when the temperature of the conductor is calculated using

data from a nearby weather station and the transferred current is known).

Table 7.1 presents a segment of data regarding records of the temperature of the Lynx conductor
as a function of the transferred current and variable conditions, such as the ambient temperature,
wind velocity, its direction and insolation which were sampled every five minutes and
experimentally recorded by Scottish Power in the North Wales region between St. Asaph and

Holywell.

Table 7. 1 A sample of experimental data on the thermal state of the Lynx conductor operating

in conditions with the variable current, ambient temperature, wind velocity and wind direction

B Microsoft Excel - fmctSPWeatherReport[1].xls

IZ_‘] File Edit Wiew Insert Format Tooks Data  Window  Help
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B7 - A 121072008
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1
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| 3 | Wheather Station Measures Line temperature and current
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a
E Date [ Time | Temperature [ Windspeed [ Windspeed Avg |Wind Direction| Solar Radiation T {deq C) 1 (A)
7 12/10/2003 4:00 PM 38 0 0 325 0 50 5729
| B | 1241072008 4:05 PM 38 0.4 0.4 344 i} 583 6127
9 | 1241072008 410 PM 38 0 0.4 360 i} 52 5584
|10 | 1241042003 4:18 PM 36 0 1} 346 1} 8.2 6235
11 1241042003 4:20 PM 36 0 1} 366 1} 4.9 6532
12 12/10/2003 4:25 PM 38 0 1} 351 1} 52 6423
113 12/1072003 4:30 PM 3.8 ] 0 351 0 5.0 5292
| 14 | 12/1072008 4:35 PM 3.7 22 i} 341 i} 4.8 6328
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Analysis of data shows that the variation of the conductor temperature follows a random pattern
reflecting the stochastic change in the velocity of the wind, load and insolation. Since
experimental data for steady conditions was not available, an attempt was made to produce the

appropriate data for pseudo-steady conditions. This was achieved with the use of data from
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Table 7.1 by averaging parameters for periods of time when their variation could be assumed to

be over an acceptably small range.

Using the recorded data three separate cases were produced with conditions corresponding to

pseudo-steady regimes of operation. These cases are presented in Table 7. 2:

Table 7. 2 The cases with pseudo-steady regimes of operation

Ambient Wind
Case Temperature Velocity Current, A Source, W/m
°C) Avg (m/s)
1 -1 0 138.11 14946.77
2 3.8 0 62.35 3110.656
3 6.6 5.3 139.09 15740.29

The thermal state of the Lynx conductor was then numerically simulated for the above three
cases using a 2-D CFD modelling technique. Since the wind velocity is equal to zero in Cases
1 and 2 a free convection model was employed during the simulation process. Fig.7.7 shows the
typical temperature distribution in the Lynx conductor and air-domain for Case 1. The maximum
temperature in the conductor is 279 K, which is 44 K less then the maximum design temperature
(323 K). In the “no wind” conditions air is heated up from the surface of the conductor and flows

upwards with a relatively low velocity of only few millimetres per second.
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Fig. 7.7 The temperature (K) distribution around the conductor (the free convection case)

The standard k-& turbulence model was employed in simulations for Case 3 because the wind
velocity is 5.3 m/s which corresponds to Re=6780 (a turbulent flow). Fig. 7.8 shows the
temperature distribution in the Lynx conductor and air-domain for the Case 3 with a maximum
temperature of 280 K being in the core of the conductor. Table 7.3 shows comparison of

experimental and CFD data for the above three cases.

Fig. 7.8 The temperature (K) distribution around the conductor (the turbulent model)
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Table 7.3 Comparison of FMC experimental data for pseudo-steady conditions and CFD

results
Case T ambient Current, A Experimental data CFD Difference, K
results, K
1 -1deg C (272 K) 138.11 2.1 deg C (275.1 K) 278.6 3.5
2 3.8 deg C (276.8 K) 62.35 5.2 deg C (278.2 K) 276.9 1.3
3 6.6 deg C (279.6 K) 139.09 7.7 deg C (280.7 K) 279.9 0.8

It can be seen that CFD modelling of the thermal state of the conductor generally provides
accurate results, with a maximum difference of 3.5 K for Case 1. The difference between

experimental and numerical data for Case 3 (the turbulent flow) is only 0.8 K.

7.1.3. Comparison between CFD and lumped parameter model results and experimental
data

CFD modelling of the steady thermal state of the Lynx conductor was performed for conditions
close to those experimentally recorded by Scottish Power in the North Wales region between St.

Asaph and Holywell.

The distinguishing characteristics of the cases presented previously are that the transferred
current was considerably lower than its rated value. The Fig. 7.9 illustrates another selection of
experimental data recorded by Scottish Power when a line conductor had to supply an additional

load due to a neighbour line conductor fault.
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Fig. 7.9 The experimental data recorded by Scottish Power and used for CFD models validation

Eleven sets of data recorded at 5 minute intervals were chosen to perform CFD simulations and
calculations using the CIGRE method. The initial data and the results on the temperature of the
conductor are summarised in Table 7.4 and in Fig. 7.10. The temperatures of the conductor were
calculated assuming a pseudo-steady state case for each CFD simulation. In science and in
engineering the Celsius and Kelvin scales are often used simultaneously. Since the experimental
data and the CIGRE method measure temperature in °C, the CFD results were also converted

from Kelvin to °C to make comparison easier.
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Table 7.4 Initial data and results on the temperature of the conductor

Ambient Wind Conductor temperature, °C
Case Time temperature, | velocity, | Current, A
°C m/s Experiment | CFD | CIGRE
1 9:10 PM 5.9 4.4 336.49 12.9 9.70 12.15
2 9:15PM 5.9 4.9 329.23 11.8 9.30 11.60
3 9:20 PM 5.8 4.4 325.37 13.1 9.30 10.54
4 9:25 PM 5.7 4.4 335.49 11.8 9.43 10.75
5 9:30 PM 5.7 35 328.53 11.7 9.80 11.48
6 9:35 PM 5.7 2.6 325.15 12.3 10.50 12.84
7 9:40 PM 5.7 1.3 338.31 13.7 10.40 18.87
8 9:45 PM 5.7 1.7 323.37 13.1 11.40 15.48
9 9:50 PM 5.6 1.7 320.69 14.3 11.20 15.20
10 9:55 PM 55 2.2 328.28 14.2 10.85 13.78
11 10:00 PM 5.4 2.6 325.27 14.2 10.20 12.54
24
- — CFD
20 —4a- CIGRE WG22.12
O 18 A N —o— Scottish Power
¢ SN
% 16 / A - A )
g_ b / / =
o N S A
F T~ S— e —
A - — & = e o~ .
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Fig. 7.10 The comparison of the results on Lynx temperature
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In Case 7 the initial conditions change, namely the wind velocity decreases from 2.6 to 1.3 and
the load increases from 325A to 338 A, which results in a rapid raise in the conductor
temperature. Also, there are no straightforward formulae to calculate convective losses at low
wind velocity value; the standards suggest calculating them by using three approaches and then
submitting the highest value in the heat balance equation. Overall it can be seen that both
methods have a good agreement with the experimental data, if it is remembered that the

temperature measurement accuracy can vary from +1.5 °C to + 2.5 °C.

The CFD curve practically duplicates the shape of the experimental data curve, with the average
offset of 2 °C. The reason that CFD model underestimates the temperature of the conductor can
be explained by the fact that the direction of the wind was not taken into account — the CFD
model used a cross wind. The discrepancy between the results achieved by the CIGRE method
varies from 0.5 °C (for wind velocities of 2 and 5 m/s) to 5 °C (for a wind velocity of 7 m/s). In
the case of a parallel wind the predicted temperature rises by approximately 2-5 degrees
depending on the current and wind velocity magnitudes; and therefore reducing the discrepancy

between the theoretical and experimental data.

7.2 Transient thermal behaviour of overhead lines - Response to the simultaneous
variations in the current and cross-wind conditions
Two cases were numerically simulated with simultaneous variations of the current and the wind

velocity over a 2-hour period of time.

Case 1

Fig. 7.11 presents a selection of experimental data monitored by Scottish Power on the variation

of the temperature of the Lynx conductor used for numerical modelling in Case 1.

162



Grystal
System

Web Controller

Supplied by FMC-Tech

Graphs Reports | LogOff

| FMCT Current Profile PR M

Weather Graph #

Chart Type
Line Temperature

Line Temperature, Current and Windspeed

Current 50
Windspeed v

Period

Date From

2/23/2009 10:55 PM E

Date To

2/24/2009 1:00 AM E

Site
[stasaphDLR

3£

ol

25

20

|

Linea
| St Asaph - Connah's Qu | % |

Temperature (C), Windspeed (m/s)

130

171

152

122

114

95

Current (&)

76

57

Node 1 — —_ - — R 0
. n o WM 8 WM S W S ;M e e O WO WD N o WO WO W O
|;\'-\C;‘9-ConnahsQuayr e | n @ 9@ A o & ™ MM Mm T T B ow o 9O o o & ™ oM oM T T NN O
NOMm MM MM Mmoo MMM oMM Mo 0 0O 0 0 0 g 2 9 g 9 9 o
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ (=] (=] [=] (=] L=] [=] o (=] o [=] o [=] o
E= c k= c = E= c E= c E= c k= k= o o o o o o o o o o o o o
Auto refresh every g 6 & ¢ 6 & & & & © & ©& @ 3 3 3 3 3 3 3 333 3 3 3
¥ T * ¥ ® £ ¥ ¥ ¥ E £ E*E E¥ F ¥+ F F F F F F F F F =
0
| O AC73-Connah’s Quay Line Temperature O ACFI-Connah’s Quay Current [ ACF9-Connah“s Quay Windspeed I

Go

Fig. 7.11. A range of experimental data on the thermal state of the Lynx conductor operating in

the variable current, ambient temperature, wind velocity and wind direction conditions for

Case 1l

A selection of this data is obtained for conditions when there is no heating of the conductor due

to insolation (solar radiation is zero in experiments), see Table 7.5.

In Table 7.5 it can also be observed that the direction of the wind velocity changes spontaneously

over a wide range and in the simulations it has been assumed that the wind direction was

perpendicular to the axis.

The experimental curves in Fig. 7.12 are an approximation of real

data with a 30-second time step. These curves were used to create input data files for CFD

simulations with additional subroutines for CFD modelling in Fluent, see Appendix F.
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Table 7. 5 The experimental data on the thermal state of the Lynx conductor operating in

variable current, ambient temperature, wind velocity and wind direction for Case 1

=K Internal Temperaturs

!i

A B (@ D | E | F G AC | AD
(=200 Date | Time | Temperature | Windspeed | Windspeed Avg |Wind Direct'ron| Solar Radiation |T(degC) 1({A) |
| 2 |2/23/2009 10:55 PM 72 1.4 1.7 13 0 9.5 97.64
| 3 |2/23/2009 11:00 PM 72 08 17 345 0 95 10552
| 4 |2/23/2009 11:05 PM 7.2 1.3 1.3 340 0 96 11584
| 5 |2/2312009 11:10 PM 7.2 1.7 13 355 0 96 11757
| 6 |2/23/2009 11:15PM i 1.3 1.3 360 0 9.7 130.10
| 7 |2/23/2009 11:20 PM 71 0 08 5 0 102 139.28
| 8 |2/23/2009 11:25 PM 71 04 04 5 0 107 14963
| 9 |2/23/2009 11:30 PM 71 0 0 5 0 1.1 15191
| 10 |2/23/2009 11:35 PM 71 0 0 5 0 111 150.75
| 11 |2/23/2009 11:40 PM 71 04 04 348 0 112 14487
| 12 |2/23/2009 11:45 PM 71 1.3 0.4 325 0 113 14229
| 13 |2/23/2009 11:50 PM 71 1.7 08 355 0 107 14439
| 14 |2/23/2009 11:55 PM 72 08 08 355 0 106 14567
| 16 |2/24/2009 12:00 AM 7.2 1.7 0.8 345 0 10.7  146.84
| 16 |2/24/2009 12:05 AM 72 1.3 13 355 0 103 14540
| 17 |2/24/2009 12:10 AM 72 1.3 13 315 0 10.6 146,71
| 18 |2/24/2009 12:15 AM 71 04 13 324 0 107 14871
19 |2/24/2009 12:20 AM 71 08 08 an 0 104 14992
| 20 | 2/24/2009 12:25 AM 71 13 13 322 0 107  150.98
| 21 |2/24/2009 12:30 AM 71 13 13 a1 0 105  150.10
| 22 |2/24/2009 12:35 AM 7 26 1.7 319 0 104 14942
| 23 |2/24/2009 12:40 AM 7 22 22 309 0 103 181,10
_24 | 272412009 12:45 AM 7 04 1.3 313 0 10.8 18594
| 25 | 2/24/2009 12:50 AM 6.9 04 1.3 333 0 107 18535
| 26 |2/24/2009 12:55 AM 6.8 13 13 317 0 107 18597
27 | 2/24/2009 1:00 AM 6.8 13 13 324 0 108  186.91
200 5
/—-v
180 4.5
160 + +a
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Fig. 7.12 Case 1: Approximation of the experimental variation of the current and the wind

velocity

Results obtained from CFD simulations on the change in the thermal state of the conductor are

shown in Fig. 7. 13.
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Fig. 7.13 Comparison of the experimental and CFD results on the variation in the conductor

temperature for Cases 1

Case 2.

Initial experimental data used for CFD simulations for the case 2 are shown in Fig. 7.14 and

Table 7.6.

In order to achieve reasonable accuracy the 5 minute intervals used in collecting experimental
data should be divided into smaller intervals in numerical the modelling procedure. The
functions used in CFD modelling should change continuously from one point to another. For
the CFD modelling a 30 second interval was used to describe variations in the current, velocity
of wind and ambient temperature. The missing values in Table 7.6 of current were calculated

using plain interpolation.
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Fig. 7.14. A range of experimental data on the thermal state of the Lynx conductor operating in

variable current, ambient temperature, wind velocity and wind direction for Case 2

Table 7. 6. The experimental data on the thermal state of the Lynx conductor operating in

variable current, ambient temperature, wind velocity and wind direction for Case 2

A B c D E F G AC AD

1 Date Time | Temperature | Windspeed | Windspeed Avg |Wind Direction| Solar Radiation |T (deg C): 1(A)
| 2 |3/14/2009 2:55 AM 86 4 44 219 0 102 123.00
L3 |3/14/2009 3:00 AM 8.7 31 4.4 238 0 105 12015
| 4 |3/14/2009 3:05 AM a7 4 4 241 0 108 11587
| 5 |3/14/2009 3:10 AM a7 44 a1 243 0 108 101.71
| 6 |3/14/2009 3115 AM a7 35 3 263 0 106 104.19
| 7 |3/14/2009 3:20 AM 87 49 4 259 0 108 108.83
| 8 |3M14/2009 325 AM 8.6 5.8 4.9 272 0 9.7 10533
| 9 |3/14/2009 3:30 AM 82 3.1 53 273 0 96 10247
| 10 |3/14/2009 3:35 AM 7.9 4 4 264 0 9.0 99.10
| 11 |3/14/2009 3:40 AM 79 35 4 260 0 8.9 90.24
| 12 |3/114/2009 3:45 AM 8 4 4 253 0 8.7 91.30
|13 |3/14/2009 3:50 AM 8 7.1 4 262 0 8.4 86.93
| 14 |3/14/2009 3:55 AM 82 4 4.4 260 0 8.8 89.08
| 15 |3/14/2009 4:00 AM a3 31 44 283 o] 9.1 a7.76
| 16 |3/14/2009 4:05 AM 83 1.7 4.4 267 0 9.1 86.54
17 |3/14/2009 4:10 AM 82 26 4 277 0 9.5 85.44
| 18 |3/14/2009 4:15 AM 8.2 4.4 4 257 0 10.1 85.73
| 19 |3/14/2009 4:20 AM 82 49 49 282 0 10.1 8562
| 20 |3/14/2009 4:25 AM a2 53 49 257 0 10.0 a7.87
| 21 |3/14/2009 4:30 AM a2 58 49 257 0 101 86.66
| 22 |3/14/2009 4:35 AM 8.1 22 44 295 0 10.1 88.38
| 23 |3/14/2009 4:40 AM 8.1 4 4 257 0 10.1 85.75
| 24 |3/14/2009 4:45 AM 81 26 44 269 0 99 85.55
| 25 |3/14/2009 4:50 AM 8 31 a5 284 0 a7 93.85
| 26 |3/14/2009 4:55 AM 79 1.7 26 296 0 10.3 81.80

27 13/14/2009 5:00 AM 8 22 26 269 0 10.2 77.83

Figures 7.15 and 7.16 show the data files of the current and the wind velocity variations prepared

for the CFD modelling using subroutine programs.
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Fig. 7.15 The current variation prepared for CFD modelling

i I R

. ——SP experimental data

5.5

TTTTT”

K. ——Data used in the CFD model -

=g
o-""‘,:
/

Wind velocity, m/s
N
E=N 6]
l\.‘
—
\
s el

3.5 - \ | /
\ |/
W
4
3 \
\
2.5
216000 217000 218000 219000 220000 221000 222000 223000

Flow time, s

Fig. 7.16 Case 2: The wind velocity variation prepared for CFD modelling
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Results obtained from CFD simulations on the change in the thermal state of the conductor are

shown in Fig. 7.17.
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Fig. 7.17 Comparison of the experimental and CFD results on the variation in the conductor
temperature for Case 2

It can be seen in Fig. 7.13 and 7.17 that dynamic CFD simulations provide reasonable accuracy
in predicting the thermal state of the conductor. The difference between the numerical and
experimental data is less than two degrees and for Case 1 the profile of the theoretical curve

closely follows that of the experimental data.

The discrepancy between numerical simulation results and experimental data can be explained
by the fact that the variation in the ambient temperature and the stochastic character of the
change in the wind direction were not taken into account. Additionally, much finer discretisation
of experimental data is needed to create an input data for CFD simulations in order to further
improve the capability of modelling to more closely predict the unsteady thermal state of the

conductor in real exploitation conditions.
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7.3 Conclusions

This chapter describes investigations into the possibility of increasing the thermal rating of OHL
conductors of a power system. The industrial standards use ratings which are based on the worst
operating conditions case, such as 0.5 m/s wind velocity and 20 °C of ambient temperature for

the summer rating.

The experimental data shows that the heat transfer process between the surface of the OHL
conductor and surroundings changes continuously and the dynamic changes should not be
ignored. Therefore DNO fully supported a number of projects, which could provide additional
insights into the heat transfer process in order to investigate the operation limits of the OHL

conductors.

The dynamic nature of the temperature of the conductor can be modelled using CFD techniques,
taking into consideration a number of real time changes in weather conditions and also in the
properties of the conductor. The input data files for wind velocity and current were created with
a 30-second time step and incorporated into a subroutine which in turn was integrated with a

CFD solver.

Comparison of numerical results with available experimental data demonstrates that the CFD
technique provides an acceptable level of accuracy in the prediction of the thermal state of the
Lynx overhead conductor for both the steady-state and the transient state, i.e. the temperature

difference between the CFD model and the experimental data was within 3.5 degrees.
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CHAPTER 8

CFD MODELLING OF THERMAL STEADY

STATE OF UNDERGROUND CABLES

The objectives of numerical investigations carried out in this Chapter are to gain a
deeper understanding of the steady state thermal behaviour of UGC in order to
improve their design. This chapter presents the numerical results regarding the
thermal state of single and multiple 33 kV copper conductors with the nominal area
of the conductor of 630 mm?” [66] buried in soil for a single cable and for three
cables in flat formation and trefoil formation. Both summer and winter conditions,
which differ in ambient temperature and the temperature of the soil, and also by the

physical properties of the soil depending on the moisture content [67], are studied.

In all the above cases for comparison purposes a rating of 940 A, which is the
sustained current rating for the copper conductor for winter conditions, was chosen
as a base case. Additionally, cases with 470 A (which is a half of the sustained

rating) and also summer conditions were investigated.
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Furthermore, several cases were investigated for flat and trefoil cable arrangements
with 100% load and 50% load with ratings recommended in Electric Cables
Handbook/BICC Cables (for normal summer conditions) [68] and ENA Engineering

Recommendation P17 Part 3 (for winter conditions) [69]

Then the effects of soil moisture content were illustrated using the case with a single

directly buried underground cable with 3 and 3.5 A/mm?” of the current density.

Furthermore, the case of a single cable placed at the bottom of a plastic pipe and
buried in soil with a high moisture content was analysed using a free convection

model.

Finally, the effect of the wind above the ground on the temperature of the conductors

buried in the soil was investigated.

8. 1 Single conductor

8.1.1 Geometry

The physical design of the conductor is shown in Fig. 8.1. The real geometry of the
conductor is complex and contains the following components: the copper conductor
core made of strands; the conductor screen (polyethylene type material); insulation
(cross-linked polyethylene); the insulation screen (polyethylene type material); the
copper screen; the binder tape (polyethylene type material) and oversheath (medium
density polyethylene). For purpose of creating the computational mesh the real
geometry of the conductor was simplified (in order to reduce computational time)

and presented as a combination of four co-axial cylinders, with the outer cylinder
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being made of dielectric and the inner cylinder made of copper, see Fig 8.2. The
outer diameter of the copper conductor and the oversheath is 28.3 and 60.4 mm,

respectively.

4

I-copper conductor; 2-conductor screen (polyethylene type material); 3-insulation (cross-linked
polyethylene); 4-insulation screen (polyethylene type material); 5-copper screen; 6-binder tape

(polyethylene type material); 7-oversheath (medium density polyethylene)

Fig. 8.1 Design of the underground cable

1-copper conductor; 2-conductor screen (polyethylene type material); 3-insulation (cross-linked

polyethylene); 4-copper screen; 5-oversheath (medium density polyethylene).

Fig. 8.2 A simplified model used for numerical simulation
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The dimensions of the simplified model are as follows: the diameter of copper cable
with nominal area of conductor of 630 mm? is 28.3 mm; the thickness of insulation
is 8 mm; the thickness of the copper wire screen is 1 mm and the thickness of
oversheath is 2.7 mm, see Appendix G. The simplified geometry allows defining the
temperature of the conductor, which will require further work in order to improve the

accuracy the results.

8.1.2 The computational domain

Fig. 8.3 presents the computational domain used for the numerical modelling of the
thermal state of a single copper cable buried in the soil. In this domain the cable is
placed at the centre of the two-dimensional soil sub-domain with 1,600 mm x 1,600
mm dimensions. These dimensions of the domain are large enough to produce size-
independent solutions. As previously, mesh refinement tests were conducted in

order to ensure that the solutions are not mesh dependent.

800

1600
A
&

800

}1600
‘ \

Fig. 8.3 A computational domain for the numerical investigation of the single

copper cable buried in soil (the dimensions are in mm)
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8.1.3 Initial data for calculations

Soil is considered as a solid medium and not as a porous substance. In winter and
summer the soil was assumed to have average and low moisture contents,
respectively. An additional case was also analysed when the soil was presented as a
combination of three co-axial zones with low, average and high moisture contents,
respectively. To each of the above types of soil the corresponding values of the
density, the thermal conductivity and the heat capacity were assigned. Thermo-
physical properties of the components and of the soil used in calculations are

presented in Table 8.1 and 8.2 (see Appendix H), respectively.

Table 8.1 Density, heat capacity and thermal conductivity for components of the

cable [67]

Components of the Thermal
cable Density, kg/m’ Heat capacity, conductivity,
J/kg K W/mK
Copper conductor 8978 381 387.6
Conductor  screen 1300 1330 0.182
(PVC)
Insulation 950 Piecewise linear: 0.333
2300 at 293K,
3750 at 353K
Copper screen 8900 385 370.4
Oversheath 1600 1500 0.25
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Table 8.2 Density, heat capacity and thermal conductivity for different types of soil
[67]

Type of soil Density, kg/m’ Heat capacity, Thermal
J/kg K conductivity,
W/m K

Moist soil (high 2100 2000 1.11
moisture content)
Average moisture 1900 830 0.833
(average moisture
content)
Dry soil (low 1400 800 0.408

moisture content)

8.1.4. Heat generation in the cable
The magnitude of heat generation in the conductor was calculated as Joule losses
and this value was used in the numerical modelling of a group of underground cables

as a heat source:

I*xR
A

q= , (8.1)

where R is the AC resistance of the copper conductor (€/m); A is the cross-
sectional area of the conductor (mm?) and I is current in the cable (A). According to

the BS 6622-1991 [68] the AC resistance of the copper is R = 0.0405 Q/km at 363 K.

Generally, dielectric losses can also be taken into consideration despite the fact that
these are small in comparison with the conductor losses. The cables which operate
above 50 kV have considerable dielectric losses which cannot be ignored. The
dielectric losses are dependent on voltage and the properties of the insulation

material being used. The dielectric loss per unit length in each phase is calculated as
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W,=w-CU;  tand, (8.2)

where o is the 2zf (rad/s); C is the capacitance per unit length (F/m); U is the
voltage to earth (V), o is the dielectric loss angle [55]. The calculated value of W is
1053 W/m® and this value was used in the numerical simulations as the second
component of the heat source in the cables, but its effect on the temperature of the
cable is less than 0.6% (1- 1.5 degrees) of the temperature of the conductor so it was

neglected in further numerical investigations.

8.1.5 The base case winter and summer conditions (in accordance to P17) and
setting boundary conditions for numerical simulations.

According to Electrical Standards P17 [69] for the winter conditions the soil and
ambient temperatures are 283 K and soil has a high moisture content. The thermal
rating for the 630 mm” cable in the flat formation in winter conditions is 940 A,
which corresponds to a heat source, ¢, of 14,200.7 W/m®. The summer conditions are
characterised by average soil moisture content, see Table 8.1, and the soil and

ambient temperatures of 288 and 298 K, respectively [68].

Accordingly, in all further simulations of the thermal state of underground cables
the temperature at the top and at the bottom of the computational domain was set to
be uniform and constant at the 283 K level in winter conditions and at 298 and 288 K

levels, respectively, in summer conditions.

Additionally, a zero heat flux boundary condition was set on the left and right sides
of the computational domain. This was undertaken since generally a cable or a group

of cables in a modern urban area, and very often even in the rural area, is
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surrounded by other cables or groups of cables buried in the soil at the same depth
level. The distance between locations of single cables or the groups of cables in soil
usually vary from one to several metres. Application of the zero flux value at the
right and left sides of the computational domain reflects the fact that cables are

buried in soil with some periodicity.

Another type of boundary conditions which could have been used in numerical
simulations of the thermal state of underground cables is a constant or linearly
varying temperature on the left and right sides of the computational domain.
However, computational simulations demonstrate that when such the boundary
conditions are applied, then the character of the temperature distribution in soil
around the cables is to some extent different and temperature levels in the
components of the underground cables predicted are lower by 2-5 degrees at high
current levels. This is because application of the constant or linearly varying
temperature boundary conditions to the right and left boundaries of the
computational domain result in the heat thermal capacity of soil outside of the
computational domain being greater compared to that in the case of application of

the zero flux boundary conditions.

8.1.6 Results of numerical simulations
The results of 2-D unsteady CFD simulations of the thermal state of a single cable

directly buried in the soil are presented in Fig. 8.4 and Table 8.3.

Fig. 8.4 presents the distribution of the temperature in the cable and the surrounding

soil for winter and summer conditions for the current values of 470 and 940 A,
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respectively. As expected the temperature distribution will be symmetrical with
reference to a vertical plane passing through the axis of the cable. There is also a
symmetry with reference to a horizontal plane passing through the axis of the cable
in winter conditions. In summer conditions there exists a low temperature gradient
in the soil layers located above the cable since the soil temperature at the top of the
domain is 10 degrees lower than that at its bottom. The temperature gradient in the
soil is also strongly affected by its moisture content — it is greater in the case when
the moisture content is low (this corresponds to the lower value of the coefficient of
conductivity). Increasing the current from 470 to 940 A in winter conditions results
ina rise in the average temperature of the conductor from about 293 to about 318

K, see Table 8.3.

Table 8.3 The temperature of the single cable under base case winter and summer

conditions
Transferred current, A Conditions Conductor temperature, K
470 A Winter 293.43
470 A Summer 304.95
940 A Winter 317.77
940 A Summer 334.74

For summer conditions the rise in the temperature of the conductor is from about 305
to 335 K. It can also be seen from Table 8.3 that the temperature of the conductor at
summer conditions is about 17 and 11 K higher for the current of 940 and 470 A,

respectively, compared to winter conditions.
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Fig. 8.4 Temperature distribution around the cable for base case a) winter conditions

and b) summer conditions. The current is 470 A. All dimensions are given in mm
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Fig. 8.4 Temperature distribution around cable for base case c) winter and d)

summer conditions. The current is 940 A. All dimensions are given in mm
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8.2 Three single cables buried in the soil in a flat formation

8.2.1 The simplified geometry of the cable and computational domain

Modelling 3 cables requires considerable greater computing time due to the
increased number of the equations and the larger computation domain, therefore for
the simulation purpose a simplified model of the cable was implemented in
comparison with the cases in which the thermal state of a single cable was analysed

This simplified geometry is shown in Fig. 8.5.

1 2 3

1 —copper conductor; 2 - insulation (cross-linked polyethylene); 3 - oversheath (medium density

polyethylene).

Fig. 8.5 A simplified model of a single cable used for investigation of the thermal

state of a group of underground cables

In order to obtain information on the temperature distribution around a group of
underground cables the case in which three cables are buried in soil and placed at the
same level next to each other with some spacing (the flat formation) was analysed.
A calculation scheme of the computational domain used in 2-D modelling of the
thermal state of three single cables buried in the flat formation is presented in Fig.
8.6. The cables are buried at the depth of 800 mm and the distance between the

cables is 120.8 mm. The dimensions of the soil domain surrounding the cables are
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2,400 mm x 2,400 mm. The dimensions of the domain produce the size-
independent solutions and mesh refinement tests were conducted to ensure that

the solutions are not mesh dependent.

800

2400

| 2400

@

B

Fig. 8. 6 The computational domain used for investigation of the thermal state of a

group of underground cables placed in a row (flat formation)

8.2.2 Discussion of numerical results: three single cables buried in flat
formation (operation in winter conditions in accordance with ENA Engineering
Recommendation P17 Part 3)
The input data used for CFD simulations are that specified by ENA Engineering
Recommendation P17 Part 3 [69] and are as follows:

- High moisture soil, soil resistivity is 0.9 K-m/W;

-- Ground temperature is 283 K;

- Ambient temperature is 283 K

- Current in each cable — 940 A
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The additional case was considered in which all the cables have 50% of the current

rating in winter conditions.

Fig. 8.7 presents temperature distribution around the cables for the base case when
the transferred current was 940 A and the winter conditions with high moisture
content were considered. The temperature distribution is symmetrical with the
reference to a vertical plane passing through the axis of the middle cable. The

maximum temperature occurs in the middle cable and it is 343.19 K.

800

2400

2400

Fig. 8.7 Temperature distribution around the cables for the base case with the

transferred current of 940 A under the winter conditions

In the case when the applied current corresponds to 50 % of the recommended

rating, which is 470 A, the temperature distribution is similar in character to that in
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Fig.8.7 with the maximum temperature occurring in the middle cable and it is 299.05

K.

Two additional variant cases were considered with the current ratings of 940 and 470
A and the soil and ambient temperatures of 298 and 288 K, respectively and with
average moisture content. These correspond to base case summer conditions
(temperatures of the soil and of the ambient and the current rating of 950 A for

summer conditions for flat formation are determined by BS 6622 — 1991)

Results of the numerical simulations of the thermal state of three single cables in the
flat formation operating in winter conditions in accordance to ENA Engineering
Recommendation P17 and variants of summer conditions (base case summer

conditions) are presented in Table 8.4.

Increasing the current from 470 to 940 A in winter conditions results in a rise of the
average temperature of the conductor from about 299 to about 343 K, see Table 8.4.
For base case summer conditions this rise in the temperature of the conductor is
from about 314 to 370 K. It can also be seen from Table 8.4 that the temperature of
the conductor working at base case summer conditions is about 27 and 15 K higher

for the currents of 940 and 470 A, respectively, compared to winter conditions.

In accordance with the BS 6622 — 1991 the maximum temperature of the conductor
should not exceed 363 K for the exploitation conditions. It can be seen that for base
case summer conditions with the current of 940 A the average temperature of the

middle conductor is slightly exceeding the safe limit by about 2 %.
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Table 8.4 The input data and the resulting temperature of the middle cable in flat

formation under winter and base case summer conditions

Base case | Current, A Soil Ambient | Moisture | Temperature of
conditions temperature, | temperature, | content the middle

K K conductor, K
Winter 470 283 283 High 299.05
Summer 470 288 298 Average 314.28
Winter 940 283 283 High 343.19
Summer 940 288 298 Average 370.48

8.2.3 Discussion of numerical results: three single cables buried in flat

formation (operation in summer conditions in accordance with BS 6622 —

1991)

The following data was used for simulation of operation of cables in the flat

formation in accordance with BS 6622 — 1991:

e Ground temperature 288 K;

e Ambient temperature 298 K;

e Current —950 A;

e Soil has the average moisture content.

Cases when each cable is carrying 100 and 50% of the maximum current and also

the case of summer conditions with the 950 A current combined with the high

moisture content are analysed.
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The obtained temperature distributions (in K) in the computational domain for cases
with 100 and 50% of the maximum current are presented in Figures 8.8 and 8.9,

respectively.

800

-

2400

2400

Fig. 8.8 The temperature contours (in K) in the computational domain: all the cables

have 100% current (950 A) and the soil has the average moisture content

The temperature distribution in the computational domain is symmetrical with
reference to the vertical plane passing through the axis of the middle cable, with the
temperatures being highest at 372 K when the current is 950 A. This is 9 degrees
higher than the allowed temperature (2.48% greater than permissible safe limit). The
temperature distribution around the cables in the flat formation with 50 % of the
rating for summer conditions, see Figure 8.9, indicates that the maximum
temperature reaches 314.7 K in the middle cable, and this is approximately 48 K

lower than the maximum allowed temperature for conductors.
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Fig. 8.9 The temperature contours (in K) in the computational domain: the sub-

case 1 (all the cables have 50% rating)

As in the case of a single cable directly buried in the soil the maximum value of the
cable temperature in the flat formation strongly depends on the soil moisture content.
Fig. 8.10 presents the temperature contours (in K) in the computational domain for
summer conditions in the flat formation with the current being 950 A in each cable.
The group of cables is placed in soil with the high moisture content instead of soil
with average moisture content, and as a result of this the maximum temperature of
the cable is considerably decreased. The maximum temperature in the middle cable
for such a situation reaches 356.13 K, which is approximately 16 K lower than in the

similar case with the average moisture content of the soil.
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Fig. 8.10 The temperature contours (in K) in the computational domain: the
summer conditions, all the cables have 100% current (950 A) and the soil has the

high moisture content

More details on the temperature distribution in the walls of the conductors,
insulations and oversheaths for the case of flat formation cables with 950 A current
in each cable for summer conditions and soil with the average moisture content is
provided in Fig. 8.11. It can be seen that the temperature is reduced quite

considerably along the thickness of the insulation and oversheath for both currents.

Table 8.5 shows the average temperature of the above three components of the
middle cable for cases when the current through each cable is 950 and 475 A. The
difference between the maximum temperature of the cable (about 372 K) and the

minimum temperature of the oversheaths (about 358.2 K) is approximately 14 K for
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the current 950 A and 3.6 K for the current of 475 K. It can be concluded that the
temperature difference between the conductor and oversheath strongly depends on
the magnitude of transferred current, temperature of the soil and its moisture

content.

Table 8.5 The average temperature distributions on the walls of the conductors,

insulations and oversheaths

Rating, A Temperature, K
Conductor Insulation Oversheath
950 372 362.4 358.2
475 314.7 312.2 311.1

Previously the temperature on the surface of the middle cable was calculated using
the IEC 60287 [55] method. The comparison shows that the oversheath temperature

determined using CFD modelling is 8 degrees higher.

Finally, Fig. 8.12 presents the average temperature profile in the horizontal plane
passing through the axes of the three cables for the case of summer conditions, 950
A current and the average moisture content of the soil. It can be seen that that the

temperature decreases rapidly with the increase of the distance from the cables.

Table 8.6 presents the results on the average temperature of the conductors for the

cases when the current is 950 and 475 A.
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Fig. 8.11 The average temperature distributions on the walls of the conductors,

insulations and oversheaths: the sub-case 1 (all the cables have 100% current) and

soil has the average moisture content
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Fig. 8.12 The average temperature profile in the horizontal plane passing through

the axes of the three cables

and the average moisture content of the soil
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Table 8.6 The average temperature of the conductors

Rating, A Temperature of the conductor, K
Left cable Middle cable Right cable
950 366.5 372 366.5
475 313 314.7 313

These results indicate that at the current of 950 A the maximum temperature of the
conductor is 372 K, which exceeds the allowed temperature of 363 K by 9 K. This
indicates that there is no scope for increasing the ampacity of underground cables for
the given arrangement. Temperatures in the right and left cables are almost within

the safe operational limit.

8.3 Three single cables buried in soil in a trefoil formation: operation in base

case winter and summer conditions

8.3.1 Geometry of the cables and the calculation scheme of the computational
domain
A 3-D model of three single copper cables buried in the trefoil formation is presented

in Fig. 8.13.

Fig. 8.13 The geometry of three cables in the trefoil arrangement
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Fig. 8.14 presents the computational domain, where the cables are buried at the depth
of 800 mm and the distances between the centres of the cables are 60.4 mm. The
dimensions of the soil domain surrounding the cables are 2,400 mm x 2,400 mm.
The dimensions of the domain and the mesh resolution were selected such that the

solutions are independent of both the domain and mesh size.

Base case winter and summer conditions are applied in the numerical modelling at
this stage. As it was described in Section 8.1.5 for the winter conditions, the soil and
ambient temperatures are 283 K and soil has the high moisture content and the
thermal rating is 940 A. The summer conditions are characterised by the average soil

moisture and the soil and ambient temperatures of 288 and 298 K, respectively.

2400

2400

Fig. 8.14 The computational domain with cables buried in the trefoil formation

8.3.2 Discussion of numerical results: three single cables buried in trefoil
formation (operation in base case winter and summer conditions)
Fig. 8.15 presents results of the temperature distribution around the cables for the

base case winter conditions when the transferred current is 940 A and the soil has
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high moisture content. As expected, the temperature distribution is symmetrical with
the reference to the vertical plane passing through the axis of the top cable. The
maximum temperature of about 352 K occurs in the top conductor and it sharply

reduces in the soil with the increase of the distance from cables.

In the case when the applied current corresponds to 50 % of the recommended
rating, which is 470 A, the temperature distribution is similar in character to that in

Fig. 8.15, with a maximum temperature of 301.5 K occurring in the top cable.
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Fig. 8.15 The temperature distribution around the cables for the base case winter
conditions with the transferred current of 940 A and the high moisture content of

soil

Table 8.7 shows the results of the temperature of the top cable in the trefoil
formation for base case summer and winter conditions. Increasing the current from

470 to 940 A in winter conditions results in a rise of the average temperature of the
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conductor from about 301 to about 352 K. For the base case summer conditions this
rise in the temperature of the conductor is from about 318 to 382 K. It can also be
seen from Table 8.7 that the temperatures of the conductor working at the base case
summer conditions are about 30 and 16 K higher for the currents of 940 and 470 A,

respectively, compared to winter conditions.

Table 8.7 The temperature of the top cable in the trefoil formation

Base case Current, A Soil Ambient Moisture | Temperature
conditions temperature, | temperature, | content of the top
K K conductor,
K
Winter 470 283 283 High 301.5
Summer 470 288 298 Average 317.6
Winter 940 283 283 High 352
Summer 940 288 298 Average 381.6

8.3.3 Discussion of numerical results: three single cables buried in trefoil
formation (operation in summer conditions in accordance with BS 6622)
Several cases were considered based on the BS 6622 [68] recommendation of the

sustained rating of 850 A for summer conditions for the trefoil arrangements.

The heat source inside the conductors with a current of 850 A associated with Joule

losses was calculated to be equal to 46,446 W/m®.

Figure 8.16 presents the temperature distribution around cables in the trefoil

formation when the current is 850 A. The maximum temperature of 366 K is reached
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in the top cable and this is higher than the allowed maximum temperature of the

conductor by approximately 3 K.

800

2400

2400

Fig. 8.16 The temperature distribution around the conductors for summer conditions

with the transferred current of 850 A and the average moisture content of the soil

Figure 8.17 shows the average temperature profile in the horizontal plane passing
through the computational domain at the depth of 0.8 m. It can be seen that that the
temperature of the soil reduces rapidly with the increase of the distance from the

cables.
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Fig. 8.17 The average temperature profile in the horizontal plane passing through the

computational domain at the depth of 0.8 m

More details of the temperature distribution in the walls of the conductors,
insulations and oversheaths for the case of the cables in trefoil formation with the
850 A current in each cable for summer conditions and the average moist content
soil is provided in Fig. 8.18. It can be seen that the highest temperature of 366 K
exists in the top cable with the lowest temperature being about 348 K on the external
surface of its oversheath. The temperature is rapidly reduced along the thickness of

the insulation and oversheath.

In the case when a current of 425 A in each cable is considered for summer
conditions, then the value of the heat source in the copper conductors is 11,611.6
W/m’. For such case similar results were obtained of the temperature distribution in
the computational domain, including the temperature in the conductors, in their

insulation and oversheath.
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Fig. 8.18 The temperature distributions in all walls of conductors, insulations and

oversheaths

The Tables &.8 and 8.9

conductors for the cases when the current is 850 and 425 A.

present the results of the average temperature of the

Table 8.8 The average temperature of the conductors in the trefoil formation for

summer conditions

Current, A Temperature of the conductor, K
Left cable Top cable Right cable
850A 365.8 366 365.8
425A 313.2 313.7 313.2
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Table 8.9 The average temperature of the components of the top cable in the trefoil

formation for summer conditions

Current, A Temperature of the components of the top cable, K
Conductor Insulation Oversheath

850 366 358.2 354.8

425 313.7 311.5 310.6

The results demonstrate that for the three cables in a trefoil formation in the case
when there is the full load in all cables the numerical simulations predict the
temperature level in the top cable to be about 366 K, which 3 degrees higher than the
allowed temperature level (363 K) in accordance with the BS 6622 — 1991 standard.
There is approximately an eight degrees temperature difference between the
conductor and the insulation and an eleven degrees temperature difference between
the conductor and the oversheath of the top cable. These differences in temperatures
depend on the value of the transferred current, the ambient and soil temperature and

its moisture content.

8.5 Discussion of numerical results: three single cables buried in trefoil
formation (operation in winter conditions in accordance with ENA P17)

In accordance with ENA P17 recommendations the steady-state rating of 992 A and
high moisture soil content are applied with winter conditions ambient and soil

temperatures for the trefoil arrangement.

The heat source in each conductor is 63261.3 W/m> based on 992 A of the
transferred current. Fig. 8.19 presents the temperature distribution in and around the
cables in the trefoil formation for the case in which each cable has 100% load. The

maximum temperature occurs in the top cable and is 359.6 K, which is lower than
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the allowed maximum temperature of the cable by approximately 3 K. As in the
previous cases with the trefoil formation there is symmetry in the temperature
distribution with reference to the vertical plane passing through the axis of the top
cable. The temperature in the soil reduces rapidly with the increase of the distance

from the cables.
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Fig. 8.19 The temperature distribution in the computational domain for the trefoil
formation of the cables for the case in which the current is 992 A and there is high

moisture content in the soil (winter conditions)

Fig. 8.20 presents details of the temperature distribution in the conductors, insulation
and oversheaths. It can be seen that the highest temperature of about 360 K exists in
the top cable with the lowest temperature being about 345 K on the external surface
of its oversheath. The temperature is rapidly reduced along the thickness of the

insulation and oversheath.
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Fig. 8.20 The temperature distribution in the walls of conductors, insulations and

oversheaths

When the case of 50% of load was modelled then the value of the heat source in the
copper conductors is 15815.31 W/m’. The temperature distribution in the
conductors, insulation, oversheaths and the soil have the same trend in variation as in
the case of 100% load, but the maximum temperature of the top conductor only

reaches 303.2 K.

The results obtained for the above cases with 100 and 50 % load in the cables are
summarised in Tables 8.10 and 8.11. These CFD results indicate that in winter
conditions the maximum temperature of about 360 K, which occurs in the top cable,

is within the limits for the safe operation of the cables.
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Table 8.10 The average temperature of the cables in trefoil formation for winter

conditions
Rating, A Temperature of the conductor, K
Left cable Top cable Right cable
992 359.3 359.6 359.3
496 302.6 303.2 302.6

Table 8.11 The average temperature of the top cable in trefoil formation for winter

conditions
Rating, A Temperature of the components of the top cable, K
Conductor Insulation Oversheath
992 359.6 349 344.6
496 303.2 300.3 299.1

8.6 Comparison of the results for the single cable and the cables in the flat and

trefoil formation

Summary of the results on the temperature of cables directly buried in the soil and

operating for different conditions is presented in Table 8.12. The base case with the

same current of 940 A in winter and summer conditions was considered theoretically

for all cable configurations for comparison purpose only. It can be seen in Fig. 8.21

that the highest temperature of 381 K would have been achieved at the top cable in

the trefoil formation and this is because of the heat generation within a small area

where the cables are located. The effect of the mutual heating is considerably less in

the case of the single cable or of the plane formation. The temperature difference
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between the cables in the flat and trefoil formations depends on the magnitude of
the transferred current and it is greater as the current increases; for example in the
case of winter conditions the difference is 2.45 K when the transferred current is 470
A and it is 8.81 K for 940 A, where as in the case of summer conditions the
maximum conductor temperature difference is 3.32 K and 11.12 K for 470 A and

940 A, respectively.

Table 8.12 Results of CFD modelling on maximum cable temperature

Conditions Current, A Temperature of the conductor, K
Single cable Middle cable in | Top cable
the flat in the
formation trefoil
formation
Base case winter 470 29343 299.05 301.5
Base case summer 470 304.95 314.28 317.6
Base case winter 940 317.77 343.19 352
Base case summer 940 334.74 370.48 381.6
BS6622—-1991: 952 - 372 -
summer
BS6622— 1991: 850 - - 366
Summer
ENA-P17: winter 992 - - 359.6
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Fig. 8.21 The maximum cable temperature in the conductor in various formations

for winter and summer conditions of 470 and 940 A current

In real practice when the current ratings are applied as recommended by BS6622—
1991 then CFD results indicate that the temperature of the middle cable in the flat
formation reaches 372 K, which is 9 degrees above (2.5 %) the safe limit of 363 K.

In the case of the trefoil formation CFD results show that the highest temperature of
366 K which occurs in the top cable is 3 degrees greater than the limit allowed for a
safe operation. Such a small excess in the temperature limit will not really affect the
safety of the operation of the cables but these results indicate that there is no scope

for increasing the ampacity of the cables in flat and trefoil formations.

8.7 The effect of the wind above the surface on the thermal state of the group of
underground cables directly buried in soil

Williams et al. [70] proposed a thermodynamic model to estimate the ambient soil
temperature at a certain location using meteorological data from several sites around

the UK. They investigated the proximity of the meteorological station required to
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make an accurate prediction. The lumped parameter model which was developed
can be employed to calculate the soil temperature for a given cable depth. In their
paper the soil domain was represented as a number of horizontal elements. The main
conclusion drawn in this work is as follows: “It has been shown through
experimentation with this model that the dominant effect on the estimate of
temperature of an underground cable is the air temperature, and that wind speed and

solar radiation do not affect the cable temperature greatly.”

Swaffield [51] also described several models employed for the calculation of
comparative continuous ratings of a directly buried 400 kV cable group. Ratings are
obtained using three methods, including the standard “analytical approach (IEC
60287), a 1D finite difference (FD) and a 2D finite element analysis (FEA)
approach. An equation for calculation of a resultant heat-flux has been derived to
more precisely model the dielectric loss in 2D and 3D FEA models. Comparison of
results shows that all the above models are in a good agreement when applying an
isothermal ground surface condition. The FEA model developed has been used to
investigate “ground surface boundary conditions” and the effect of the wind with the
speed of 1 m/s and 10 on the current rating. Results obtained show that at a typical
buried depth of 800 mm, the cable rating is slightly lower for the wind speed of 1
m/s and it would be equal to the rating at the 10 m/s wind speed if the buried depth
of the cables increases to 900 mm. These results indicate the influence of the wind

above the ground on the thermal state of the cables directly buried in the soil.

Overall, there are contradicting statements made by different researchers on the

influence of the wind on the temperature of the underground cables.
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In this section the effect of the wind on the thermal state of underground cables was
investigated using a steady state 2-D CFD model. The airflow was considered in a
rectangular domain above the surface of the ground section with the directly buried
three underground cables in the flat formation, see Fig. 8.22. As in the previous
cases, the dimensions of the domain and the mesh resolution were selected in such

the way that the solutions are independent of both the domain and mesh size.
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Fig. 8.22 Computational domain used in modelling of the wind effect on the

temperature of the cables in the flat formation

When modelling the effect of the wind speed on the thermal state of the underground
cables the determination of a range in which the wind velocity varies is of
paramount importance. Several projects were dedicated to this task, which resulted
in a number of publications in the relevant area. Thus a CFD simulation, coupled

with radiation and conduction analysis, was carried out to study the dispersion of air
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pollutants during the winter in a built-up area in Kawasaki city, Japan [71]. The
authors concluded from analysis of the experimental data that “the average wind
velocity in an area of high-density of building is very low”. Experimental data on
the distribution of the wind velocity above the surface also was published in [72]. In
this work monitoring of the peat erosion due to the wind was carried out “at Moss
Flats (NY 757 317), the Moor House National Nature Reserve in the North Pennines
on a 3 hectares area of relatively flat, sparsely vegetated, peat. The site is at an
altitude of 615 m. The climate is ‘Upland Maritime’, being characterised by cool,
cloudy and wet conditions, reflecting the relatively high altitude and proximity to the
sea” [72]. An automatic weather station (AWS) was used onsite to measure the wind
velocity at four heights (0.3, 0.72, 1.25 and 2.34 m) above the ground, the wind
direction, the rainfall, the soil moisture and the soil temperature. The averaged
values of the wind velocity (across the above heights) are presented in Table 8.13

[72] and it can be seen that this varies from 2.82 m/s in July to 7.13 m/s in February.

The information in Table 8.13 on the variation of the wind speed above the ground
was used in the present numerical simulations to determine the range of the wind
velocities to be investigated. The rating at 940 A is used for the numerical
calculations in accordance with Industrial Recommendations P17for three single
crosslinked polyethylene (XLPE) cables installed horizontally with a spacing

between cable centres which is twice the overall cable diameter.

The computational domain deployed consists of two main sub-domains, namely soil
and air, see Fig. 8.22. The side walls of the air domain are specified as the velocity

inlet and outlet, respectively.
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Table 8.13 Summary of monthly weather conditions at Moor House during 2000

Month Total rainfall Average wind Minimum Maximum
(mm) speed (m s~ ) temperature (°C) temperature (°C)

January 213 524 -0.22 3.62
February 674.6 7.13 -0.39 3.65
March 152.8 534 0.94 5.68
April 205.2 3.09 0.09 6.3

May 103.8 327 3.07 11.68
June 125.6 4.06 5.98 13.23
July 73.6 2.82 122 14.19
August 99.4 323 8.2 15.19
September 224.6 3.64 722 13.22
October 290 4.7 3.79 8.63
November 370.6 4.8 1.9 4.89
December 230.2 4.68 0.1 34

The ambient temperature and the soil temperature are taken equal to 283 K,
according to Industrial Recommendations P17 [63]. Volumetric Joule losses in the
cable induced by the electrical current of 940 A are 56,803 W/m®. Additionally, the
dielectric losses of 1,053 W/m® were taken into consideration. During simulations
the energy conservation equation was solved only for the soil sub-domain containing
the cables and the full set of governing equations was solved for the air-domain
taking into account the cooling effect of the wind on the surface of ground.

The numerical simulation was carried out for five cases with the wind speed equal

to 0, 1,4, 7 and 10 m/s and with the ambient temperature equal to 283 K.

The highest temperature occurs in the middle cable and this temperature was chosen

as a basis for comparison of the different cases.

Fig. 8.23 shows results of the temperature distribution in soil and air sub-domains for

the case when the wind speed is 4 m/s and the diagram demonstrates that the heat
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produced in the cables is mainly dissipated in the body of the soil. Although there is
only a negligible increase in the temperature of the air flowing over the ground
surface the gradient of the temperature in the soil domain above the cables indicate
that a noticeable amount of the heat generated in the cables is also dissipated by the

air flow.

The numerical results of the temperature in the middle cable and its insulation are
summarised in Table 8.14 for the considered range of the wind velocities. It can be
seen that the maximum temperature of the conductor (345 K) is approximately 18
degrees lower than the maximum allowed temperature (363 K), and therefore there
is scope for the transfer of additional power. In order to reach the maximum
temperature of the conductor, namely 363 K, then a current of 1072 A should pass
through each conductor. This exceeds the recommended rating by 132 A and results
in an additional transfer of power of 7.5 MVA in the 33 kV network. It can also be
seen in the table that for the given depth of underground cables, the ambient
temperature and the electrical current, there is a noticeable cooling effect due to the

airflow above the ground surface.

Thus when the velocity of the wind is between 4 and 7-10 m/s then the highest
temperature in the core of the middle cable is reduced by approximately 3-4 degrees.
The calculations show that the transfer of power can be increased by about 2.4%
(1.27MVA) at the 4 m/s wind velocity and by 3.6% (1.94 MVA) at the 10 m/s
wind velocity. It should be kept in mind that the above numerical results were

obtained using the simplified calculation scheme which assumes that the magnitude
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Fig. 8.23 Contours of temperature distribution around a group of underground

cables, (K)

Table 8.14 The highest temperature in the middle cable and its insulation

Velocity, m/s Temperature, K
Conductor Insulation
0 345.2 335.6
1 344.8 335.2
4 342.4 333.2
7 340.9 331.9
10 340.9 331.9
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of the wind in the vicinity of the ground surface is the same as in the main air-
domain. In fact, the real variation of the air velocity profile in the area close to the
ground surface should be considered in detail and this may significantly affect the

numerical results of the temperature distribution in the air and soil sub-domains.

8.8  Effect of the moisture content on the temperature of the single cable

directly buried in soil

CFD numerical investigations can be efficiently used for the simulation of complex
cases with various geometries of a computational domain and boundary conditions.
For single underground cables the maximum current density varies from 2.7 to 3.5
A/mm’ for the copper conductors with PE insulation. For values of the current
density equal to 3 and 3.5 A/mm?, the rate of volumetric heat generation is equal to

q =155,000 and 211,463  W/m’, respectively. These two rates of heat

generation were used in numerical simulations of the thermal state of the single
underground cable. In the computational domain the cable is placed in the centre of

the two-dimensional soil domain with 1,600 mm x 1,600 mm dimensions.

The first case considered was that in which the soil sub-domain surrounding the

cable was split into three zones (the combined soil sub-domain), see Fig. 8.24.
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Fig. 8.24 A computational domain for the case with the combined soil domain

This case closely describes the real operational conditions at which the moisture of
the soil gradually decreases in the vicinity of the cable due to the continuous heating
process. Closest to the cable is the cylindrical zone with the diameter of 150 mm and
the lowest moisture content; the next soil sub-domain has the diameter of 300 mm
and contains the soil which has the average moisture content. Finally, the third zone
covers the region between the second cylindrical zone and the rest of the soil sub-
domain. In this last region the moisture content is the highest. It has been assumed
in the calculations that the temperature at the top of the sub-domain is equal to that
of ambient and it is 25 °C. At the bottom of the computational domain the
temperature was set at 15 °C.

Additionally, three cases were simulated when the moisture content of the soil in all
the sub-domains was assumed to be uniform and being low, medium and high,

respectively.
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Fig. 8.25a-8.25d show the distribution of the temperature in and around the single
underground cable for the current density equal to 3 A/mm? and surrounded by the
combined soil domain and by soil domains with low, average and high moisture
contents, respectively. Fig. 8.25a shows that the maximum temperature in the core
of the cable surrounded by the combined soil domain is 354 K (81°C) when the
ambient temperature is 25°C. The temperature of the core rises with the increase of
the ambient temperature and the temperature of the soil and with the decrease of the
moisture content in the soil. Analysis of the obtained results presented in Fig.8.25b-
Fig.8.25d demonstrate that the change in the moisture content results in a
considerable rise in the cable temperature: from 333 K in the case of the high
moisture content to 371 K, i.e. by 40 degrees, in the case of the low moisture

content.

The temperature of the cable also increases with the rise of the current density, see
Table 8.15, especially when the cable is placed in the soil with low moisture content.
It can be seen as the current density increases from 3.0 to 3.5 A/mm’ the conductor

temperature rises from 371 K to 401K.
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Fig. 8.25a The temperature (K) distribution in and around the underground cable

surrounded by the combined soil domain

Fig. 8.25b The temperature (K) distribution in and around the underground cable

surrounded by the soil domain with the low moisture content
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Fig. 8.25c The temperature (K) distribution in and around the underground cable

surrounded by the soil domain with the average moisture content

Fig. 8.25d The temperature (K) distribution in and around the underground cable

surrounded by the soil domain with the high moisture content
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Table 8.15 Temperature of the cable surrounded by different types of soil

Case | Moisture content Temperature of the conductor, K
Current density = 3 A/mm” | Current density = 3.5 A/mm”

1 | Combined 354 376

2 | Low 371 401

3 | Average 337.6 355

4 | High 331 346

8.9 A single underground cable placed in a plastic pipe buried in soil

Figures 8.26-8.28 present results of the 2D numerical modelling of the thermal state
of the cable placed at the bottom of a plastic pipe buried in the soil with the high
moisture content. The plastic pipe has a diameter of 200 mm and the thickness of its
wall is assumed to be 10 mm. The plastic pipe is place in the centre of the soil
domain with 1,600x1,600 mm dimensions. The case considered is for winter
conditions (the ambient and soil temperature is 288 K) and the current of 940 and
470 A. Due to its relatively low heat conduction coefficient the plastic pipe
represents a significant thermal resistance for the cooling of the cable. The air
circulation inside the plastic pipe due to free convection is typical for such a case.
The dimensions of the domain and the deployed mesh provide solutions

independent of these effects.

Fig. 8.26 shows that air is heated by the outer surface of the cable and flows upwards
in the centre of the pipe and forms two symmetrical circulation loops along which
air flows first upwards, and then downwards, transferring heat to the soil mainly

through the upper part of the plastic pipe. This can also be observed in Fig. 8.27.
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The temperature of the cable reaches the level of 392 K level (119 °C), considerably

exceeding the thermal limit for its safe operation.

Fig. 8.26 Distribution of velocity vectors (m/s) around the cable placed in a plastic
tube with the inner diameter of 200 mm and the wall thickness of 10 mm for the case

when the current is 940 A

1600

1600

- o
" V‘

Fig. 8.27 The temperature distribution (K) around a tube with the inner diameter of

200 mm for the case when the current is 940 A

216



In order to avoid such a rise of temperatures dangerous for the integrity of the
insulation of the cable, oil is usually used for cooling purposes. The above results are

an illustration of the situation in which a full leakage of the cooling oil takes place.

When the current is 470 A the maximum temperature which is reached in the cable is

320 K, which is below the safety limit, see Fig. 8.28.

1600

1600

Fig. 8.28 The temperature distribution (K) around a tube with the inner diameter of

200 mm for the case when the current is 470 A

The above results demonstrate that CFD numerical modelling can be efficiently used
for the simulation of complex cases with difficult geometries and boundary
conditions. The CFD approach can also be used for the simulation of transient
thermal states of the underground cables in cases with arbitrary changes of the

power load curve.
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8.10 Conclusions

The numerical investigations performed in this Chapter on the thermal state of

underground cables allow one to make the following conclusions:

The maximum temperature of a single cable directly buried in the ground is
considerably less than that allowed (363 K) for safe operation, namely 335 K
in summer conditions and 318 in winter conditions, and therefore there is a
considerable scope for increasing its ampacity, especially in winter;

The thermal state of the underground cables in the flat and trefoil formation
operating in summer conditions is very close to the safety limits and there is
no scope for increasing the ampacity of these cables.

The maximum temperature of the conductor is about 343 and 360 K in the
flat and trefoil formations, respectively, in winter conditions. Therefore there
is a significant scope for the increasing ampacity of the cables in the flat
formation.

When the gradual decrease in the moisture content of the soil in the vicinity
of the cable or cables due to continuous heating is taken into account then
there is an increase of the temperature of the cables by about 10-15 degrees.
Computational results show that the temperature of directly buried cables is
reduced by the wind above the surface of the ground by 1-5 degrees for wind
velocities in the range from 1 to 10 m/s, respectively.

The temperature of the cable with the full electrical load placed in a plastic
pipe buried in the soil will increase to the level (119 °C). This is dangerous to
the integrity of insulation of the cable if it is exposed to air (the situation in

which the cooling fluid is leaked from the plastic pipe).
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CHAPTER9

CFD MODELLING OF THE TRANSIENT

THERMAL BEHAVIOR OF AN

UNDERGROUND CABLE

Lumped parameter type models and methods for the calculation of transient

behaviour, commonly used in DNO practice, were described in Chapter 3.

This chapter reports on the development of CFD modelling procedure for
determination of transient temperature of underground cables using specific user-
defined functions (UDFs) written in C++ language implemented in the commercial
CFD code Fluent. These simulate the variation of the amplitude of the current in the
conductors buried in different formations for winter and summer operational
conditions. During CFD modelling the resistivity of the conductor material was
assumed to be constant and its value corresponding to the maximum allowable

temperature of 90°C, namely 0.0405 Q/km, was used in calculations.

Results were obtained for the variation of the temperature of the middle conductor in

the flat formation in the transient process when the current instantaneously changes
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from 0 to 470 A and from 0 to 940 A. These two transient processes were
investigated for winter conditions and carried out with the deployment of the lumped

parameter and CFD models.

9.1 Examples of calculation of the cable transient temperature in the flat
formation configuration using Industrial Standards for an instantaneous
increase of the current from 0 to 470 A and from 0 to 940 A

The winter conditions correspond to the following physical properties of the
surrounding soil with a high moisture content: the soil density is 2100 kgm™, its
specific heat is 2000 Jkg" °C™" and the soil thermal resistivity is 0.9 °CmW™'. The

ambient temperature is 10°C.

A cable with an overall radius of 30.2 mm and buried in the flat formation at the

depth of 800 mm is considered. When the current in the cables is switched to 470

and to 940 A then the heat generated in the conductor W, = I°R is 8.95 and 35.8

Wm™, respectively.

The temperature rise on the surface of the middle cable is determined as

W -
0=""9 g(),
2.
where
_a ) , 1= -Y2
G(t):lnr— lJ‘“l e Il—l v, 1—e y,
r 27 290y,
Here
r2 rr2
=— and =—
I= ot V2" 4t
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The thermal diffusivity of the soil is defined as

- 1 _ I =0.246-10"° m-s™.
D-C-g) 2100-2000-0.9

r' 2-800 ,
T =52.98 and therefore In—=3.97
r 30.2 r
Ift=3600 s
2 2

V== 0'0302_6 =0.2575

4ot 4-0.246-10-7" -3600

rr2
y, =——=>52.98-0.2575=13.64

4ot

Applying an approximate formulae

_a )N
[ w178 Ty oy, —y—1—0.2409
0 Y,
and

Y2
jyz Ldyz y+Iny, =0.577216+2.613039 =3.1903

Therefore after a one hour period of time has elapsed from switching on the load the
temperature rise on the surface of the conductor is:

for the instantaneous increase of the current from 0 to 470 A -

0(

cab —

~895-09 [3‘97 N 0.2409  3.1903

} =3.2 °C;
2

2r

for the instantaneous increase of the current from 0 to 940 A -

!/
acab

=12.8 °C.

35.8:0.9 {3.97 N 0.2409 B 3.1903}
2z

The actual temperature of the surface of the conductor is

6, =10+3.2=13.2°C
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and 6, =10+128=228°C

for the instantaneous increase of the current from 0 to 470 A and from 0 to 940 A,

respectively. The results obtained are summarised in Table 9.1.

Table 9.1 The temperature of the middle cable in the flat formation in winter

conditions after a one hour period of time has elapsed from switching on the load

Instantaneous Soil Moisture The temperature on the
current rise, | temperature, K content surface of the middle
A conductor, K
0-470 283 High 286.2
0-940 283 High 295.8

9.2 Comparison of CFD and lumped parameter modelling of the transient
response in the thermal state of the cables in flat formation

2-D unsteady CFD simulations of the thermal state of the cables in the flat
formation have been carried out in order to compare CFD and lumped parameter
model results. The cases considered are the instantaneous increase of the current
from 0 to 470 A and from 0 to 940 A. The period of time that has elapsed from the
switching on the current in the cables is taken as 1,728,000 s (480 hours or 20 days).

The results obtained are presented in Fig. 9.1.
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Fig. 9.1 Comparison of the temperature in the middle cable in the flat formation
when the current is instantaneously increased, as predicted by lumped parameter and

CFD models

It can be seen that in the first 70 hours (approximately 3 days), which corresponds to
252 000 s, the rate of the increases of the temperature in the middle cable after the
current was instantaneously switched on was the highest. However, the temperature
of the middle cable, calculated using CFD and the lumped parameter model, did not
achieve that corresponding to their steady states during the considered period of
time. CFD results are close in their trend to those predicted by the lumped
parameter model when the current instantaneously changes from 0 to 940 A although
the time constant predicted by the lumped parameter model is 7.7 hours and this is
approximately 5 times shorter than the value obtained using the CFD model. It
should be noted that the temperature calculated using the lumped parameter model
is on the surface of the conductor, whilst the CFD model produces the average

temperature in the body of the conductor.
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It can be seen that in the case of the instantaneous 0-940 A rise the difference in
predictions of CFD and the lumped parameter models is very small in the first 3
days. However, then the CFD model predicts a higher rate of increase in the

temperature of the conductor.

In the case when the current is instantaneously increased from 0 to 470 A the
difference between CFD and the lumped parameter model results are more
significant, see Figure 9.1. Although the absolute difference in the predicted
temperatures is 5-7 K during computational period, the CFD results demonstrate
that the temperature rise in the middle cable has a linear tendency. Generally, at the
current of 470 A the heat generated in the body of the conductor is relatively small

and this heat is dissipated relatively rapidly due to the conductivity of soil.

9.3 CFD modelling of the transient state of UGC for the case when the current
instantaneously rises from 470 A to 940 A

The temperature rise in the copper conductor with the highest temperature in the
group, namely the middle cable in the flat formation and the top cable in the trefoil
formation, was modelled using the CFD model for the case of instantaneous rise in

the current from 470 to 940 A in summer and winter conditions, see Table 9.2.

A UDF subroutine in FLUENT was implemented to simulate the transient thermal
state of the cable in the case of an instantaneous rise in the current from 470 to
940A. The modelling consists of two parts. The first part lasts 2,880,000 s (800 h) in
order to achieve the steady thermal state of the cable when the current is 470 A. At

the instance when time t = 2,880,000 s the current is instantaneously raised to the
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940 A level and simulations continue to monitor the change in the temperature of

the conductor. The time step used in the unsteady modelling was equal to 360 s.

Table 9.2 Data for the numerical modelling of the transient state of UGC

Summer Winter
Ambient temperature, K 298 283
Soil temperature, K 288 283
Soil moisture content Average High

Fig. 9.2 shows the temperature rise in the middle cable operating in summer
conditions when the current is instantaneously raised from 470 A to 940 A. Despite
the considerable time allocated to the first part of the modelling process (800 h) the
steady state temperature of the cable corresponding to the current of 470 A was not
reached. It can be seen that at the instance of the modelling time corresponding to
800 h (0 days in Figure 9.2) the temperature of the cable is 301.6 K. The time
constant of a transient process is the period of time during which 63 % of the full
variation of the transient parameter takes place. The temperature of the conductor
which should be achieved when 63% of the full temperature rise in the cable takes
place is calculated as

T =301.6+0.63-(354-301.6) =334 K

The corresponding time constant is 30.1 hours, see Fig. 9.3.
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Fig. 9.2 The temperature rise in the cable in the flat formation operating in summer

conditions when the current is instantaneously raised from 470 to 940 A
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Fig. 9.3 The time constant for the temperature rise in the middle cable in the flat

formation operating in summer conditions when the current is instantaneously raised

from 470 to 940 A
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Fig. 9.4 presents results of CFD modelling on the temperature rise in the middle
cable operating in winter conditions when the current is instantaneously raised from
470 A to 940 A. It can be seen that that transient period lasts considerably longer

and the calculated time constant for this transient process is 65.5 hours.
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Fig. 9.4 The temperature rise in the cable in the flat formation operating in winter

conditions when the current is instantaneously raised from 470 to 940 A

Similar results were obtained for the transient state of the cables in the trefoil
formation operating in summer and winter conditions. The trend in the rise in
temperature of the top cable is very close to those shown in Figures 9.3 and 9.4.
However, the period of the transient processes in the thermal state of the cable in the
trefoil formation is shorter compared to that in the flat formation. The corresponding
time constant is 25.5 and 55 hours for summer and winter conditions, respectively.

Table 9.3 summarises the findings regarding the temperature rise in the middle and

top cable in the flat and trefoil in the summer and winter conditions.
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Table 9.3 Temperature of the middle cable obtained by the numerical modelling

when the transferred current instantaneously made a step change from 470 A to

940 A (load was increased by 100%)

Season

Summer

Winter

Cable formation

o3

o3

Steady sate temperature
of the middle/top cable, K, at the
current of 940 A

334

352

318.9

298.8

Time constant of the transient
process when the current
instantaneously changes from 470
t0 940 A, h

30.1

255

65.5

55

9.4 Conclusions

In the case when the current changes from 0 to 940A, the CFD results are very close
to the results predicted by the lumped parameter model. It should be stressed that the
CFD model predicts the temperature of the cable and the results which were obtained
by using the Industrial Standards approach predict the temperature on the surface of
oversheath. In the case when the current changes from 0 to 470A, the CFD model
predicts lower temperature values than those determined using the lumped

parameters model.

Numerical modelling demonstrates that in the case of three directly buried cables
when the current instantaneously changes from 470 A to 940 A, reaching the steady
state temperature corresponding to the current of 940 A takes a considerable amount
of time. This is due to the large thermal inertia of the soil surrounding cables. The
corresponding time constant is 25.5 and 55 hours for summer and winter conditions,
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respectively, when the cables are buried in the trefoil formation. For the flat

formation these numbers are 30.1 and 60.5 hours.
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CHAPTER 10

CONCLUSIONS AND SUGGESTIONS FOR

FURTHER INVESTIGATIONS

10.1 Conclusions

The growth of renewable and distributed power generation results in significant
increases in the power flow requirements placed not only on the transmission but
also the distribution network. Distribution network operators (DNOs) face a number
of challenges, not least those due to load growth, distributed generation growth and
the problem of environmental opposition to building new infrastructure. An attribute
of current distribution networks are their passive nature, which can be explained by
historical reasons. Therefore, it has become very important to try to increase the
utilisation of existing power system infrastructure in a safe and cost effective manner
and one of the main means to achieve this is increasing power flow transmission
through conductors so that they operate closer to their maximum ratings. At these
high load conditions monitoring and predicting the thermal state of conductors in
electrical distribution networks becomes of paramount importance for the safe

operation of the network and the reliable supply of electricity to consumers.

The main objectives of this research have been to provide new insights into the

thermal state of OHL and UGC operating under steady state and transient conditions
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over a wide range of meteorological/environmental conditions. These conditions
strongly affect operational conditions for components of the power distribution
systems and determine their ampacity. For example, the cooling effect on
components of the power systems at the high wind velocities of 12-16 m/s can be
utilised by power system engineers considering the integration of wind power into

power systems when wind turbines reach their rated capacity.

Existing calculation methods, which are mainly based on the lumped parameter type
mathematical models, quite often may provide conservative ratings. More accurate
methods for determining the thermal state of conductors could be employed by
electrical network companies in their activities on the evaluation of existing
operating methods and the quantification of the scope in ampacity that could be

exploited.

Recent progress in the development of advanced numerical simulation methods of
heat transfer processes could be an attractive alternative to lumped parameter models
and experimental investigations, which are usually costly and time consuming. The
sharp rise in computing efficiency, coupled with the reduced costs of CFD
calculations, has advanced CFD as a powerful numerical tool for mathematical
modelling various phenomena involving heat and mass transfer processes. However,
so far this method has not been used extensively for studying the thermal state of

OHL and UGC in electrical distribution networks.

Using a novel methodology based on the CFD assessments of the thermal state of the

conductors could be a further course of action for DN operators.
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In this study CFD modelling was implemented, not only for calculations of the
thermal state of OHL and UGC in the steady state, but also in transient operational
conditions. Thus, more specifically, 2-D and 3-D numerical modelling of the thermal
state of Lynx overhead lines has been performed for a number of cases when they
are exposed to cross and parallel wind conditions in the steady state and under
transient conditions. During the simulations the conductors were assumed to be a
combination of two coaxial cylinders. The internal cylinder was assumed to be made
of steel and the external cylinder made of aluminium. In order to maintain the same
cross sectional area of the conductor the diameter of the internal cylinder was

correspondingly increased.

Simulations were performed for cases when there was no wind (free convection),
and for a range of wind velocities by employing models for laminar and turbulent
flows. Additionally, the heat losses from the conductor due to re-radiation were
taken into account. The resistivity of the Lynx conductor was assumed to be
temperature dependent. The obtained CFD results were compared to experimental
data and to results obtained using the lumped parameter model. The analysis shows
that even in such a simplified model CFD provides a good accuracy in the estimation

of the thermal state for wind velocities greater than 1.5-2 m/s.

In order to validate the results a section of the SPEN distribution network has been
selected for field trials. Electrical and thermal monitoring equipment has been
installed and some data on the temperature of a Lynx conductor as a function of the

transferred current and variable conditions, such as the ambient temperature, wind
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velocity, its direction and insolation, which were probed every five minutes, were

used for CFD modelling.

The results show that the CFD curve practically duplicates the shape of the
experimental data curve with an average offset of 2 °C. The reason that the CFD
model underestimates the temperature of the conductor could be explained by the
fact that the direction of the wind was not taken into account — the CFD model was

run for the cross wind case.

Basic CFD models were also developed for the estimation of the thermal state of a
single underground conductor and 3 conductors buried in the flat and trefoil
formations for summer and winter conditions. The resistivities of the conductors
were assumed to be constant and equal to the resistivity of copper conductors
operating at their maximum allowable temperature. Since experimental data for the
above cases was not available at this stage then the CFD model was calibrated
against the existing lumped parameter model used in this industry. Information
obtained from such simulations shows that the temperature levels strongly depend on
the moisture content of the surrounding soil and the temperature distribution in the
ground. The low content of the moisture in the soil and the high ambient temperature
may result in a significant increase in the temperature of the conductors. The effect
of the air flow above the ground on the temperature of the conductors was also
studied. Additionally, a hypothetical case was considered when the conductor was
placed in an underground plastic pipe and cooled down only by the free convection
of air. For all cases it was possible to calculate the heat transfer coefficients on the

surface of the conductors.
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The results obtained in the investigations demonstrate that the CFD approach can be

effectively used to numerically estimate the thermal state of the main components of

electrical distribution networks operating in complex conditions.

The conducted numerical simulations allow one to draw the following conclusions.

OHL operating in steady-state conditions:

Comparison of numerical results obtained by CFD modelling and lumped
parameter models (which are deployed in industrial standards) for the case
when the cross-wind velocity is 0.5 m/s, ambient temperature of 293 K and
the current of 433 A shows that the latter overestimates the temperature of
the conductor by approximately 18 degrees. This indicates that there is a
scope for increasing the ampacity of the Lynx overhead conductor at such
low wind velocities;

The numerical results show that at a wind velocity of 15 m/s the electrical
current in a Lynx overhead conductor can be increased from 433A to 1600A
without exceeding the design temperature. This results in a 3.7 fold increase
in transmittable power. The model also suggests that the theoretical
maximum power transmitting capability of the Lynx conductor is increased
by a factor 2.3 when the conductor experiences a parallel wind velocity of 15
m/s;

Numerical results obtained demonstrate that the convective heat transfer from
the surface of the conductor can be calculated using the following proposed

correlations:
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0 Nu=2.2555xRe%**® (for cross wind)

0 Nu=1.5035xRe %% (for parallel wind);
Numerical results show that taking into account the dependency of the heat
conduction coefficient and heat capacity in the conductor material has a
negligible effect in the estimation of its thermal state. Thus the obtained
difference in the temperature of the conductor is less than 2 K at low wind
conditions when the temperature of the conductor is approximately 325 K.
The aging of the conductor leads to a gradual increase in its temperature. For
example, the increase in the temperature of the Lynx conductor with a
darkened surface, at typical average insolation of 800 W/m?, is approximately

6 degrees.

UGC operating in steady-state conditions:

The maximum temperature of a single conductor directly buried in the
ground is considerably less than that allowed (363 K) for safe operation,
namely 335 K in summer conditions and 318 in winter conditions and
therefore there is a considerably scope for increasing its ampacity, especially
in winter conditions;

The thermal state of the underground conductors in the flat and trefoil
formation operating in summer conditions is very close to their safety limits
and there is no scope for increasing the ampacity of the conductors.

The maximum temperature of the conductor is about 343 and 360 K in the
flat and trefoil formations, respectively, in winter conditions. Therefore there
is a significant scope for increasing the ampacity of the conductors in the flat

formation.
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When the gradual decrease in the moisture content of soil in the vicinity of
the conductor, or conductors, due to continuous heating is taken into account
then there is an increase in the temperature of conductors of about 10-15
degrees.

Computational results show that the temperature of directly buried
conductors is reduced by the wind above the surface of the ground by 1-5
degrees for wind velocities in the range from 1 to 10 m/s, respectively. The
calculations performed indicate that the transmitted power can be increased
by approximately 2.4% (1.27MVA) and 3.6% (1.94 MVA) when the wind
velocity is 4 and 10 m/s, respectively.

When a conductor with its full electrical load is placed in a plastic pipe
buried in soil the temperature will increase to the level (119 °C), which is
dangerous to the integrity of insulation of the conductor if it is exposed to air

(the situation in which cooling fluid fully leaked from the plastic pipe).

OHL operating in transient conditions:

CFD modelling results were obtained for transient responses when the
current instantaneously increased from 433 A, which is a typical current
rating for Lynx conductors, to 866 A. The results show that the temperature
of the conductor increased by 56 degrees (from 308 K to 364 K) and the time
constant was 29 minutes. Additionally, three intermediate cases, when final
current was 25%, 50% and 75% greater than the initial current, were
simulated. The time constant was found to be shortest when the current was

increased by 100%.

236



Four cases were modelled when the current instantaneously decreased by
25%, 50%, 75% and 100% from 866 A level. Again the fastest response, or
shortest time constant, was in the case in which the current decreased by
100%. The time constant for this case was 21.5 minutes. The temperature of
the conductor reduced by 56 degrees from 308 K to 364 K, when the current

decreased from 866 A to 433 A.

Numerical results demonstrate that with the decrease in the wind velocity
from 15 to 10, 5, 2.5 and 0.5 m/s the temperature of the conductor gradually
rises by 0.8, 2.6, 4.9 and 10.7K. Furthermore, it was calculated that the time
constant in the transition from the steady thermal state of the Lynx conductor,
corresponding to the wind velocity of 15 m/s, to a new thermal state
corresponding to the wind velocity of 10, 5, 25, and 0.5 m/s is
approximately 2.3, 5.4, 32 and 85 hours, respectively. It was found that the
time constants are considerably increased for the cases when the wind
velocity rapidly increases or decreases as compared with the cases when the
current instantaneously changes. These are significant periods of time which
could be exploited by network operating companies to assist them during

unplanned network outages or unexpected demand surges.

A 3-D model was used to simulate the transient response for parallel wind
conditions when the current changed from 433 A to 866 A. Through
comparisons between both cases (the transient response for the cross wind
conditions and the parallel wind conditions) it was found that in the case of

the parallel wind, the temperature in the conductor was 76 K higher and the
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time constant was 12 minutes less than in the case for the cross wind. Such
difference in temperature shows that the wind direction is a significant factor

in determining the rating of an overhead line.

UGC operating in transient conditions:

In the case when the current changes from 0 to 940A, the CFD results are
very close to the results predicted by the lumped parameter model. It should
be stressed that the CFD model predicts the temperature on the conductor
and the results which were obtained by using the industrial standard approach
predict the temperature on the surface of the oversheath. In the case when
the current changes from 0 to 470A the CFD model predicts lower
temperature values than those determined using the lumped parameters

model.

Numerical modelling demonstrates that in the case of three directly buried
cables when the current instantaneously changes from 470 A to 940 A
reaching the steady state temperature corresponding to the current of 940 A
takes a considerable amount of time due to the large thermal inertia of the
soil surrounding the cables. The corresponding time constant is 25.5 and 55
hours for summer and winter conditions, respectively, when the cables are
buried in the trefoil formation. For the flat formation these numbers are 30.1

and 60.5 hours.

238



10.2 Suggestions for further work
Based on the experience gained during conducting this PhD study, the proposed

further work could be divided into a series of tasks and these are as follows:

Task 1 — Integrating into CFD models more accurate data of UK seasonal
variations in the environmental conditions

More accurate and detailed information on seasonal variations in climatic conditions
in the UK is necessary as input data for the numerical modelling of the thermal
behavior of components of power distribution networks throughout the year.
Information on seasonal variations in the ambient temperature and its humidity, in
the magnitude and the direction of the wind, solar radiation, in the temperature of
soil and its moisture content, together with soil moisture migration, can be acquired

from relevant organizations and open sources.

Task 2 - Advanced CFD modelling of the steady state of overhead lines taking
into account the random wind direction and using a more sophisticated
geometry of the conductor

The thermal state of a single conductor exposed not only to parallel and cross winds,
but also to winds with intermediate angles between 0 and 90° could be further
investigated, taking into account the influence of solar radiation and re-radiation and
using a more sophisticated geometry of the conductor. The thermal state of two
conductors placed in a row and exposed to cross and parallel winds could be
analysed to see the effect of blocking. Heat transfer correlations could be derived

from CFD results and compared to available theoretical and experimental data.
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Task 3 - Advanced CFD modelling of the response in the thermal state of
overhead lines to the dynamic load with more detailed description in the
variation of the load

The response in the thermal state of a single conductor or group of conductors
exposed to cross and parallel winds to a dynamic load could be analysed in more
detail. To perform such investigations the corresponding subroutine describing the
variation in the load in more detail as a function of time should be written, compiled
and linked to the main body of the Fluent code. The transient governing equations
should then be solved using a time-marching procedure in the CFD code with a
smaller value of the time-step. Heat transfer correlations could be derived from the

CFD results and compared to available theoretical and experimental data.

Task 4 - Advanced CFD modelling of the thermal state of underground
conductors using more accurate data on properties of soil

The thermal state of a single directly buried conductor, single conductor in buried
troughs, pipes and ducts could be analysed with the use of more accurate data on the
thermo-physical properties of the soil. Additionally, a number of directly buried
cables in the flat and trefoil formation could be studied in order to derive
corresponding heat transfer correlations. The results must be compared to available

theoretical and experimental data.
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Task 5 - Advanced CFD modelling of the response in the thermal state of
underground conductors to a dynamic load with a more detailed description in
the variation of the load

The response in the thermal state of underground cables in the above formations and
configurations to a dynamic load should be analysed using more detailed information
on the variation of the load. Heat transfer correlations from CFD results could be

derived which must be compared to available theoretical and experimental data.
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Appendix A

Characteristics of ACSR conductors based on EN 50182:2001 (Conductors for

overhead lines - Round wire concentric lay stranded conductors) [12]

Appendices

Code QOld Areas No. of wires Wire diameter Diamter Mass per Rated DC
code Al Steel | Total Al Steal Core | Cond. | u4nitlength strength resistance
mm2 | mm? mm?2 Al Steel mm mm mm mm kg/km kN Q/km
11-AL1/2-ST1A MOLE 106 | 1,77 12,4 6 1 1,50 1,50 1,50 4,50 42,8 4,14 27027
21-AL1/3-ST1A SQUIRREL | 21,0 | 3,50 24,5 6 1 2,1 21 2,11 6,33 84,7 7.87 1,365 9
26-AL1/4-ST1A GOPHER 262 | 4,37 30.6 6 1 2,36 2,36 236 | 7.08 106,0 9,58 10919
32-AL1/5-ST1A WEASEL 316 | 527 36,9 6 1 2,59 2,59 259 | 107 127.6 11,38 0,906 5
37-AL16-ST1A FOX 36,7 6,11 42,8 6 1 2,79 279 279 8,37 148,1 1321 0,7812
42-ALNT-ST1A FERRET 424 | 7,07 49,5 6 1 3,00 3,00 3,00 9,00 171,2 15,27 06757
53-AL1/9-ST1A RABBIT 529 | 881 61,7 6 1 3,35 3,35 3,35 10,1 2135 18,42 05419
63-AL1/11-ST1A MINK 631 | 105 73,6 6 1 3,66 3,66 3,66 11,0 2549 21,67 04540
63-AL1/37-ST1A SKUNK 632 | 369 100,1 12 7 2,59 2,59 77 13,0 463,0 52,79 0,456 8
75-AL1/13-ST1A BEAVER 750 | 12,5 87,5 6 1 3,99 3,99 3,99 12,0 3029 2576 03820
T3-AL1/43-ST1A HORSE 734 | 428 116,2 12 7 2,79 279 8,37 14,0 5373 61,26 03936
T79-AL1/13-ST1A RACOON 788 | 131 92,0 6 1 4,09 4,09 4,09 12,3 3183 27,06 0,363 5
84-AL1/14-ST1A OTTER 839 | 140 97.9 6 1 4,22 4,22 422 12,7 3388 28,81 03415
95-AL1/16-ST1A CAT 954 | 159 111,3 6 1 4,50 4,50 4,50 13,5 3853 3276 0,300 3
105-AL117-ST1A HARE 1050 | 17.5 122,5 6 1 4,72 4,72 4,72 14,2 4238 36,04 02730
105-AL1/14-ST1A DOG 1050 | 136 118,5 6 7 472 1,57 471 14,2 3940 3265 02733
132-AL1/20-5T1A COYOTE 1317 | 201 151,8 26 7 2,54 1,91 573 159 5207 45,86 02192
132-AL1/7-ST1A COUGAR 1315 | 7.3 138,8 18 1 3,05 3,05 3,05 15,3 4188 29,74 02188
131-AL1/31-ST1A TIGER 1312 | 306 161,9 30 7 2,36 2,36 7,08 16,5 6022 57,87 02202
158-AL1/37-ST1A WOLF 158,1 | 36,9 194,9 30 7 2,59 2,59 77 18,1 7253 68,91 0,182 9
159-AL1/9-ST1A DINGO 158,7 | 881 167,5 18 1 3,35 3,35 3,35 16,8 505,2 35,87 0,1814
183-AL1/43-ST1A LYNX 1834 | 42,8 226,2 30 7 2,79 279 8,37 19,5 8416 79,97 0,157 6
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Appendix B

Modelling using Fluent

Modelling in Fluent [52] consists of a number of stages, such as building the
geometry, generating a computational mesh and checking its quality, specification of
boundary conditions, properties of materials, selecting equations  of the
mathematical model, computation and, finally, visualization and analyzing the

results.

Building geometry of a model

Fluent has its own pre-processor, GAMBIT, which allows creating 2-D and 3-D
geometry of the computational domain, generation of the computational mesh and
dividing the mesh into separate fluid and solid zones for describing the properties of
substances used. Zones are of boundary or continuum types. Whereas boundary-
type specifications, such as WALL, INFLOW or OUTFLOW define the
characteristics of the model at boundaries, continuum-type specifications, such as

FLUID or SOLID, specified a number of domains, forming model.

Discretization is the process of transforming a continuous problem into a discrete
one. As a part of discretization the domain is split into control volumes (cells). In a
2-D problem the cells are usually either quadrilaterals or triangles, for 3-D problems
they can be hexahedral, tetrahedrals and prisms (usually wedges). The Table AB1

illustrates elements of simple geometry involved in computational modelling.
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Table AB1 The mesh elements in 2-D and 3-D modelling

2D Element Quadrilateral ]
Triangle 2N
3D Element Hexahedron [j
Tetrahedron 4}
Prism /}
Wedge @

After generation of the computational mesh its quality should be checked and
GAMBIT provides tools EquiAngle Skew and EquiSize Skew to evaluate the quality

of the mesh using corresponding criteria.

The EquiAngle Skew QEAS criteria is defined as follows:

emax - eeq eeq - emin
Op,s = max

180-6,, " 6, M
where 6,,,, and 6,,;, are the maximum and minimum angles (in degrees) between the
edges of the element, and 6., is the characteristic angle corresponding to an
equilateral cell of similar form:

° for triangular and tetrahedral elements, 6., equals to 60°,

° for quadrilateral and hexahedral elements, 6., equals to 90°.

QOras ranges from 0 to 1 and an ideally shaped element has Qg4s close to 0 and a

very poorly shaped element has QOg4s close to 1.
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The EquiSize Skew criteria (Qgys) is defined as follows:

S, —S

Opys = S (2)

eq

where S is the area (2-D) or volume (3-D) of the mesh element, and S, is the
maximum area (2-D) or volume (3-D) of an equilateral cell the circumscribing radius

of which is identical to that of the mesh element. By definition
0< Qs <1 3)

with Qgys =1 being for a completely degenerate (poorly shaped) element.

After creation of the mesh, and its quality check is carried out, pre-processor

highlights cells which should be refined in order to have an acceptable value of Qgus

and Q EVS.

A4



Appendix C

The wind turbine reaches its maximum capacity at a wind velocity between 12-16
m/s [73]. Fig. C1 shows that the wind turbine generated power increases until it
reaches the steady state at 12 m/s. In the ranges of the wind velocities less than 4
m/s and greater than 25 m/s the turbines do not operate due to economical or safety

reasons.
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Fig. CI Typical power curve of a turbine [74]

Fig. C2 shows the power curve presented by The Danish Wind Industry Association
(DWIA) which promotes wind energy in Denmark and internationally [75]. The
evolution of the Danish energy system has proved wind power to be a reliable, large-
scale energy technology. Currently, wind power plants of approximately 3200 MW

in Denmark supply more than 20 percent of the annual electricity consumption.

AS



ki

&00 i

/
. /
w

w /

o/
/

o
1 L] L] 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 |

I 3 1] 13 20 2amis

B 933w N IRDPOWER o g

Fig. C2 The Power Curve of the turbine [75]

The Danish manufacturer Vestas is the largest producer of wind turbines. Fig.C3
illustrates the ideal power curve for the Vestas V-15 (65 kW) wind turbine. The
turbine is designed to generate electricity in wind speeds as low as 8.9 mph and
continues to generate electricity at wind speeds up to 62 mph. Power production is
maximized over the wind velocity operating range of the turbine through the use of
two induction generators. The small generator is rated at 12.6 kW and operates at
wind speeds ranging from approximately 8.9 mph to 15.7 mph. The large generator
is rated at 65 kW and operates in wind speeds ranging from approximately 15.7 mph
to 62 mph. The controller of the turbine automatically switches between the two
generators depending upon wind speeds and rotor revolution rates. When wind

speeds exceed 62 mph, the generators are automatically taken off-line from the
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power network and the braking mechanisms bring the rotor to a halt. The turbine
then waits for the wind to return to production speeds and automatically restarts.
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Fig. C3 The ideal power curve for the Vestas V-15 (65kW) wind turbine [76]
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Appendix D

Material properties

Table ADI1 presents thermal conductivity and heat capacity of material as

temperature dependent functions using some tabular data from [65].

Table AD1 Properties of aluminium and steel at varies temperatures [65]

Temperature, K Aluminium Steel plain carbon AISI1010
k (W/m-K) cp (J/kg'K) K(W/mK Cp(J/kg'K)
200 237 798
300 237 903 60.5 434
400 240 949 56.7 487
600 231 1033 48 559
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Appendix E

UDF subroutine to describe the change in the heat generation source in the case
when the current instantaneously increases from 433 A to 866 A using the

temperature dependent current values (Chapter 6)

#include "udf.h"

DEFINE SOURCE(heat source,cell,thread,dS,eqn)
{

real current;

real current_time;
real energySource;
real currentConst;
real temp;

currentConst=433;
temp = C_T(cell, thread);
current_time = RP_Get_Real("flow-time");

if (current_time>=216000)

{
current = 866;
}
else
{
current = currentConst;
}

energySource = (current*current/0.0001834)*(0.000157*(1+0.00403*(temp-293)));

/*Message ("\ntime = %f, Tcon = %f, enSource = %f", current_time, temp,
energySource);*/

return energySource;

}
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Appendix F

UDF subroutine describe variations in the wind velocity and the current used in the

modelling Case 1 (Chapter 7)

#include "udf.h"
DEFINE_PROFILE(unsteady_velocity, thread, position)

{
face t T;
real t = CURRENT_TIME;

begin_f_loop(f, thread)

if (t<=216330)

{

F _PROFILE(F, thread, position) = 1.7;
¥

it (t>216330 & t<=216390)

{
F _PROFILE(F, thread, position) = 1.6;
}

it (5216390 & t<=216480)

{
F _PROFILE(F, thread, position)

= 1.5;
}
ifT (t>216480 & t<=216540)
{
F _PROFILE(F, thread, position) = 1.4;
}

if (current_time> 223440 & current_time<= 223470)

{
current=186.87;
}

it (current_time> 223470)
{
current=186.91;
}

energySource =
(current*current/0.0001834)*(0.000157*(1+0.00403*(temp-293)));

/*Message (‘\ntime = %Ff, Tcon = %f, enSource = %f", current_time,
temp, energySource);*/

return energySource;

}
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Appendix G

Table AG1 Dimensions of 33 kV stranded copper conductors

UTILITY CABLES MEDIUM VOLTAGE

19000/33000V

BS7870-4.10 33kV Stranded Copper

Conductor

BS7870 - 4.10

Minimum average Nominal diameter Nominal area of Minimum average Nominal
area thickness of over insulation copper wire scresn thickness of aoverall diameter length

insulation oversheath

mm? mm mm mm?* mm mm m
70 8.0 28.9 35 2.0 36.9 500
95 30.6 500
120 8.0 321 35 2.1 41.4 500
150 8.0 33.4 35 2.2 43.0 500
185 8.0 35.2 35 22 4.8 500
240 8.0 37.4 35 2.3 47.5 500
300 8.0 39.7 35 2.4 50.0 500
400 80 42.4 35 25 53.3 250
500 8.0 45.3 35 2.6 56.5 250
630 80 48.7 35 27 60.4 250
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Appendix H

Table AH1 Thermal resistivities, thermal capacities and densities for backfill soil

types [67]

Material

Thermal
resistivity
g (°Cmw?

Thermal
capacity
(kd kg'och

Density
(kg m™)

Soil with higher moisture
content, M.:

Clayey sand , M=10-12%
Sandy clay , M=14-28%

0.8-0.9

1.900-2.100

2000-2200

Soil with average moisture
content, M.:

Clayey sand , M=8-10%
Sandy clay , M=12-14%

1.2

0.830

1900

Soil with lower moisture
content, M.:

Clayey sand , M=4-7%
Sandy clay , M=8-10%

1.8-2.0

0.830

1600-800

Soil with very low moisture
content, M.:

Sandy soil, M~=4-7%

Very dry stony soil

2.1-2.8

and higher

0.800

1400
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Appendix |

UDF to describe the instantaneous current change from 470 A to 940 A

#include "udf.h"

DEFINE _SOURCE(heat_source,cell,thread,dS,eqn)
{

real current;

real current_time;
real energySource;
real currentConst;
real temp;

currentConst=470;
temp = C_T(cell, thread);
current_time = RP_Get_Real("flow-time");

if (current_time>=2880000)

{
current = 940;
}
else
{
current = currentConst;
}

energySource = (current*current/0.00063)*0.0000405;

/*Message ("\ntime = %f, Tcon = %f, enSource = %f", current_time, temp,
energySource);*/

return energySource;

}
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CFD Analysis of the Thermal State of
an Overhead line Conductor

1. Makhkamova P.C. Taylor

irina.makhkamova@durham.ac.uk  p.c.taylor@durham.ac.uk

j.r.bumby@durham.ac.uk

J.R. Bumby K. Mahkamov

School of Engineering, Durham University, UK

Abstract- At present commercial CFD packages such as
Fluent, ANSYS CFX, and Star-CD are widely used for
investigation of heat and mass transfer processes in various
fields of engineering. These codes can also be successfully
applied to estimate the thermal state of major components of
electrical distribution networks, such as overhead lines,
underground cables and transformers. This paper presents
some results obtained from numerical modelling of the
temperature field in the Lynx overhead conductor in both
cross and parallel wind conditions using 2-D and 3-D CFD
models. The CFD results obtained demonstrate that for an
applied load of 433 A and considering the summer rating
(Lynx conductors ER P27 [1]) the maximum temperature in
the conductor is considerably lower (16 degrees) than the
prescribed design conductor temperature. This indicates that
there is headroom for increasing the ampacity of the
conductor.

INTRODUCTION

Distribution network owners and operators face a
number of challenges not least those due to load growth,
distributed generation growth and the problem of
environmental opposition to building new infrastructure.
Therefore, it has become very important to try to increase
the utilisation of existing power system infrastructure in a
safe and cost effective manner. The research described in
this paper supports this aim by investigating the heat
transfer mechanisms associated with OHLs. This work
forms part of a Department for Innovation, Universities
and Skills (DIUS) project which seeks to evaluate a
prototype Distributed Generation (DG) output controller
which will make use of dynamic thermal ratings derived
from component power system models and relevant
meteorological data.

The thermal ratings of overhead line conductors are
calculated using lumped parameter models based on
solving the energy balance equation written for the
conductors using IEEE and CIGRE methods [2, 3]. The
calculations employed by these two methods have slight
differences however the general methodologies are very
similar. Thus IEEE relies on the use of tabular data to
determine various energy balance terms whilst CIGRE
uses closed form equations to calculate the same terms.
The IEEE method is restricted to the limited

environmental situations described in the tables. For most
practical line design and operation applications, both
methods produce similar results. However, for some less
typical applications such as high wind speed and/or
parallel wind speed calculations, there are significant
variations in the calculated ratings and the engineers need
to determine, which of the two methods should be used.
There is ongoing work to combine these two standards into
one worldwide standard [4].

With the sharp increase in the computational capacity of
personal computers, it is now feasible to employ complex
CFD techniques for rapid analysis of the thermal state of
conductors. The universal fundamental governing
equations used in CFD and its geometry and boundary
condition flexibility allows the user to assess the influence
of a wide range of climatic conditions and loading
conditions on both the steady state and transient thermal
response of the conductor. Additionally, it is possible to
take into account the dependencies of thermo-physical
properties of the conductor such as heat capacity,
conductivity and resistivity on temperature.

The main objective of this research is to perform
numerical analysis of the heat transfer between the Lynx
conductor and the ambient air with the use of CFD
techniques taking into account the magnitude of the wind
velocity and its direction. The commercial CFD package,
Fluent [5] was used for solving governing equations of
flow around the conductor.

The study was carried out in two stages. In the first
stage, a 2-D CFD model was employed for the case when
the Lynx overhead conductor was exposed to the cross
wind condition to determine the thermal state of the
conductor for various wind velocities. In the second stage
a universal 3-D CFD model was developed to describe
heat and mass transfer processes in the domain, where the
conductor was exposed to cross and parallel winds. The
calculations of the conductor’s thermal state for various
cross and parallel wind velocities were carried out for the
case in which the transmitted load corresponded to 433 A
with a design core temperature of 50°C, which is fixed
summer rating for Lynx conductor [1].

2-D CFD MODEL: THE LYNX CONDUCTOR EXPOSED
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Fig. 1. The real geometry of the LYNX conductor

The maximum diameter of the aluminium cylinder and
of the steel core is 19.5 and 8.37 mm, respectively, with
the cross sectional area of the aluminium part being 183.4
mm® For modelling purpose the conductor was assumed
to be a combination of two coaxial cylinders, in order to
simplify calculations, as demonstrated in Fig. 2. For this
calculation scheme the diameter of the steel core was
increased to 12.1 mm to keep the outer diameter and the
aluminium cross-section of the conductor equal to the real
values.

The temperature distribution within the conductor and
its surroundings can be determined by solving the system
of governing energy, continuity and momentum equations.

The scheme of the computational domain and the
section of the computational mesh are presented in Fig. 3.
and Fig. 4. The whole domain incorporates the air domain,
the aluminium section and the steel part of the conductor.
The equations describing heat and mass transfer in the
computational domain are discretised using the finite
volume method in which the whole domain is split into the
array of much smaller control volumes/elements in the
computational mesh. In this case the mesh with 90,539
cells was created. In order to obtain accurate results on the
heat transfer, a very fine mesh was created in the vicinity
of the surface of the conductor to reflect the specifics of
the flow and heat transfer in boundary layer zone around
the conductor. The solution of the system of the governing
heat and mass transfer equations is subject to the set of
boundary conditions.

Fig. 2. The model with increased steel core in comparison to the real
conductor
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Fig. 3. The scheme of the computational domain

Fig. 4. The section of the computational mesh used in the modelling

process

The velocity inlet and the outflow boundary conditions
were prescribed on the right and left external boundaries of
the computational domain, respectively. The ambient
temperature was assumed to be 293 K. The laminar flow
model was used in calculations for the wind velocity equal
to 0.1 m/s. For greater values of the wind velocity the
standard k—¢ model with the enhanced wall treatment was
employed to model the turbulence within the air domain.
The standard k-¢ model is a semi-empirical model which
includes the turbulence kinetic energy (k) and its
dissipation rate (¢) for the calculation the turbulent
viscosity [5].

The internal heat generation rate (S jea source) 1S included
as the energy source term in the energy conservation
equation and this represents the amount of heat uniformly
generated within the aluminium part of the conductor, but
not within the conductor core. It is defined as a ratio of the
power generated within the object to its volume. The
energy source term can be calculated, using the following
equation:

IZ

heat source

R 433x0.157

S X—=———
L 183.4x107°x10°

A

Where:

1 is the current through the conductor, 4 is the cross
section area of the aluminium part of the conductor and
R/L is the DC resistance of the conductor. The per-unit
resistance of the Lynx conductor is 0.157 3/Km [6].

=160,500 W / m?



3-D CFD MODEL OF THE LYNX CONDUCTOR

The Mathematical Model

The calculation scheme of the conductor in 3-D simulations
is identical to that used in 2-D CFD modelling. Due to the
computer RAM limitations it was decided that it would not be
feasible to employ a computational domain larger than a
parallelepiped with dimensions Im x 1 m x3 m (L x H x W).
The same mathematical models have been used for solving
the system of governing equations describing heat and mass
transfer processes in the computational domain as in 2-D
simulations except that the system of equations was modified
to reflect the 3-D geometry.

Fig. 5 presents the geometry of the computational domain
used for 3-D CFD modelling (which is the parallelepipedal air
domain surrounding the conductor). A 3-D computational
mesh, consisting of 627,400 hexahedron elements (10,900
hexahedron elements for steel cylinder; 7,500 hexahedron
elements for aluminium part of the conductor and 609,000
mixed elements for air domain) is shown in Fig. 6. When
creating the computational mesh special care was taken in
order to reflect the presence of boundary layers around the
surface of the conductor. The quality of the mesh was
assessed by EquiAngle Skew and EquiSize Skew options.
More than 90% of the cells had a skewness factor value less
than or equal to 0.15, which indicates a high quality mesh.

Fig. 5. The scheme of the computational domain

Fig.6. The 3-D computational mesh used in the modelling process

Numerical Results

The numerical simulations were performed for a number of
cases in which the wind velocity was varied from 0.1 to 15
m/s. Detailed information on the values of the temperature of
the conductor, obtained from 2-D and 3-D CFD modelling is
presented in Table I and in Fig. 7.

Calculations performed demonstrate that results obtained
using 2-D and 3-D CFD models are almost identical over the
wind velocity range varying from 0.1 to 15 m/s. Analysis of
our results shows that the temperature difference between 2-D
and 3-D modelling is negligible. The temperature of the
conductor depends strongly on the wind velocity at low wind
conditions (particularly in the range of 0-1 m/s) and the rate
of the change in the thermal state of the conductor is reduced
when the wind velocity exceeds 10 m/s.

P27 Recommendations indicate that the design core
temperature is 323 K (for the cross wind velocity of 0.5 m/s
and 433 A loading) and according to the CFD modelling, the
temperature of the conductor for the same conditions is
307 K (which is 16 K lower than the limit).

It can also be seen that the temperature of the conductor is
approximately 20 K higher for low wind conditions when it is
exposed to parallel wind. With the increase of the air velocity
this temperature difference gradually reduces and is about 5 K
for 15 m/s wind velocity. It is most likely, that results for the
different wind angles will be placed within a “cross and
parallel wind” results envelope.

If the obtained CFD results are accurate, there is headroom
for increasing transmitted power even during fairly modest
wind conditions.

TABLE I
TEMPERATURE IN THE CONDUCTOR AS A FUNCTION OF
WIND VELOCITY AND THE WIND DIRECTION

Temperature, K
Wind 2-D CFD 3D CFD 3D CFD

velocity, model, model, model,
m/s Cross wind Cross wind Parallel wind

0.1 324.85 324.93 346.97

0.5 307.1 306.73 32344

1 303.35 303.52 317.61

2 30037 300.41 312.14

3 298.89 29891 309.18

4 297.98 297.96 307.11

5 297.32 297.27 305.57

10 295.53 295.43 30145

15 294.74 294.67 299.63
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Fig.7. Temperature in the conductor vs. wind velocity for cross and parallel wind conditions
CONCLUSIONS ACKNOWLEDGEMENT

In this study the heat dissipation process in the Lynx
overhead conductor exposed to the cross wind was
investigated using 2-D and 3-D CFD modelling
techniques. The thermal state of the same conductor for
parallel wind conditions was determined using 3-D CFD
simulations. Results from these numerical investigations
indicate that 2-D and 3-D approaches provide almost
identical results for the cross wind conditions.

Compared to P27 Recommendations, CFD modelling
shows that there is appreciable headroom for increasing
the rating. The preliminary results from this research
suggest that with careful management it may be possible to
temporarily increase the rating and utilisation of existing
overhead lines. This increase could lead to benefits such
as the avoidance of costly network reinforcement and
improved network access for distributed generation.

FUTURE WORK

It is planned to present results produced from models
including the variation of heat transfer coefficients in the
form of Nu = f(Re) correlations, where Nu is the
dimensionless heat transfer coefficient and Re is
dimensionless velocity.
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Appendix K

A copy of the journal paper submitted to the International Journal of Renewable
Energy Technology (accepted subject to the completion of the revision)

Al9



Int. J., Vol. x, No. x, 200x 1

CFD Modelling of the Thermal State of the Lynx Overhead
Conductor in  Power Distribution Networks Incorporating

Generators Sourced by Renewable Energy

I. Makhkamova*, K. Mahkamov, P.C. Taylor,
School of Engineering and Computing Sciences
Durham University,

South Road, Durham DH1 3LE, UK

Email: irina.makhkamova@durham.ac.uk;
Email: khamid.mahkamov@durham.ac.uk
Email: p.c.taylor@durham.ac.uk

*Corresponding author

Abstract: Results on application of a CFD technique for determination of the thermal sate of a Lynx
overhead conductor, used in power distribution networks, are presented in this paper. The thermal state
of the conductor is mainly defined by a magnitude of the electrical current, the ambient temperature, the
wind velocity and its direction and also by the insolation level. In the process of numerical simulations
CFD modelling provides engineers with a capability to fully reflect variations in the above parameters
which take place during actual exploitation. Results for both the steady-state and transient operational
situations have been obtained and compared to those produced using industrial standards and available
experimental data. Analysis of CFD simulation results demonstrate that this numerical technique
provides an adequate level accuracy in predicting the thermal state of the overhead conductor in both
the steady and transient processes and therefore can be successfully used in the dynamic analysis and

management of power distribution networks, which incorporate renewable energy generators.

Keywords: CFD modelling, Lynx overhead conductor; thermal state; power distribution networks,

Renewable energy.

Reference to this paper should be made as follows: Makhkamova, I., Mahkamov, K. and Taylor, P.C.
(2010) “CFD Modelling of the Thermal State of the Lynx Overhead Conductor in Power Distribution
Networks Incorporating Generators Sourced by Renewable Energy”, Int J. Renewable Energy

Technology, Vol. 1, No. 4, pp. Xx-zz.

Biographical notes: I. Makhkamova obtained MEng degree from Bauman Moscow Technical
University in 1983 in the field of Thermal Engineering and works as a Research Assistant in Energy

Copyright © 200x Inderscience Enterprises Ltd.


mailto:irina.makhkamova@durham.ac.uk
mailto:khamid.mahkamov@durham.ac.uk
mailto:p.c.taylor@durham.ac.uk

Research Group in the School of Engineering and Computing Sciences at Durham University. Her
research interests are focused on studying thermal aspects of various energy conversion technologies.

K. Mahkamov obtained his MEng and PhD degrees from Bauman Moscow Technical University
in Thermal Engineering area and currently works as a Senior Lecturer in Thermofluids in the School of
Engineering and Computing Sciences at Durham University. His main fields of interest are development
of Thermo-mechanical energy conversion systems and numerical modelling of heat and mass transfer
processes.

P.C Taylor is a Professor in the School of Engineering and Computing Sciences at Durham
University and his research involves active Network management techniques, demand side management,
Fuzzy control and integration of Renewable energy into electrical networks (both interconnected and

stand alone)

1 Introduction

As result of large scale efforts on the reduction of CO, emissions, a rapid expansion of power generation
using Renewable energy (wind, marine, solar PV etc) and small scale CHP is taking place in numerous
European countries including UK. Most of this new generation is embedded into electrical distribution
network and this leads to a significant rise in the energy flow within distribution networks. There is a
considerable environmental opposition exists to building new infrastructure and, furthermore, upgrading
electrical distribution network requires very significant capital investments. Therefore, it has become
very important to try to increase the utilisation of existing power system infrastructure in a safe and cost
effective manner.

One way to raise the energy delivered by the existing distribution networks is to increase the
amount of current carried by overhead conductors. Large benefits can be achieved by a small increase in
ampacity. As a result, many utilities are considering operating their overhead conductors at levels when
their capacity is close to the critical values.

Modern conductors can successfully operate at the temperatures exceeding 100 °C. The problem
is that higher levels of current result in the increased electrical losses due to resistance and in the
elevated conductor temperature. The corresponding thermal expansion of the conductor leads to the
grow in the sag and consequently to the decrease in the ground clearance. Additionally, overhead lines
are exposed to solar radiation, which noticeably effects the thermal state of the conductor in a summer
period. Heat from the conductors is dissipated by circulation of air surrounding the lines (free

convection and wind) and also by re-radiation mechanism.



At these high load conditions monitoring and accurate prediction of the thermal state of
components in electrical distribution network becomes of a paramount importance for a reliable supply
of electricity to consumers. The serious consequence of the excessive temperature level in the overhead
line might be its structural damage.

Performing experimental investigations of the thermal state of overhead conductors at different
operation and meteorological conditions is a time consuming and costly procedure. Therefore, numerical
methods could be attractive alternative for accurate assessment of the conductor’s thermal state.

This study is research into the accurate estimation of the thermal state of the conductors in
electrical distribution network using a high resolution numerical heat transfer method in order to identify

a potential for increasing ampacity of existing overhead lines.

2 Industrial standards used for estimation of the thermal state of overhead conductors

As mentioned above, upgrading and erecting new lines is extremely costly and, therefore, there is
pressing necessity to operate distribution lines at higher currents and, consequently, at higher
temperatures. There is realisation that some of the existing methods used in the industry for estimation
of the thermal state of conductors are restrictive, providing conservative predictions. Rating
recommendations may also vary from utility to utility. The thermal ratings of overhead line conductors
are normally calculated using IEEE Standard 738-1993 (1993) and CIGRE (1992) methods. These
methods are based on solving the energy balance equation written for the conductors. Such mathematical
models are also called lumped parameter models. The calculations employed by IEEE and CIGRE
methods have some differences however the general methodology used in these both the approaches is
very similar and calculations of line ratings are based on the coincident high ambient temperature, full
solar radiation and an effective wind velocity. The value of the latter varies in different standards. For
example, UK Engineering Recommendations P27 (1986) uses 0.5 m/s as the wind velocity value for the
calculation of ratings. The IEEE/CIGRE survey shows that number of utilities have gradually increased
their line ratings by relaxing some of assumptions. Some utilities now assume the effective wind
velocity of 0.91 m/s, or even higher, see Douglass et all (2000). The main difference between IEEE and
CIGRE methods is that IEEE relies on the use of tabular data to determine various energy balance terms
whilst CIGRE uses closed form equations to calculate the same terms. The IEEE method is restricted to
the limited environmental situations. For most practical line design and operation applications, both
methods produce similar results. However, for some less typical conditions such as a high wind velocity
and a parallel wind, there are significant variations in the calculated ratings and the engineers have to
make a decision on which of the above two methods should be followed. There is ongoing work to

combine these two standards into one worldwide standard, see Schmidt (1997).



IEEE Standard 738-1993 “IEEE Standard for Calculating the Current-Temperature Relationship
of Bare Overhead Conductors” (1993) has recently been revised to improve the solar heating calculation
and to provide use of Sl units throughout.

As highlighted above, the lumped-parameter models are based on the solution of the following
basic energy balance equation:
d+d, =0, +1°xR(T,), (1)
where Q. is the convective heat loss (W/m); (, is the heat loss due to re-radiation; J, is heat gain from

the sun (W/m); | is conductor current (A) and R(TC) is 60 Hz AC resistance per meter of the conductor
at temperature T, .
The thermal state of the conductor in the dynamic case is determined by solution of the following

equation:

dT
Qe + G +MC, —= =0 + 12 xR(T,), @

where ¢ .,mand T, are the total heat capacity (J/(kgK)); mass (kg) and temperature (K) of the

pes
conductor, respectively.

Convective heat losses are due to exposure to the air flow and are determined separately for the
case of natural convection and low and high wind conditions taking into account the wind direction
relative to the axis of the conductor. These loses are calculated in terms of the conductor’s diameter,
density, thermal conductivity and dynamic viscosity of air, velocity of the air stream and ambient
temperature.

The properties of air are taken at

Thiim = %’ 3)
where T, is the ambient temperature (K).
Morgan (1982) proposed an extended version of the energy balance equation to determine the
correlation between the current of the conductor and its temperature for the steady-state as follows:
P,+P, +P.+k -P =P.+P +(R,). (4)
Here P;, Py, Psand P; are the heat gains (per unit length per unit time) due to Joule, ferromagnetic, solar
and ionization (corona) heating, respectively, and P, Pr and P, are the heat losses due to convection,
re-radiation and evaporation, respectively. The coefficient k; takes into consideration probabilistic nature
of ionization. Joule heating was calculated as a function of the current, the ambient temperature and
the resistance of the conductor, depending on the conductor’s temperature. Accounting for

ferromagnetic heating in layered conductors resulted in increased resistance of 5-10 % in the 3 and 5"



layers at the maximum load. Solar heating depends on the diameter of the conductor and its position to
the horizontal, the absorptivity of the surface of the conductor, insolation and the solar altitude.

The heat losses due to evaporation were determined as

Ry =7-d-L-(X —Xa) s (5)
where d is the diameter of the conductor; L is the latent heat of evaporation of water, xy4 is the mole
fraction of water in atmospheric air, xys IS the mole fraction of water in air in the vicinity of the free
surface of the water film on the conductor.

In study by Morgan (1982) it was demonstrated that the earlier version of IEEE Standard (1993)
produces results similar but not identical to those obtained with the CIGRE method. For a typical rating
calculations for a 400 mm? ACSR conductor, Schmidt (1997) finds a difference of about 2% in the rating
when calculated by the IEEE and CIGRE methods.

According to Howitt and Simpkins (1971) the evaluation and consideration of the thermal limits
of a power line due to sag, loss of conductor strength, and fitting limitations usually result in a maximum
allowable conductor temperature or thermal rating. For a specified maximum allowable conductor
temperature and a given set of weather conditions, “the continuous current-carrying capacity (ampacity)
of a power” line can also be determined by applying heat-balance equations to the electrical conductors.
The current-carrying capacity of a conductor as a function of the conductor temperature, ambient
temperature, wind velocity, elevation, and incident solar radiation have been examined by Howitt and
Simpkins (1971) but all calculations were performed using a non-metric system. Calculations

performed are based on the same generalised energy balance equation presented in the following form:
| =(q. +9, —q,)/R)*, (6)
where g, is the convective heat loss (watt per unit of the length of conductor); (, is the radiated heat

loss (watt per unit of the length of conductor); . is the heat gain from the sun (watt per unit of the

length of conductor); | is conductor current in A, and R is 60 Hz AC resistance per unit of the length
of conductor. The above equation states that heat generated in the conductor due its electrical resistivity
and gained by the conductor due to insolation are equal to convection and radiation heat losses if the
conductor is in a steady thermal state. Components of the above equation are calculated using
corresponding semi-empirical correlations.

An ampacity model used by Chen et al. (2002) can predict the temperature of overhead
conductors operating at temperatures up to 250 °C. Main details of the model are presented by Black and
Byrd (1983) and Bush et al. (1983). The accuracy of the model was determined by comparing the
theoretical predictions with temperatures measured on a full-scale outdoor test span. Two different

ACSR conductors were used in the outdoor test span. One conductor was a Curlew conductor (54/7,
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~ 524 mm?) with an outer diameter of 31.6 mm. Under typical weather conditions, the power supply was
able to produce temperatures that were below 150 °C. The other conductor that was used in the testing
program was a Linnet conductor (26/7, ~170.5 mm?) with an outer diameter of 18.3 mm. Due to greater
electrical resistance the Linnet conductor could be heated to temperatures above 200 °C, when the wind
velocity was low. With an increase in the average conductor temperature, the accuracy of calculations
decreases.

The current carrying capacity of the overhead line is influenced by forced convection cooling.
Isozaki and Iwama (2002) performed experimental investigations of ACSR410 in a wind tunnel for wind
velocities in the range from 0.2 m/s to 4 m/s and current equal to 1340 A. Heat dissipation around the
conductor was expressed as

Pc = ﬂﬂ“(Ts _Ta)Nu . (7)
The relationship between Nu-Re numbers can be presented as
Nu=BxRe". (8)

Using experimental results, the authors refined equations used for calculation of the thermal state
of the conductor. In the case of forced convection at the wind velocity less than 1 m/s the authors found
that

Nu =1.566 x Re®**® for surface roughness <0.1; (10)

Nu =1.325x Re®**  for surface roughness >0.1. (11)

Investigations described by Foss et al. (1983) and Tasic (2000) are examples of analysis of the
non-stationary thermal state of the ACSR conductor. Introducing simplifications about re-radiation heat
transfer, see Tasic (2000), analytical expressions for evaluation of the temperature inside and on the
surface of the conductor were obtained. Comparison of results from the numerically solved set of two
differential equations with those, obtained using the simplified model, led to a conclusion that these were
practically the same, which justified application of the simplified model.

Overall, analysis of publications indicate that to date a number of lumped parameter models have
been developed to determine the thermal state of overhead conductors and which provide high accuracy
for a certain range of conditions. However, if the range of exploitation conditions is extended and it is
necessary to analyse the dynamic processes then the lumped parameter models provide contradicting
results due to differences in assumptions made. An application of more universal theoretical approach
with a capability to describe in detail relevant heat and mass transfer processes would be useful for
more accurate estimation of the ampacity limits of different conductors. With a sharp increase in the



computational capacity of personal computers, it is now feasible to employ complex Computational Fluid
Dynamics (CFD) techniques for rapid analysis of the thermal state of conductors. The universal
fundamental governing equations used in CFD and flexibility in describing geometry and boundary
conditions allows users to assess the influence of various combinations of climatic and loading
conditions on both the steady and transient thermal sates of the conductor. Additionally, it is possible to
take into account dependency of thermo-physical properties of the conductor, such as a heat capacity,
conductivity and resistivity, on its temperature.

The main objective of this research is to perform numerical analysis of heat transfer between an
overhead conductor and ambient air with the use of CFD techniques taking into account the electrical
load and the magnitude of the wind velocity and its direction. The Lynx ACSR conductor was the subject
of investigations and the commercial CFD package, Fluent, was used for solving governing equations of
flow around the conductor. This software deploys the control volume method for discretization of the
physical domain and numerical solution of governing equations, describing mass and heat transfer
processes, see Hoffmann and Chiang (2000), Vol. 2.

3 Application of CFD for determination of the thermal state of overhead conductors
The ACSR conductor Lynx consists of 30 strands of aluminium wire and 7 strands of steel wire, see
Figure 1.

) . Figure 2 The model with an increased steel
Figure 1 The cross section of the Lynx

core in comparison to the real
Conductor

conductor

The maximum diameter of the aluminium cylinder and of the steel core is 19.5 and 8.37 mm,
respectively, with the cross sectional area of the aluminium part being 183.4 mm? For modelling purpose
the conductor was assumed to be a combination of two coaxial cylinders, in order to simplify

calculations, as demonstrated in Figure 2. For this calculation scheme the diameter of the steel core was



increased to 12.1 mm to keep the outer diameter and the aluminium cross-section of the conductor equal
to the real values.

The temperature distribution within the conductor and its surroundings can be determined by
solving the system of governing energy, continuity and momentum conservation equations.

For conditions in which the conductor is exposed to the cross wind, a two-dimensional (2-D)
CFD model can be applied to determine its thermal state. The scheme of the physical domain and the
computational mesh, used in these investigations, are presented in Figures 3 and 4. The physical domain
incorporates the air sub-domain, the aluminium section and the steel part of the conductor. For the
domain, shown in Figure 3, a computational mesh with 90,539 cells was created. In order to obtain
accurate results on heat transfer, a very fine mesh was formed in the vicinity of the surface of the
conductor to reflect the specifics of the flow and heat transfer in a boundary layer zone located around
the conductor. The solution of the system of the governing heat and mass transfer equations is subject to

the set of boundary conditions.

<« «—
<+ Cond\uctor Inlet «—
<+ N le—
<« \4—
<« «—
<] Outlet «—
<« «—
Figure 3 The scheme of the physical Figure 4 The section of the computational
domain mesh used in the modelling process

The velocity inlet and outflow boundary conditions were applied on the right and left external
boundaries of the computational domain, respectively. The ambient temperature was assumed to be 293
K. The laminar flow model was used in calculations for the wind velocity equal to 0.1 m/s. For a greater
value of the wind velocity the standard k- model with the enhanced wall treatment technique was
employed to model the turbulence within the air domain. The standard k- model is a semi-empirical
model which includes the turbulence kinetic energy (k) and its dissipation rate (&) conservation equations
for calculation of the turbulent viscosity, see Hoffmann and Chiang (2000), Vol. 3.

The internal heat generation term (S heat source) 1S included in the energy conservation equation
written for the aluminium part of the conductor and this represents the amount of heat uniformly

generated within this part of the conductor, but not within the conductor core. It is defined as a ratio of



the power generated within the object to its volume. The energy source term can be calculated, using the

following equation:

S

2
DGR A0S 60500 wim? (12)
heat source A |

183.4x107° x10°

where 1 is the current through the conductor, A is the cross sectional area of the aluminium part of the
conductor and R/I is the resistance of the conductor. The per-unit resistance of the Lynx conductor is
0.157 Q/Km, see BS EN 50182-2001 (2001).

As the conductor has a higher temperature than its surroundings, the resulting heat losses due to
re-radiation from the surface of the conductor have been included in these simulations.

When the conductor is exposed to parallel wind then it is necessary to apply a three-dimensional
(3-D) CFD model. The calculation procedure used in 3-D simulations is identical to that used in  2-D
CFD modelling. Due to the computer RAM limitations it was decided that it would not be feasible to
employ a computational domain larger than a parallelepiped with 1 m x 1 m x3 m (L x H x W)
dimensions. The same mathematical models have been used for solving the system of governing
equations describing heat and mass transfer processes in the computational domain as in 2-D simulations
except that the system of equations was modified to reflect the 3-D geometry.

Figure 5 presents the geometry of the physical domain used for 3-D CFD modelling (which is the
parallelepipedal air domain surrounding the conductor). A 3-D computational mesh, consisting of
627,400 hexahedron elements (10,900 hexahedron elements for steel cylinder; 7,500 hexahedron
elements for aluminium part of the conductor and 609,000 mixed elements for air domain) is shown in
Figure 6. When creating the computational mesh special care was taken in order to reflect the presence of
boundary layers around the surface of the conductor.

Figure 5 The scheme of the 3-D Figure 6 The 3-D computational mesh used in

physical domain the modelling process



Laminar flow equations

A CFD software package has to produce a prediction of the fluid flow in a given situation with certain

boundary conditions. To do this, CFD software solves numerically the equations that govern the flow of

fluids. These equations can be derived from the mass and momentum conservations principle.

Figure 7(a) shows a rectangular, two-dimensional patch of fluid ABCD, together with an assumed

velocity distribution in terms of the velocity components u and v in the x- and y-directions, respectively.

Figure 7(b) shows a horizontal force acting on the fluid patch which caused by a normal stress, o, and a

shear stress, .
Mass continuity equation can be written as:

8_u+8v 0.

ox oy
Momentum equations (or Navier-Stokes equations) are as follows:
in the x-direction,

B W, 2, 0, 2)
Pa Py T oM ax) Tyl My )

in the y-direction,

X 2, 2, 2), O,
Pa o Poy” o ax\Pax) Tyl My )

The flow equations shown above are for 2-D cases.
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Figure 7 Flow in the control volume

Turbulent flow equations
Turbulent flows are characterized by fluctuating velocity fields:

u, =0, +u/,

(12)

(13)

(14)

(15)



where, U, and u/are mean and fluctuating velocity components.

These fluctuations mix transported quantities such as the momentum and energy and cause these
transported quantities to fluctuate as well:

b =0+, (16)
where ¢, denotes a scalar such as pressure, energy or species concentration.

When substituting (15) into the continuity equation (12) and Navier-Stokes equations (13), we
will obtain:
continuity equation,
A N _y. (17)
oX oy
Navier-Stokes equations (for x-direction),
_ _ _ _ N\ T A2 o
ou  _du _a_u__@+g[ auj+a(ua_uJ_pau ouv) 18)

o=+ — Il BT _
Pa TP TP T T P ) Ty My x oy

One way of simplifying the equations is to treat the additional terms as additional viscous stress

produced by the turbulence in the flow. So (18) can be simplified as:

o, Lou, o dp 0 ), o a
po A A + X((u+ut)axj+ay((u+ﬂt)ayj- (19)

In the current investigation two- and three-dimensional k —& turbulence model for air flow has
been used for the numerical analysis. The governing equations, which describe the air/fluid flow and
heat transfer processes which occur in the computational domain, are as follows:

The mass conservation equation:

op O

B 2l 2 (ov) £ (po)=0. (20)

The momentum conservation equation:

0(pu)  A(pu* +p)  8(puv) , A(puo) _

ot OX oy oz 1)
0 PNT) P P
0T, 90y 0T  0(puT) | 0puv) | O(cpue).
OX oy 0z OX oy 0z
(pv) , A(puv) , 3(pv” +p) , Apvw) _
ot oX oy oz 22)

o 72 PN
0T, +6Tyy +8rzy +8(—pu u)+8(—pu )+6(—pua))_
OX oy oz OX oy 0z
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The energy conservation equation for the air sub-domain is

B(pe) , u(pe+p)  A(pe+p)  dw(pe+p) _
ot ox oy oz

g((“ putjaT}g&“CMJQ}Q((M putjaT]
OX P ox ) oy Pr. joy | oz P 0z

The turbulent kinetic energy and its dissipation equations:
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In the equations (21) - (23)
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Oow Ov
Ty =Ty = /J|:E E:| ; (32)
u'? =20,k ; (33)
V2 =20k (34)
w'? = 2a,k ; (39)
v (8—“ + a—“j , (36)
OX

L k>) .
where a,,as,,a, are structural scale constants and the turbulent viscosity g, = oc,, [—j with ¢, =0.09.
&

In the equations (25) and (26) o, =1; ¢,=1.3; ¢, =1.3, c_,=1.92.

The parameter B, is the production of turbulence defined as
40u 20v 20w | ou 40v 20u 20w | ov
R el e B el Bl
30x 30y 30z [\ox 30y 30x 3oz |\oy
40w 20u 20v | ow ou Ov | ou ou Ow | ou
——————— — =+ | =+ | = |+ =+ || = |+ (37)
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oX oy [\ Ox oz oy |\oz OX 0z |\ ox oy ox |\oy
The equation (24) does not take into account the influence of the viscosity dissipation on
temperature of the working fluid since this effect is negligible compared to the temperature change due
to the heat transfer and compression during the cycle.
The above governing equations for the air sub-domain should be coupled to the energy

conservation equations for the Lynx conductor. The following are such the equations written for the

aluminium and steel parts of the conductor:

2 2 2
or al _ ﬂal (6 Tal + 0 Tal + d Tal J—i_sheat source; ' (38)

8t Cpalpal aXZ 8y2 622
el st _ ﬂ’st a2Tst + 8ZTst + a2Tst i (39)
at Cpstpst aXZ ayz azz
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The equations (20)-(26) and (38) are subject to the following boundary conditions: u = u(s) on

[,;o=v@E)onTl,; w=aw(s)onl, T=T(s)onI;; q,=q,(s)onT,;q,=q,(s)onT, ;d,=0,(s)

onT,; k=k(s)onTI; e=¢g(s)onT,.

4 Numerical results of CFD modelling of steady thermal state of the conductor.

CFD modelling of the steady thermal state of the Lynx conductor has been performed for conditions
close to those experimentally recorded by Scottish Power. In fact, recorded data is the temperature of the
Lynx conductor operating in the transient regime with the variable electrical current and the ambient
temperature, wind velocity, its direction and insolation which were measured every five minutes.
Analysis of data shows that the variation of the conductor temperature follows random pattern reflecting
the stochastic change in the velocity of the wind and in its direction and current. Since experimental data
for purely steady conditions was not available then an attempt was made to select time intervals during
which the variation of operational and meteorological parameters takes place over a relatively narrow
range and to consider these intervals as pseudo-steady regimes of operation. Pseudo-steady regime
data for these intervals was produced by time averaging the values of the variable parameters.

Table 1 shows comparison between experimental averaged parameters and CFD results for
selected three pseudo-steady conditions when wind is considered to be perpendicular to the conductor’s

axis.

Table 1 Comparison of experimental data for pseudo-steady conditions and corresponding

CFD results.
Case | Tamp, K Average Current, Heat Experimental CFD Difference,
wind speed, A source, data results, K K
m/s Jim?®
1 272
(-1°C) 0 138.11 | 14,946.66 275.1 K 278.6 35
276.8 K
2 (3.8°C) 0 62.35 3,110.60 278.2 K 276.9 1.3
279.6
3 (6.6 °C) 5.3 139.09 | 16,561.21 280.7 K 279.9 0.8

Numerical results in Table 1 were produced using 2-D CFD modelling technique. In the

modelling process dependence of electrical resistivity and of the heat conduction coefficient from the



temperature and the effect of solar radiation were neglected. Since the wind velocity is equal to zero in
Cases 1 and 2 then a free convection CFD model was employed during the simulation process.

Figures 8 and 9 present some of numerical data obtained from CFD simulations of the thermal
state of the Lynx conductor. Figure 8 shows the typical temperature distribution in the Lynx conductor
and air-domain for Case 1. In the “no wind” conditions air is heated up from the surface of the conductor
and flows upwards with a relatively low velocity which is about few millimetres per second. The

maximum temperature in the conductor is 279 K when the current is 138.11 A and the ambient
temperature is 272 K.

274e+02

274e+02

Figure 8 The temperature (K) distribution around the conductor (the free convection case)

The standard k-¢ turbulent model is employed in simulations for Case 3 because the wind
velocity is 5.3 m/s and this corresponds to Reynolds number of 6,780 indicating that there is a turbulent
flow in the air sub-domain. Figure 9 shows the temperature distribution in the Lynx conductor and in the

air sub-domain for Case 3 with the maximum temperature of 280 K being in the core of the conductor for
the ambient temperature of 279.6 K.

Figure 9 The temperature (K) distribution around the conductor (the turbulent model)
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It can be seen that CFD modelling of the thermal state of the conductor generally provides
adequate results with the maximum difference of 3.5 K for Case 1. The difference between experimental
and numerical data for Case 3 (the turbulent flow) is only 0.8 K. Performed calculations demonstrate
that results for simulation of the thermal state of the Lynx conductor operating at the cross wind
conditions are identical for 2-D and 3-D simulations for the cases in which the wind velocity was varied
from 0.1to 15 m/s.

Figure 10 additionally presents results obtained on the thermal state of the conductor with
electrical current of 433 A, operating at ambient temperature of 293 K (20 °C), and exposed to the cross
and parallel wind. This diagram indicates the low and high temperature boundaries for the thermal state
of the conductor for any direction of wind varying in the velocity range from 0 to 5 m/s. Due to more
intensive heat transfer from the surface of the conductor to the surrounding air flow the temperature of
the conductor is lower in the cross wind conditions. The temperature in the conductor is approximately
20 degrees higher for the low wind conditions when it is exposed to the parallel wind. With the increase
of the air velocity this temperature difference gradually reduces and is about 5 K for the 15 m/s wind
velocity.
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Figure 10 Temperature in the conductor as a function of the wind velocity for the cross and parallel

wind conditions

P27 Recommendations indicate that the design core temperature is 323 K for the cross wind
velocity of 0.5 m/s and 433 A loading. According to CFD modelling, the temperature of the conductor
for the same conditions is 307 K (34 °C), which is 16 degrees lower than the limit. Compared to P27

Recommendations, CFD modelling indicates that there is an appreciable headroom for increasing the



rating. The preliminary results from this research suggest that with careful management it may be
possible to temporarily increase the rating of existing overhead lines. Such an increase could lead to
benefits and improved network access for distributed generation.

Finally, Figure 11 presents results on calculations of heat transfer coefficients from the surface of
the Lynx conductor. Since the Prandtl number is constant for the Lynx conductor exploitation conditions

then heat transfer correlations are presented in the form of Nu=f (Re) form:

Nu=2.2555x Re®**® (cross wind); (40)
Nu=1.5035x Re®**® (parallel wind). (41)

Heat transfer correlations (40)-(41) can be used in lumped-parameter model calculations

50 ~

45 +

40 Nu = 2.2555 Re 0-3065
35 -
Cross wind
30 -

25 4 Nu = 1.5035 Re 0.3038

Nu

20 ~

. Parallel wind

10 A

0 2000 4000 6,000 8000 10,000 12,000 14,000 16,000 18,000 20,000
Re

Figure 11 Nusselt number as a function of Reynolds number for the cross- and parallel wind

Effect of taking into account temperature dependence of physical properties of the conductor
material and influence of solar radiation
In the numerical modelling of the thermal state of the Lynx conductor the effect of the temperature
dependence of physical properties of the conductor material and influence of solar radiation were
additionally investigated.

The temperature of the Lynx conductor, operating with the 433 A current and at the 293 K
ambient temperature and wind velocities varying in the range from 0 to 3 m/s, was found to be higher
by 1-0.5 degrees, respectively, in the case in which the electrical resistivity of aluminium was assumed

to be temperature dependent.
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Numerical results show that effect of dependency of the heat conduction coefficient from the
temperature is very small (fractions of degree) and therefore can be neglected in the analysis.

During the exploitation period there is a considerable duration of time when conductors are
exposed to the solar radiation which is an additional source of heat. The temperature of conductors
increases depending on the level of insolation and on the state of the surface of the conductor with a
corresponding absorption coefficient. The additional source of heat due to solar radiation can be
calculated as

g, =a,-d-1, (41)
where (s is the solar heat gain in the conductor, W/m; d is the diameter of the conductor, m; « is the
solar absorption coefficient, which usually varies from 0.3 to 0.9; | is the intensity of solar radiation, a
typical value being between 600 and 800 W/m? for a summer period. The conductor which has been in
exploitation for a considerable period of time usually has a darkened surface due to oxidation and
pollutions and the typical value of the absorption coefficient for such the conductor is about 0.9. The
absorption coefficient of a new conductor is about 0.3. Table 2 presents obtained computational results
on the thermal state of the Lynx conductor, operating with the 433 A current at the ambient temperature
of 293 K, the wind velocity of 2 m/s and 800 W/m? insolation.

Table 2 Effect of solar radiation on the thermal state of the LYNX conductor
CFD model: | CFD model : 800 W/m? solar radiation

oa=0.3 oa=0.5 oa=0.9
Temperature
of the 300.78 302.2 303.45 305.9
conductor, K

It can be seen in Table 2 that the temperature of the darkened conductor rises by about 3-5

degrees for the given set of boundary conditions when insolation is taken into account.

5 CFD modelling of the transient thermal state of the Lynx conductor

Power distribution networks operate under variable load and climatic conditions which strongly affect
the thermal state of overhead conductors. Controlled increases in current passing through the conductor
or drop in the wind velocity are examples of such dynamically changing conditions. In such situations it
is essential for network operators to have information on the available time before the conductor reaches
the critical temperature or cools down to the safe level. So dynamic modelling results can be used by
network operators to develop the short term rating strategy for more efficient exploitation of distributed

generation networks.



Figure 12 shows the scenario which was numerically modelled to investigate the effect of the
abrupt increase in the electrical current for the situation in which the cross wind velocity is constant and

equal to 0.5 m/s and the ambient temperature is 293 K (20 °C)

Current. A

A

866 A

433 A

Time. sec

»
»

Figure 12 The abrupt increase in the electrical current passing through the LYNX

conductor

Figure 13 presents results of numerical simulations. It can be seen that for the current of 433 A the
steady-state temperature of the conductor is about 312.5 K and this temperature increases to about 364 K
when the electrical current is doubled (the corresponding rise in the temperature is about 52 degrees).
Figure 14 presents the variation in the time constant in transient processes in which the temperature of
the conductor rises due to the change in current. It can be seen that the time-constant parameter first
gradually increases from 42 to about 44 min when the current increases from 433 to 541, from 433 to 649
and from 433 to 750 A, respectively, and then is reduced down to 28 minutes for the current change
from 433 to 866 A. Such the variation in the time constant parameter is due to the domination of the

Joule heating mechanism in the conductor at the high electrical current.
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Figure 13 The variation of the temperature of the conductor with increase in the magnitude of

the current
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Figure 14 The variation of the time-constant parameter in transient processes caused by the

current increase.

In a similar way, the situation when the magnitude of current is abruptly reduced was analysed,
see Figure 15. It can be seen that the time constant in the cooling processes is noticeably greater than
that in the heating-up cases. Thus, this parameter is about 66 minutes when the current magnitude drops
from 866 to 433 A, see Figure 16.
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Figure 15 The variation of the temperature of the conductor with the decrease in the magnitude of

the current
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Figure 16 The variation of the time-constant parameter in transient processes caused by an abrupt

current decrease

Additionally, unsteady CFD simulations of the thermal state of the Lynx conductor have been
carried out for several scenarios in which the amount of the electrical current passing through the
conductor remains constant and equal to 433 A at the constant ambient temperature of 293 K but the
cross wind velocity sharply decreases from 15 to 10, 5 and 2.5 m/s. Figure 17 presents results obtained

and it can be seen that with the decrease in the wind velocity from 15 to 10, 5 and 2.5 m/s the
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temperature of the conductor gradually rises up by 0. 8, 2.6 and about 5 K. Furthermore, it was calculated
that the time constant in the transition from the steady thermal state of the Lynx conductor,
corresponding to the wind velocity of 15 m/s, to a new thermal state corresponding to the wind velocity
of 10, 5and 2.5 m/s is approximately 3.5, 6 and 33 hours, respectively.

The results obtained from transient CFD simulations of the thermal state of the Lynx conductor
demonstrate that the rapid decrease in the magnitude of the cross wind velocity results in the increase in
the conductor’s temperature but over a considerably longer period of time, compared to that in the

situation with an abrupt change in the current.
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Figure 17 The variation of the temperature of the conductor with decrease in the magnitude of the cross-

wind velocity

Finally, the scenario, in which there are simultaneous variations in the current and the cross wind
velocity, has been modelled using experimental data in a two hour fragment of records by Scottish
Power. Such the specific section of recorded data was selected so that during this interval of time the
ambient temperature variation took place in a very narrow range from 6.8 to 7.2 °C. Information was
recorded in conditions when there is no heating of the conductor due to insolation (solar radiation is zero
in experiments). Though it was observed in experiments that the direction of the wind changed
continuously and randomly, in numerical simulations it has been assumed that the wind direction is
always perpendicular to the conductor’s axis. In the modelling process the ambient temperature was

assumed to be constant and equal to 7.2 °C. Figure 18 presents variations in the electrical current in the



conductor and in the wind velocity which were used as input data for CFD simulations and Figure 19
presents a comparison of experimental and numerical results on such the transient thermal state of the
Lynx conductor.
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Figure 18 Experimental variations in electrical current and in the wind velocity
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Figure 19 Comparison of the experimental and CFD results on the transient thermal state of the

Lynx conductor
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The difference between the numerical and experimental temperatures is between 2 and 3 degrees

and the theoretical curve follows the general pattern in the variation of the experimental temperature. The

discrepancy between the numerical simulation results and experimental data can be explained by the

fact that the variation in the ambient temperature and the stochastic character of the change in the wind

direction were not taken into account. Additionally, the resistivity of the conductor was assumed to be

constant in CFD modelling (which reduces the temperature of the conductor by about 1 degree) and the

precise value of emissivity of the conductor surface was not known. Finally, much detailed

discretisation of experimental data in time is needed in order to create more accurate input data for CFD

simulations.

6 Conclusions

Comparison of the obtained numerical results with available experimental data demonstrates that
the CFD technique provides an adequate level accuracy in prediction of the thermal state of the
Lynx overhead conductor for both the steady and transient exploitation conditions.
Comparison of numerical results obtained by CFD modelling and lumped parameter models (used
in industrial standards) for the case, in which the cross wind velocity is 0.5 m/s, the ambient
temperature is 293 K and the current is 433 A, indicates that there is a considerable headroom for
increasing the ampacity of the Lynx overhead conductor.
Convective heat transfer from the surface of the conductor can be calculated using the following
derived correlations:

Nu=2.2555xRe’3** (cross wind);

Nu=1.5035%Re %*%# (parallel wind).
The increase of the temperature of the Lynx conductor with a darkened surface at the insolation
level of 800 W/m? (corresponding to the mid-summer conditions) is about 5-6 degrees.
CFD simulations indicate that for the typical operational conditions (the cross wind velocity of
0.5 m/s and the ambient temperature of 293 K) the time constant of the transient process is about
42-44 min when the current abruptly increases from 433 to 750 A. The time constant decreases
if the current rises from 433 A to a higher level than 750 A and is about 28 min for a new current
level of 866 A.
Numerical results obtained demonstrate that that for the typical operational conditions (the cross
wind velocity of 0.5 m/s and the ambient temperature of 293 K) the time constant of the transient
process for the case in which the current abruptly decreases from 866 A to 433 A is about 66
min. The time constant of a cooling-down process is between 30-60 min for cases in which the

decrease in the current is smaller.



e Theoretical results obtained in CFD simulations show that the time constant of the heating-up
process is about 33 hours if the cross-wind velocity decreases from 15 to 2.5 m/s at the current
of 433 A.

Currently further investigations are ongoing on the improvement of accuracy of CFD simulations

to predict the thermal state of the Lynx conductor for various operational conditions.
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Nomenclature

Cross sectional area, m*

B Constant

I Electrical current, A

L Latent heat of evaporation, J/mol

Nu Nusselt number

Pc (Qc), Pr(ar), Pw Heat losses due to convection, radiation and
evaporation, respectively, W/m

Ps;, Pwm, Ps(Qs), Pi  Heat gains due to Joule heating and ferromagnetic,

solar and ionisation heating, respectively, W/m

Pr Prandtl number

R DC resistance of the conductor, QQ/km
Re Reynolds number

R(Te¢) 60 Hz AC resistance, Q/m

S heat source Heat source term, W/m®

T, Ta, Temperature of air and ambient temperature, K



Tc, Tah Tst

Ts
Ts

C, Cpc, Cpal, Cpst

x

= T Z -

XWS ’ Xwa
u.

u,v, w

Greek symbols
s

A, Ac

Temperature of the conductor, aluminium and
steel part of the conductor, respectively, K
Film temperature, K

Temperature on the surface of the conductor, K

Heat capacity of air, the conductor, aluminium
and steel part of the conductor, respectively
JI(kgK)

Diameter of the conductor, m

Energy, J

Coefficient taking into account probabilistic nature
of ionization

Length of the conductor, m
Mass of the conductor, kg
Air pressure, Pa
Time, s
Mole fraction of water in atmospheric air and in
air in the vicinity of free surface of water film on
the conductor, respectively

velocity components in 3-D flows

Gas velocity components along x, y and z-axis,

respectively, m/s

Absorptivity of conductor surface
Thermal conductivity of air and of the
conductor, W/(m-K)

Thermal conductivity of air, W/(m-K)
Molecular viscosity, Pa-s

Density, kg/m®

Boundary
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a,, 0y, a, Constants

052' O-k’
Gs' }/17

VarV3

k, ¢

_pula)!

_ pufa)!

O

T

T

T

XX !

2

X!

Scalar parameter

Turbulent kinetic energy and its dissipation,

respectively, m%/s?

Laminar viscosity, Pa-s

Turbulence viscosity, Pa-s

2 Reynolds stresses, Pa

Normal stress, Pa

2 Txe Shear stress Pa

W’TVZ’

zy

Superscripts

!
1

Mean and fluctuating components
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