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=mmm Preface

The focus of this book is the calculation of the current-carrying capabilities' of the
cables crossing unfavorable thermal environments. However, in order to make this
book self-contained and more accessible to a wide group of interested readers, a
comprehensive review of the rating methods for standard installation conditions is
also included. Cable rating standards deal with uniform laying conditions only;
however, in modern cable installations, such conditions are encountered very sel-
dom. Cable routes often cross heat sources, including other cables, or pass through
regions of high soil thermal resistivity, for example, in the vicinity of trees or
shrubs. Air, walls, ceilings, or floors form an impediment to heat flowing away
from the cables. In all such situations, the rating of the cables should be reduced to
avoid overheating.

There has been little attention devoted in the past to the requirement of ampacity
derating in such cases. The fact that there have been relatively few failures attrib-
uted to cable overheating is a result of the conservative design procedures used by
cable engineers. With the economic pressure arising from the restructuring of the
electric power industry around the world, the transmission circuits are becoming
more heavily loaded and hence more prone to thermal overloads.

Better understanding of the heat transfer phenomena around loaded electric pow-
er cables will not only help to establish correct transmission line limits, but also
may help the circuit owner in the implementation of corrective measures needed to
increase cable ratings. Thus, in addition to improved computational procedures, in-
cluding probabilistic analysis, optimization of thermal backfill design will become
more common. This book is aimed at providing cable design engineers and power
network analysts and operators with the computational tools and techniques to ad-
dress challenges arising from installation of power cables in a complex thermal en-
vironment.

Different readers may read the book in different ways. The readers not very fa-
miliar with power cable heat transfer theory may wish to consult my earlier book,

'We will use the term cable rating or ampacity to denote current-carrying capability.

xi



xii PREFACE

Rating of Electric Power Cables: Ampacity Computations for Transmission, Distri-
bution and Industrial Applications, published by IEEE Press in 1997 and McGraw
Hill in 1998. The present book can be viewed as a continuation of the earlier work
and it makes many references to it. However, in order to make the present book
self-contained, the most important rating equations developed in the earlier book
are quoted here but without the background mathematical developments. The new
formulae presented in this book are, however, always supported by a rigorous math-
ematical thought. The readers familiar with the theory can follow all the develop-
ments presented in this text, whereas some engineers may wish to use only the final
results. For those readers, I added at the end of each chapter a summary of the
salient findings developed in the text.

The book is organized as follows. Chapter 1 summarizes the standard methods
of rating calculations. Some background information on heat transfer theory is of-
fered, followed by a brief description of the lump parameter method used in most
standard applications. Continuous and time-dependent rating equations for under-
ground and aerial cables are introduced in this chapter, together with a summary of
the methods for evaluation of the parameters appearing in these equations. After
reading Chapter 1, the reader should be able to perform ampacity calculations for
the majority of cable constructions and installation conditions covered in the inter-
national and national standards.

Chapters 2 and 3 address the main topics of this book, namely, cables crossing
an unfavorable thermal environment. Chapter 2 looks at short sections of the cable
right-of-way where either the thermal resistivity of the surrounding medium or the
soil ambient temperature are higher than in the rest of the route. Chapter 3 address-
es the issue of cables crossing other heat sources. In both chapters, the possibility of
a soil dryout is considered and the issue of transient rating calculations is also ad-
dressed.

Chapter 4 is devoted to the topics related to the application of the thermal back-
fill around power cables. Advanced computational techniques presented in this
chapter include nonlinear optimization of backfill design and the probabilistic
analysis of cable ampacity.

The daily variations of cable loading are addressed in transient rating calculations.
These are examined in several chapters. The simplest way to include load variability
is to consider the load-loss factor in thermal calculations. A fresh look at this issue is
offered in Chapter 5. Especially, analysis of weekly and monthly load cycles, not
considered generally in practice, sheds new light on the cable rating capabilities. An
application of the theory presented in this chapter to cables burted in deep tunnels or
using a horizontal direct drilling technique might be of particular importance in the
future since more and more installations follow this method of laying.

Chapter 6 deals with cables in air. In particular, rating issues for bundled cables
found mostly in the telecommunication industry are discussed. However, the math-
ematical theory applied to rating these cables is also applicable to any other group
of cables in air bundled together. In addition, derating factors for some medium
voltage cable installations in an unfavorable thermal environment are given. These
are mostly based on the work reported in the IEC standards.
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The final chapter presents mathematical models for rating calculation of pipe-
type cables with slow oil circulation. The classical model by Buller is thoroughly
reviewed and compared with a new approach proposed in this chapter.

The book contains a large number of numerical examples that explain the vari-
ous concepts discussed in the text. Each new concept is illustrated through exam-
ples based on practical cable constructions and installations. To facilitate the com-
putational tasks, I have selected six model cables that will be used throughout the
book. Five are transmission-class, high-voltage cables and one is a distribution ca-
ble. The model cables were selected to represent major constructions encountered
in practice and are described in Appendix A. Chapter 6 considers a special type of
cable, found mostly in the telecommunication and aircraft industry, namely a cable
composed of many cores bundled together.

Appendix B contains a summary of a method, due to Thorntwaite, to calculate
moisture content in the soil. Moisture content is a critical parameter determining
soil thermal resistivity. An algorithm to calculate the probability distribution of this
resistivity based on the distribution of the moisture content in the soil is discussed
in Appendix C.

There are literally hundreds of symbols used in the book in the derivations of the
mathematical expressions. Even though it might be difficult to create a completely
consistent set of variables, the author’s aim was to apply as much as possible the
notation used by the International Electrotechnical Commission (IEC), which is a
publisher of the international cable rating standards. Several topics covered in this
book go beyond the material discussed in the standards. In such cases, generally ac-
cepted terminology was applied.

Several of the topics addressed in this book originated with the work of my col-
league, Prof. Heinrich Brakelmann of the University of Duisburg in Germany. I am
particularly indebted for the encouragement and constant support that I received
from him while working on this book. Several complex mathematical derivations
presented in the text were developed jointly with another colleague of mine, Mr.
Eric Dorison of Electricté de France. His brilliant insight into the complex issue of
thermal rating calculations is reflected in several parts of this work. A part of the
material covered in this book was derived from various IEC reports dealing with the
thermal rating of power cables. These publications are being prepared by Working
Group 19 of Study Committee 20A (High Voltage Cables) of the IEC as an ongoing
activity. The author is indebted to Mr. Mark Coates from ERA Technology in
Britain, the Convener of Working Group 19, who reviewed several chapters of the
book and offered his valuable comments. In addition, I could have not written this
book without the involvement and close association of Dr. John Endrenyi from
Kinectrics Inc., who reviewed the entire manuscript and provided several helpful
comments. | would also like to acknowledge the financial assistance of the Stan-
dards Council of Canada and Kinectrics Inc. in supporting my participation in the
activities of Working Group 19 of the IEC over many years.

The author thanks the International Electrotechnical Commission (IEC) for per-
mission to reproduce information from its International Standards IEC 60287 and
60364-5-52. All such extracts are copyright of IEC, Geneva, Switzerland. All rights
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reserved. Further information on the IEC is available from www.iec.ch. IEC has no
responsibility for the placement and context in which the extracts and contents are
reproduced by Mr. George Anders, nor is [EC in any way responsible for the other
content or accuracy therein.

Finally, but by no means last, I would like to thank my wife Justyna and my son
Adam who supported wholeheartedly this difficult endeavor.
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EEm CHAPTER 1

Review of Power Cable
Standard Rating Methods

1.1 INTRODUCTION

Calculation of the current-carrying capability, or ampacity, of electric power cables
has been extensively discussed in the literature and is the subject of several interna-
tional and national standards. The main international standards are those issued by
the International Electrotechnical Commission (IEC) and the Institute of Electrical
and Electronic Engineers (IEEE). References at the end of this chapter list the doc-
uments either issued or sponsored by these two organizations. The calculation pro-
cedures in both standards are, in principle, the same, with the IEC method incorpo-
rating several new developments that took place after the publication of the Neher
and McGrath (NM) paper (1957). Similarities in the approaches are not surprising,
since during the preparation of the standard, Mr. McGrath was in touch with the
Chairman of Working Group 10 of IEC Subcommittee 20A (responsible for the
preparation of ampacity calculation standards). The major difference between the
two approaches is the use of metric units in IEC 60287 and imperial units in NM
paper (the same equations look completely different because of this). Even though
the methods are similar in principle, the IEC document is more comprehensive than
the NM paper. IEC 60287 not only contains all the formulas (with minor exceptions
listed in Appendix F of Anders, 1997) of the NM paper, but, in several cases, it
makes a distinction between different cable types and installation conditions where
the NM paper does not make such a distinction. Also, the constants used in the IEC
document are more up to date.

Nevertheless, the principles of heat transfer for buried cables applied in both
standards are the same, and the resulting equations will be reviewed in this chapter.
The ampacity calculations are usually carried out in two different ways. On the one
hand, steady-state or continuous ratings are sought; and, on the other, time-depen-
dent or transient calculations are performed. In both cases, for cables buried under-
ground, soil dry out caused by the heat generated in the cable might be considered.
The calculation methods for cables in air are slightly different in both standards
and, where applicable, the differences will be brought up in this book. For cables in-
stalled in air, the presence of solar radiation and wind may have profound effects on

Rating of Electric Power Cables in Unfavorable Thermal Environment. By George J. Anders 1
ISBN 0-471-67909-7 © 2004 the Institute of Electrical and Electronics Engineers.



2 REVIEW OF POWER CABLE STANDARD RATING METHODS

the cable rating. Again, where applicable, these influences will be discussed in the
subsequent chapters.

The focus of this book is on the installations that are not covered in the interna-
tional standards mentioned above. However, the starting point of the analysis will
be the standard methods and they will be reviewed in this chapter based on the pre-
sentation in Anders (1997).! This approach will make this book self-contained, thus
allowing analysis of both standard and nonstandard calculation methods. The devel-
opments leading to the standard rating equations will not, however, be repeated
here and the interested reader is referred to Anders (1997) for the relevant back-
ground information.

1.2 ENERGY CONSERVATION EQUATIONS

Ampacity computations of power cables require solution of the heat transfer equa-
tions, which define a functional relationship between the conductor current and the
temperature within the cable and in its surroundings. In this section, we will analyze
how the heat generated in the cable is dissipated to the environment. We will also
show the basic heat transfer equations, and discuss how these equations are solved,
thus laying the groundwork for cable rating calculations.

1.2.1 Heat Transfer Mechanism in Power Cable Systems

The two most important tasks in cable ampacity calculations are the determination
of the conductor temperature for a given current loading, or conversely, determina-
tion of the tolerable load current for a given conductor temperature. In order to per-
form these tasks, the heat generated within the cable and the rate of its dissipation
away from the conductor for a given conductor material and given load must be cal-
culated. The ability of the surrounding medium to dissipate heat plays a very impor-
tant role in these determinations, and varies widely because of several factors such
as soil composition and moisture content, ambient temperature, and wind condi-
tions. The heat is transferred through the cable and its surroundings in several ways
and these are described in the following sections.

1.2.1.1 Conduction. For underground installations, the heat is transferred by
conduction from the conductor and other metallic parts as well as from the insulation.
It is possible to quantify heat transfer processes in terms of appropriate rate equa-
tions. These equations may be used to compute the amount of energy being trans-
ferred per unit time. For heat conduction, the rate equation is known as Fourier’s law.
For a wall having a temperature distribution é(x), the rate equation is expressed as

9= ~p d (1.1

The author would like to acknowledge the permission received from the IEEE Press and the McGraw-
Hill Company for extracting information from my first book for the purposes of this chapter.



1.2 ENERGY CONSERVATION EQUATIONS 3

The heat flux g (W/m?) is the heat transfer rate in the x direction per unit area
perpendicular to the direction of transfer, and is proportional to the temperature gra-
dient d6/dx in this direction. The proportionality constant p is a transport property
known as thermal resistivity (K - m/W) and is a characteristic of the material. The
minus sign is a consequence of the fact that heat is transferred in the direction of de-
creasing temperature.

1.2.1.2 Convection. For cables installed in air, convection and radiation are
important heat transfer mechanisms from the surface of the cable to the surrounding
air. Convection heat transfer may be classified according to the nature of the flow.
We speak of forced convection when the flow is caused by external means, such as
by wind, pump, or fan. In contrast, for free (or natural) convection, the flow is in-
duced by buoyancy forces, which arise from density differences caused by tempera-
ture variations in the air. In order to be somewhat conservative in cable rating com-
putations, we usually assume that only natural convection takes place at the outside
surface of the cable. However, both convection modes will be considered in Chap-
ter 6.

Regardless of the particular nature of the convection heat transfer process, the
appropriate rate equation is of the form

q= h(a.s - oamb) (12)

where g, the convective heat flux (W/m?), is proportional to the difference between
the surface temperature and the ambient air temperature, 6, and 6,,,, respectively.
This expression is known as Newton’s law of cooling, and the proportionality con-
stant & (W/m? - K) is referred to as the convection heat transfer coefficient. Deter-
mination of the heat convection coefficient is perhaps the most important task in
computation of ratings of cables in air. The value of this coefficient varies between
2 and 25 W/m? - K for free convection and between 25 and 250 W/m? - K for forced
convection.

1.2.1.3 Radiation. Thermal radiation is energy emitted by cable or duct sur-
face. The heat flux emitted by a cable surface is given by the Stefan—Boltzmann
law:

q=eogf** (1.3)

where §* is the absolute temperature (K) of the surface,? oy is the Stefan—Boltz-
mann constant (o = 5.67 - 108 W/m? - K%), and & is a radiative property of the sur-
face called the emissivity. This property, whose value is in the range 0 < & =< 1, in-
dicates how efficiently the surface emits compared to an ideal radiator. Conversely,

2Throughout this book, the temperature with an asterisk will denote absolute value in degrees Kelvin.
Similarly, dimensions with an asterisk will denote the measurements in meters rather than in millimeters,
as is usually the case.



4 REVIEW OF POWER CABLE STANDARD RATING METHODS

if radiation is incident upon a surface, a portion will be absorbed, and the rate at
which energy is absorbed per unit surface area may be evaluated from knowledge
of the surface radiative property known as absorptivity, . That is,

Qabs = Xinc (1 4)

where 0 = a < 1. Equations (1.3) and (1.4) determine the rate at which radiant en-
ergy is emitted and absorbed, respectively, at a surface. Since the cable both emits
and absorbs radiation, radiative heat exchange can be modeled as an interaction be-
tween two surfaces. Determination of the net rate at which radiation is exchanged
between two surfaces is generally quite complicated. However, for cable rating
computations, we may assume that a cable surface is small and the other surface is
remote and much larger. Assuming this surface is one for which a = & (a gray sur-
face), the net rate of radiation exchange between the cable and its surroundings, ex-
pressed per unit area of the cable surface, is

q = eop(63 - 0% (1.5)

Throughout this book, we will use a notion of heat rate rather than heat flux. The
heat transfer rate is obtained by multiplying heat flux by the area. Thus, the heat
rate for radiative heat transfer will be given by the following equation?:

Wra = ‘5'0-BAsr(0.;':4 - oz::tb (16)

where 4, (m?) is the effective radiation area per meter length.

In power cables installed in air, the cable surface within the surroundings will si-
multaneously transfer heat by convection and radiation to the adjoining air. The to-
tal rate of heat transfer from the cable surface is the sum of the heat rates due to the
two modes.* That is,

W = hA(6,— Omp) + £4,05(6F* — 0%, (1.7)

where 4, (m?) is the convective area per meter length.

For some special cable installations, the ambient temperature used for heat con-
vection can be different from the one used for heat transfer by radiation. The appro-
priate temperatures to be used are described in Chapter 10 of Anders (1997).

1.2.1.4 Energy Balance Equations. In the analysis of heat transfer in a cable
system, the law of conservation of energy plays an important role. We will formu-
late this law on a rate basis; that is, at any instant, there must be a balance between
all energy rates, as measured in joules per second (W). The energy conservation law
can be expressed by the following equation:

3Throughout the book, the symbol W will be used for heat transfer rate.
“The heat conduction in air is often neglected in cable rating computations.
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Wens+ Wine = W + AW, (1.8)

Where W,,, is the rate of energy entering the cable. This energy may be generated
by other cables located in the vicinity of the given cable or by solar radiation. W, is
the rate of heat generated internally in the cable by joule or dielectric losses and
AW, is the rate of change of energy stored within the cable. The value of W, cor-
responds to the rate at which energy is dissipated by conduction, convection, and
radiation. For underground installations, the cable system will also include the sur-
rounding soil.

We will use the fundamental equations described in this section to develop rating
equations throughout the reminder of the book.

1.2.2 Heat Transfer Equations

As we mentioned earlier, current flowing in the cable conductor generates heat,
which is dissipated through the insulation, metal sheath, and cable servings into the
surrounding medium. The cable ampacity depends mainly upon the efficiency of
this dissipation process and the limits imposed on the insulation temperature. To
understand the nature of the heat dissipation process, we need to use the relevant
heat transfer equations.

1.2.2.1 Underground, Directly Buried Cables. Let us consider an under-
ground cable located in a homogeneous soil. In such a cable, the heat is transferred
by conduction through cable components and the soil. Since the length of the cable
is much greater than its diameter, end effects can be disregarded and the heat trans-
fer problem can be formulated in two dimensions only.>

The differential equation describing heat conduction in the soil has the following
form:

a(106\, o138\ _ _ 8 Lo
o) T\ T m=cgy (1.9)

where

p = thermal resistivity, K - m/W

S = surface area perpendicular to heat flow, m?
i)

S5~ temperature gradient in x direction

¢ = the volumetric thermal capacity of the material
For a cable buried in soil, Equation (1.9) is solved with the boundary conditions

usually specified at the soil surface. These boundary conditions can be expressed in
two different forms. If the temperature is known along a portion of the boundary, then

SBecause end effects are neglected, all thermal parameters will be expressed in this book on a per-unit-
length basis.
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0= 0,(s) (1.10)

where 6 is the boundary temperature that may be a function of the surface length s.
If heat is gained or lost at the boundary due to convection A(8 — 8,,,,) or a heat flux
q, then

1 460
o +qg+mb-06,,)=0 (1.11)

where # is the direction of the normal to the boundary surface, 4 is a convection co-
efficient, and 6 is an unknown boundary temperature.

In cable rating computation, the temperature of the conductor is usually given
and the maximum current flowing in the conductor is sought. Thus, when the con-
ductor heat loss is the only energy source in the cable, we have W,,, = I’R, and
Equation (1.9) is used to solve for / with the specified boundary conditions.

The challenge in solving Equation (1.9) analytically stems mostly from the dif-
ficulty of computing the temperature distribution in the soil surrounding the cable.
An analytical solution can be obtained when a cable is represented as a line source
placed in an infinite homogenous surrounding. Since this is not a practical as-
sumption for cable installations, another assumption is often used; namely, that
the earth surface is an isotherm. In practical cases, the depth of burial of the ca-
bles is on the order of ten times their external diameter, and for the usual temper-
ature range reached by such cables, the assumption of an isothermal earth surface
is a reasonable one. In cases where this hypothesis does not hold, namely, for
large cable diameters and cables located close to the earth surface, a correction to
the solution equation has to be used or numerical methods applied. Both are dis-
cussed in Anders (1997).

1.2.2.2 Cables in Air. For an insulated power cable installed in air, several
modes of heat transfer have to be considered. Conduction is the main heat trans-
fer mechanism inside the cable. Suppose that the heat generated inside the cable
(due to joule, ferromagnetic and dielectric losses) is W, (W/m). Another source of
heat energy can be provided by the sun if the cable surface is exposed to solar ra-
diation. Energy outflow is caused by convection and net radiation from the cable
surface. Therefore, the energy balance Equation (1.83) at the surface of the cable
can be written as

VVI+Wsol_Wconv_Wrad=0 (112)

where W, is the heat gain per unit length caused by solar heating, and W_,,,, and
W,.q are the heat losses due to convection and radiation, respectively. Substituting
appropriate formulas for the heat gains and losses at the surface of the cable, the fol-
lowing form of the heat balance equation is obtained:

W, + oD;H — DX h(07 - 0%,) — mDX £05(0F* — 0%47,) = 0 (1.13)
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where

0% = cable surface temperature, K

o = solar absorption coefficient

H = intensity of solar radiation, W/m?

oy = Stefan—Boltzmann constant, equal to 5.67 - 108 W/m?K*
& = emissivity of the cable outer covering

D? = cable external diameter,® m

6%,., = ambient temperature, K

This equation is usually solved iteratively. In steady-state rating computations,
the effect of heat gain by solar radiation and heat loss caused by convection are tak-
en into account by suitably modifying the value of the external thermal resistance of
the cable. Computation of the convection coefficient 4 can be quite involved. Suit-
able approximations are summarized in Section 1.6.6.5 and, for special installations
discussed in this book, are revisited in Chapter 6.

1.2.3 Analytical Versus Numerical Methods of Solving Heat
Transfer Equations

Equations (1.9) and (1.13) can be solved analytically, with some simplifying as-
sumptions, or numerically. Analytical methods have the advantage of producing
current rating equations in a closed formulation, whereas numerical methods re-
quire iterative approaches to find cable ampacity. However, numerical methods
provide much greater flexibility in the analysis of complex cable systems and allow
representation of more realistic boundary conditions. In practice, analytical meth-
ods have found much wider application than the numerical approaches. There are
several reasons for this situation. Probably the most important one is historical: ca-
ble engineers have been using analytical solutions based on either Neher/McGrath
(1957) formalism or IEC Publication 60287 (1994) for a long time. Computations
for a simple cable system can often be performed using pencil and paper or with the
help of a hand-held calculator. Numerical approaches, on the other hand, require
extensive manipulation of large matrices and have only become popular with an ad-
vent of powerful computers. Both approaches will be used in this book; analytical
methods are discussed in Chapters 2 and 3, whereas the numerical approaches are
dealt with in Chapter 4.

1.3 THERMAL NETWORK ANALOGS
Analytical solutions to the heat transfer equations are available only for simple ca-

ble constructions and simple laying conditions. In solving the cable heat dissipation
problem, electrical engineers use a fundamental similarity between the heat flow

SWe recall that the dimension symbols with an asterisk refer to the length in meters and without it to the
length in millimeters.
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due to the temperature difference between the conductor and its surrounding medi-
um and the flow of electrical current caused by a difference of potential. Using their
familiarity with the lumped parameter method to solve differential equations repre-
senting current flow in a material subjected to potential difference, they adopt the
same method to tackle the heat conduction problem. The method begins by dividing
the physical object into a number of volumes, each of which is represented by a
thermal resistance and a capacitance. The thermal resistance is defined as the mate-
rial’s ability to impede heat flow. Similarly, the thermal capacitance is defined as
the material’s ability to store heat. The thermal circuit is then modeled by an analo-
gous electrical circuit in which voltages are equivalent to temperatures and currents
to heat flows. If the thermal characteristics do not change with temperature, the
equivalent circuit is linear and the superposition principle is applicable for solving
any form of heat flow problem.

In a thermal circuit, charge corresponds to heat; thus, Ohm’s law is analogous to
Fourier’s law. The thermal analogy uses the same formulation for thermal resis-
tances and capacitances as in electrical networks for electrical resistances and ca-
pacitances. Note that there is no thermal analogy to inductance or in steady-state
analysis; only resistance will appear in the network.

Since the lumped parameter representation of the thermal network offers a sim-
ple means for analyzing even complex cable constructions, it has been widely
used in thermal analysis of cable systems. A full thermal network of a cable for
transient analysis may consist of several loops. Before the advent of digital com-
puters, the solution of the network equations was a formidable numerical task.
Therefore, simplified cable representations were adopted and methods to reduce a
multiloop network to a two-loop circuit were developed. A two-loop representa-
tion of a cable circuit turned out to be quite accurate for most practical applica-
tions and, consequently, was adopted in international standards. In this section, we
will explain how the thermal circuit of a cable is constructed, and we will show
how the required parameters are computed. We will also explain how full network
equations are solved.

1.3.1 Thermal Resistance

All nonconducting materials in the cable will impede heat flow away from the ca-
bles (the thermal resistance of the metallic parts in the cable, even though not equal
to zero, is so small that it is usually neglected in rating computations). Thus, we can
talk about material resistance to heat flow. Of particular interest is an expression for
the thermal resistance of a cylindrical layer, for example, cable insulation, with con-
stant thermal resistivity p;. If the internal and external radii of this layer are r; and
r,, respectively, then the thermal resistance for conduction of a cylindrical layer per
unit length is

_Pw T2
= ln (1.14)
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For a rectangular wall, we have

/
T=pug (1.15)

where

p., = thermal resistivity of a material, K - m/W
S = cross-section area of the body, m?

I = thickness of the body, m

In analogy to electrical and thermal networks, we also can write that

_ 46

W=

(1.16)

which is the thermal equivalent of Ohm’s law.
A thermal resistance may also be associated with heat transfer by convection at a
surface. From Newton’s law of cooling [Equation (1.2)],

W= hconv As(oe - oamb) (1 . 17)

where A, is the area of the outside surface of the cable for unit length, 4., is the ca-
ble surface convection coefficient, and 6, is the cable surface temperature.
The thermal resistance for convection is then

_ oe_ oamb _ 1
Leow=—"W =~ %4, (1.18)

Yet another resistance may be pertinent for a cable installed in air. In particular,
radiation exchange between the cable surface and its surroundings may be impor-
tant. It follows that a thermal resistance for radiation may be defined as

T 0F-0%, 1

rad - Wmd - hr AS" (1 ’ 1 9)

where A, is the area of the cable surface effective for heat radiation for unit length of
the cable and 6%, is the temperature of the air surrounding the cable which, when ca-
ble is installed in free air, is equal to the ambient temperature 8%,;. 4, is the radiation
heat transfer coefficient obtained from Equation (1.6) for radiation heat transfer rate:

h, = £0p(0F + 64,)(03% + 63%) (1.20)
The total heat transfer coefficient for a cable in air is given by

B = hoony + by (1.21)
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1.3.2 Thermal Capacitance

Many cable rating problems are time dependent. To determine the time depen-
dence of the temperature distribution within the cable and its surroundings, we
could begin by solving the appropriate form of the heat equation, for example,
Equation (1.9) In the majority of practical cases, it is very difficult to obtain ana-
lytical solutions of this equation and, where possible, a simpler approach is pre-
ferred. One such approach may be used where temperature gradients within the
cable components are small. It is termed the lumped capacitance method. In order
to satisfy the requirement that the temperature gradient within the body must be
small, some components of the cable system, for example, the insulation and sur-
rounding soil, must be subdivided into smaller entities. This is done using a theo-
ry developed by Van Wormer (1955), application of which is briefly reviewed in
this section.

As mentioned above, an equivalent thermal network will contain only thermal
resistances 7 and thermal capacitances (. The thermal capacitance Q can be de-
fined as the “ability to store the heat,” and is defined by

0=V-c (1.22)

where
V = volume of the body, m3
¢ = volumetric specific heat of the material, J/m3°C

As an illustration, the formula for the thermal capacitance for a coaxial configu-
ration with internal and external diameters D} and D% (m), respectively, which may
represent, for example, a cylindrical insulation, is given by

0= T (DF-DP)c (1.23)

Thermal capacitances and resistances are used to construct a thermal ladder net-
work to obtain the temperature distribution within the cable and its surroundings as
a function of time. This topic is discussed in the next section.

1.3.3 Construction of a Ladder Network of a Cable

The electrical and thermal analogy discussed in Section 1.3.1 allows the solution of
many thermal problems by applying mathematical tools well known to electrical
engineers. An ability to construct a ladder network is particularly useful in transient
computations. To build a ladder network, the cable is considered to extend as far as
the inner surface of the soil for buried cables, and to free air for cables in air.

In constructing ladder networks, dielectric losses require special attention. Al-
though the dielectric losses are distributed throughout the insulation, it may be
shown that for a single-conductor cable and also for multicore, shielded cables with
round conductors, the correct temperature rise is obtained by considering for tran-
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sients and steady-state that all of the dielectric loss occurs at the middle of the ther-
mal resistance between the conductor and the sheath. For multicore belted cables,
dielectric losses can generally be neglected, but if they are represented, the conduc-
tors are taken as the source of dielectric loss (Neher and McGrath, 1957).

Thermal capacitances of the metallic parts are placed as lumped quantities corre-
sponding to their physical position in the cable. The thermal capacitances of materi-
als with high thermal resistivity and possibly large temperature gradients across
them (e.g., insulation and coverings) are allocated by the technique described be-
low.

1.3.3.1 Representation of Capacitances of the Dielectric. To improve
the accuracy of the approximate solution using lumped constants, Van Wormer
(1955) proposed a simple method for allocating the thermal capacity of the insula-
tion between the conductor and the sheath so that the total heat stored in the insula-
tion is represented. An assumption made in the derivation is that the temperature
distribution in the insulation follows a steady-state logarithmic distribution for the
period of the transient. The ladder networks for short and long duration transients
are somewhat different and are discussed below.

Whether the transient is long or short depends on the cable construction. For the
purpose of transient rating computations, long-duration transients are those lasting
longer than {37 - 30, where 3T and 2. are the internal cable thermal resistance
and capacitance, respectively. The methods for computing the values of 7 and Q are
summarized in Section 1.6 in this chapter.

Ladder Network for Long-Duration Transients. The dielectric is represented by
lumped thermal constants. The total thermal capacity of the dielectric (Q)) is divid-
ed between the conductor and the sheath, as shown in Figure 1-1.

When screening layers are present, metallic tapes are considered to be part of the
conductor or sheath, whereas semiconducting layers (including metallized carbon
paper tapes) are considered part of the insulation in thermal calculations.

Conductor T1 . .
______________ | } o Outside diameter
_L of insulation

,;Qc -l" i

°
O
I

Figure 1-1 Representation of the dielectric for times greater that {37 - 30. T, = total ther-
mal resistance of dielectric per conductor (or equivalent single-core conductor of a three-core
cable; see below). Q; = total thermal capacitance of dielectric per conductor (or equivalent
single-core conductor of a three-core cable). (. = thermal capacitance of conductor (or
equivalent single-core conductor of a three-core cable).
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The Van Wormer coefficient p is given by

1 1
p: pa—
Di Di 2
2‘“(2) (7) -1

Equation (1.24) is also used to allocate the thermal capacitance of the outer cov-
ering in a similar manner to that used for the dielectric. In this case, the Van
Wormer factor is given by

(1.24)

1 1
= - (1.25)

P D.\ (D.\
2nzy) (3
where D, and D, are the outer and inner diameters of the covering.

For long-duration transients and cyclic factor computations, the three-core cable
is replaced by an equivalent single-core construction dissipating the same total con-
ductor losses (Wollaston, 1949). The diameter d¥ of the equivalent single-core con-
ductor is obtained on the assumption that new cable will have the same thermal re-

sistance of the insulation as the thermal resistance of a single core of the three-core
cable; that is,

T, i D%

3 =27 In d_t (1.26)
where D*is the same value of diameter over dielectric (under the sheath) as for the
three-core cable, and T is the thermal resistance of the three-conductor cable as
given in Section 1.6.6.1; p; is the thermal resistivity of the dielectric.

Hence, we have

d* = D% 2m13pi (1.27)
Thermal capacitances are calculated on the following assumptions:

1. The actual conductors are considered to be completely inside the diameter of
the equivalent single conductor, the remainder of the equivalent conductor
being occupied by insulation.

2. The space between the equivalent conductor and the sheath is considered to
be completely occupied by insulation (for fluid-filled cable, this space is
filled partly by the total volume of oil in the ducts and the remainder is oil-
impregnated paper).

Factor p is then calculated using the dimensions of the equivalent single-core ca-
ble, and is applied to the thermal capacitance of the insulation based on assumption
(2) above.
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Ladder Network for Short-Duration Transients. Short-duration transients last
usually between 10 min and about 1 h. In general, for a given cable construction,
the formula for the Van Wormer coefficient shown in this section applies when
the duration of the transient is not greater than {37 - 3,0. The heating process for
short-duration transients can be assumed to be the same as if the insulation were
thick.

The method is the same as for long-duration transients except that the cable insu-
lation is divided at diameter d, = VD, - d_, giving two portions having equal ther-
mal resistances, as shown in Figure 1-2. The thermal capacitances Q;; and Q;, are
defined in Section 1.6.7.

The Van Wormer coefficient is given by

- (1.28)

Example 1.1
Construct a ladder network for model cable No. 4 in Appendix A for a short-dura-
tion transient.

This network is shown in Figure 1-3, where it is shown that the insulation ther-
mal resistance is divided into two equal parts, the insulation capacitance into four
parts, and the capacitance of the cable serving into two parts. |

A three-core cable is represented as an equivalent single-core cable as described
above for durations of about 43,7 - 3.0 or longer (the quantities %7 and 3.0 refer to
the whole cable). However, for very short transients (i.e., for durations up to the
value of the product 37 - 3.0, where 3T and 3.0 now refer to the single core), the
mutual heating of the cores is neglected, and a three-core cable is treated as a sin-
gle-core cable with the dimensions corresponding to the one core. For durations be-
tween these two limits, 27 - 20 for one core and 33.T - 3,Q for the whole cable, the
transient is assumed to be given by a straight-line interpolation in a diagram with
axes of linear temperature rise and logarithmic times.

Van Wormer Coefficient for Transients Due to Dielectric Loss. In the preced-
ing sections, it has been assumed that the temperature rise of the conductor due to

1 1
T T
Conductor 1 d, 2 1

2
Q. +p*Q I (1-p")Q.
T (o i1 _F1 P)Qy +pQ, T i2

Figure 1-2 Representation of the dielectric for times less than or equal to {37 - 3.0.

—© Qutside diameter
of insulation
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Figure 1-3 Thermal network for model cable No. 4 with electrical analogy.

dielectric loss has reached its steady state, and that the total temperature at any time
during the transient can be obtained simply by adding the constant temperature val-
ue due to the dielectric loss to the transient value caused by the load current.

If changes in load current and system voltage occur at the same time, then an ad-
ditional transient temperature rise due to the dielectric loss has to be calculated
(Morello, 1958). For cables at voltages up to and including 275 kV, it is sufficient
to assume that half of the dielectric loss is produced at the conductor and the other
half at the insulation screen or sheath. The cable thermal circuit is derived by the
method given above with the Van Wormer coefficient computed from equations
and for long- and short-duration transients, respectively.

For paper-insulated cables operating at voltages higher than 275 kV, the dielec-
tric loss is an important fraction of the total loss and the Van Wormer coefficient is
calculated by (IEC 853-2, 1989)

() @) ) -3l(2) -1

T BT o

In practical calculations for all voltage levels for which dielectric losses are im-
portant, half of the dielectric loss is added to the conductor loss and half to the
sheath loss; therefore, the loss coefficients (1 + A,) and (1 + A, + A,) used to evalu-
ate thermal resistances and capacitances are set equal to 2.
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Example 1.2

We will compute the Van Wormer coefficient for dielectric losses for cable No. 3
described in Appendix A. From Table Al, we have D; = 67.26 mm and d, = 41.45
mm. Hence,

_ (67.26 2 (67.26 6726\ _ 1| (67.26)>
Pe=\q145) ™3145)| | ™3145/) "2|\9145) ~
Pa= =0.585

67.26 \2 1 67.26)\ |2
4145 N3a145
An example of the transient analysis with the voltage applied simultaneously
with the current is given in Example 5.4 in (Anders, 1997) |

1.3.3.2 Reduction of a Ladder Network to a Two-Loop Circuit. CIGRE
(1972, 1976) and later IEC (1985, 1989) introduced computational procedures for
transient rating calculations employing a two-loop network with the intention of
simplifying calculations and with the objective of standardizing the procedure for
basic cable types. Even though with the advent and wide availability of fast desktop
computers the advantage of simple computations is no longer so pronounced, there
is some merit in performing some computations by hand, if only for the purpose of
checking sophisticated computer programs. To perform hand computations for the
transient response of a cable to a variable load, the cable ladder network has to be
reduced to two sections. The procedure to perform this reduction is described be-
low.

Consider a ladder network composed of » resistances and (v + 1) capacitances, as
shown in Figure 1-4. If the last component of the network is a capacitance, the last
capacitance (J,., is short-circuited. An equivalent network, which represents the ca-
ble with sufficient accuracy, is derived with two sections 7,0, and Tg(Qp, as shown
in Figure 1-5.

The first section of the derived network is made up of 7, = T, and Q, = Q,, with-
out modification, in order to maintain the correct response for relatively short dura-
tions.

The second section TzQj of the derived network is made up from the remaining
sections of the original circuit by equating the thermal impedance of the second de-

Gl

T TB T T, T,

Figure 1-4 General ladder network representing a cable.
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|1
|
[®)
>
)

Figure 1-5 Two-loop equivalent network.

rived section to the total impedance of the multiple sections. The resulting expres-
sions are then equal to (Anders, 1997)

Tp=Ts+Ty+...+T, (1.30)

~ T,+ Ts+...+T,\ T+ T,+...+T,\
B=Ct\ 77,7, +7,) S\ T,7,v . 51, LT

T , (131)
\Tp+1,+.. 71,) &

Even though formulas and are straightforward, a great deal of care is required
when the equivalent thermal resistances and capacitances are computed in the case
when sheath, armor, and pipe losses are present (IEC, 1985). This is because the lo-
cation of these losses inside the original network has to be carefully taken into ac-
count. The following example illustrates this point.

Example 1.3
We will construct a two-loop equivalent network for model cable No. 1 assuming
(1) a short-duration transient and (2) a long-duration transient.

1. Short-Duration Transient

From Table A1 we observe that for this cable, short-duration transients are those
lasting half an hour or less. The diagram of the full network for a short-duration
transient is shown in Figure 1-6.

171 1T
2 ! 2 1 4T3

(1 -p*)QiZ f
. " N (1-p)Q.
Qc +P'Qy (1-p7)Q;y +P"Q;y T +Q /g, aq !
—’7 i plQl/qs T
o

C C R

R C R C

1 1 2 2 3 3 4

Figure 1-6 Network diagram for cable No. 1 for short-duration transients.
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The method of dividing insulation and jacket capacitances into parts is discussed
in Section 1.6.7. Before we apply the reduction procedure, we combine parallel ca-
pacitances into four equivalent capacitances. In the equivalent network, only con-
ductor losses are represented. Therefore, to account for the presence of sheath loss-
es, the thermal resistances beyond the sheath must be multiplied, and the thermal
capacitances divided by the ratio of the losses in the conductor and the sheath to the
conductor losses.” By performing these multiplications and divisions, the time con-
stants of the thermal circuits involved are not changed. Thus,

01=0.+p*Oa Q2= -p*)Qu +1p*0n

+p'Q;
O=(1-p"0n 0= 2P0

. 1.32
o, 0=20, Y
1+ A 3 1+ A

To compute numerical values, we will require expressions for Q;; and Q,,. These
expressions are given in Section 1.6.7. The numerical values are as follows: Q; =
763 J/K -m, Q,, = 453.9 J/K - m, and Q; = 394.8 J/K - m. With these values and
with the additional numerical values in Table Al, D, = 30.1 mm, d, = 20.5 mm, D,
=35.8 mm, and D, = 31.4 mm, we have

1 1 1
p* = p— = —_—
o2 (2, 30l 300
N7 \4d )~ 205 205
1 1 1

1
p=21 D\~ (D.y 1221 358\ ~ (358): 1=0‘478
"D, \D,)~ "N\314 314)

5

=0.468

0,=1035+0.468-763=1392.1J/K-m

0,=(1-0.468)763 + 0.468 - 453.9=6183 J/K - m

4+0478 -394.8
03=(1-0468)4539=241.50K - m  Qy=—— 159 — =1768JK m

(1-0.478)394.8
5= 100 =189.1 JJK -m

The final capacitance Qs is omitted in further analysis because the transient for
the cable response is calculated on the assumption that the output terminals on the
right-hand side are short-circuited.

Since the first section of the network in Figure 1-6 represents the conductor,
and in rating computations the conductor temperature is of interest, the equivalent

"These ratios are called sheath and armor loss factors and are defined in Sections 1.6.4 and 1.6.5, respec-
tively.
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network will have the first section equal to the first section of the full network;
that is,

T,=1iT, and 0=0 (1.33)

From Equation (1.30), we have
Tp=4iT+ (1 + AT, (1.34)
Thermal capacitance of the second part is obtained by applying Equation (1.31):

_ (1 +A)73 2
Q=0+ I+ A+ A5 Qs+ Q) (1.35)

The sheath loss factor and thermal resistances for this cable are given in Table
Alas A =009, 7,=0214K - m/W, and 75 =0.104 K - m/W. Substituting numer-
ical values in Equations (1.33) to (1.35), we obtain

T,=0107K-m/W  Q,=1392.1JK -m
T5=0.107 +1.09 - 0.104 = 0.220 K - m/'W

et s [ 1090104
0 =618.3+| 5167+ 1709 0.104

2
) (241.5+176.8)=7294 J/K - m

2. Long-Duration Transients
Long-duration transient for this cable are those lasting longer than 0.5 h. The ap-
propriate diagram is shown in Figure 1-7. In this case, we have

T,=T, Te=(+A)T; (1.36)

The insulation and jacket are split into two parts with the Van Wormer coeffi-
cients given by Equations (1.24) and (1.25), respectively. Since the last part of the
Jjacket capacitance is short-circuited, Q, and Q, are simply obtained as the sums of
relevant capacitances:

=000, 0= -p0;+ ZEL (137)

Ty T3

Q, = pQ, j— -Lo lp'o-
O Y

Figure 1-7 Network diagram for a long-duration transient for model cable No. 1.

Py
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Substituting numerical values, we obtain

o L L
R R N £ T | R £ TN |
2l \Z) - “™Ma0s) \205) -

7,=0214K -m/W 0,=1035+0.437-915.6=1435.1J/K-m

T3=1.09-0.104=0.113K - m/W

4+0.478 -394.8

1709 =6923JK -m ]

05 =(1-0.437)915.6 +

1.4 RATING EQUATIONS—STEADY-STATE CONDITIONS

The current-carrying capability of a cable system will depend on several parame-
ters. The most important of these are:

1. The number of cables and the different cable types in the installation under
study

. The cable construction and materials used for the different cable types
. The medium in which the cables are installed
. Cable locations with respect to each other and with respect to the earth surface

w W N

. The cable bonding arrangement

For some cable constructions, the operating voltage may also be of significant im-
portance. All of the above issues are taken into account, some of them explicitly, the
others implicitly, in the rating equations summarized in this chapter. The lumped pa-
rameter network representation of the cable system is used for the development of
steady-state and transient rating equations. These equations are developed for a sin-
gle cable, either with one core or with multiple cores. However, they can be applied
to multicable installations, for both equally and unequally loaded cables, by suitably
selecting the value of the external thermal resistance, as discussed in Section 1.6.6.5.

The development of cable rating equations is quite different for steady-state and
transient conditions. We will start with analysis of the steady-state conditions, which
could be a result of either constant or cyclic loading. We will present only the very
fundamental equations that will form the basis of the developments presented in the
subsequent chapters. The parameters appearing in these equations can occasionally
involve very complex calculations. We will review these calculations when a need
arises before introducing modifications that are the subject of this book.

1.4.1 Buried Cables

1.4.1.1 Steady-State Rating Equation without Moisture Migration.
Steady-state rating computations involve solving the equation for the ladder net-
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work shown in Figure 1-8. With reference to Figure 1-8, W, W,, W, and W, (W/m)
represent conductor, dielectric, sheath, and armor losses, respectively, and » de-
notes the number of conductors in the cable. Ty, T, T3, and T, (K - m/W) are the
thermal resistances, where T; is the thermal resistance per unit length between one
conductor and the sheath, 7, is the thermal resistance per unit length of the bedding
between sheath and armor, T is the thermal resistance per unit length of the exter-
nal serving of the cable, and T} is the thermal resistance per unit length between the
cable surface and the surrounding medium.

Since losses occur at several positions in the cable system (for this lumped para-
meter network), the heat flow in the thermal circuit shown in Figure 1-8 will in-
crease in steps. Thus, the total joule loss W, in a cable can be expressed as

Wi=W.+ W+ W, =Wl + A +2y) (1.38)

The quantity A, is called the sheath loss factor and is equal to the ratio of the to-
tal losses in the metallic sheath to the total conductor losses. Similarly, A, is called
the armor loss factor and is equal to the ratio of the total losses in the metallic armor
to the total conductor losses. Incidentally, it is convenient to express all heat flows
caused by the joule losses in the cable in terms of the loss per meter of the conduc-
tor.

Referring now to the diagram in Figure 1-8, and remembering the analogy be-
tween the electrical and thermal circuits, we can write the following expression for
A6, the conductor temperature rise above the ambient temperature:

AG= (W +3W)T, + W1+ X))+ WlnTy + [W(1 + Ay + ) + Woln(T3 + Ty) (1.39)

66666

(@

Ty

I
585 6's" "

Figure 1-8 The ladder diagram for steady-state rating computations. (a) Single-core cable.
(b) Three-core cable.
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where W,, W_, A, and A, are defined above, and # is the number of load-carrying
conductors in the cable (conductors of equal size and carrying the same load). The
ambient temperature is the temperature of the surrounding medium under normal
conditions at the location where the cables are installed, or are to be installed, in-
cluding any local sources of heat, but not the increase of temperature in the immedi-
ate neighborhood of the cable due to the heat arising therefrom.

The unknown quantity is either the conductor current / or its operating tempera-
ture 6, (°C). In the first case, the maximum operating conductor temperature is giv-
en, and in the second case, the conductor current is specified. The permissible cur-
rent rating is obtained from Equation (1.39). Remembering that W, = I°R, we have

_ AB— W [0.5T, + n(T, + T3+ Ty)] 0.5
I= [ RT, + R+ A)T, TR+ A, + )55 + T) ] (1.40)
where R is the ac resistance per unit length of the conductor at maximum operating
temperature.

Equation (1.40) is often written in a simpler form that clearly distinguishes be-
tween internal and external heat transfers in the cable. Denoting

T,
T=7‘+(1 AN+ (1 + A+ A)T;

T (1.41)
1
Equation (1.40) becomes
A0=n(W.T + W,T,+ W,T) (1.42)
where W, are the total losses generated in the cable defined by:
VV,= W]+ Wd: WC(I+A1+A2)+Wd (1.43)

and T computed from Equation (1.41) is an equivalent cable thermal resistance.
This is an internal thermal resistance of the cable, which depends only on the cable
construction. The external thermal resistance, on the other hand, will depend on the
properties of the surrounding medium as well as on the overall cable diameter, as
shown below.

The last term in Equation (1.42) is the temperature rise caused by dielectric loss-
es. Denoting it by A6,

AG,=nW,T, (1.44)

1.4.1.2 Steady-State Rating Equation with Moisture Migration. The
laying conditions examined in this book are particularly conducive to the formation
of a dry zone around the cable. Under unfavorable conditions, the heat flux from the
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cable entering the soil may cause significant migration of moisture away from the
cable. A dried-out zone may develop around the cable, in which the thermal con-
ductivity can be reduced by a factor of three or more over the conductivity of the
bulk. The drying-out conditions may occur in both regions of the route, but particu-
larly in the region of high thermal resistivity.

The modeling of the dry zone around the cable is discussed in Anders (1997).
For completeness, we will start by recalling the basic developments presented there.
This will be followed by the modification of the expression for the conductor tem-
perature, taking into account the drying-out conditions in the unfavorable region in
Chapter 2 and in cable crossings in Chapter 3.

The current-carrying capacity of buried power cables depends to a large extent
on the thermal conductivity of the surrounding medium. Soil thermal conductivity
is not a constant, but is highly dependent on its moisture content. Under unfavor-
able conditions, the heat flux from the cable entering the soil may cause significant
migration of moisture away from the cable. A dried-out zone may develop around
the cable, in which the thermal conductivity is reduced by a factor of three or more
over the conductivity of the bulk. This, in turn, may cause an abrupt rise in temper-
ature of the cable sheath, which may lead to damage to the cable insulation. The
likelihood of soil drying out is even greater when the route of the rated cable is
crossed by another heat source.

In order to give some guidance on the effect of moisture migration on cable rat-
ings, CIGRE (1986) has proposed a simple two-zone model for the soil surrounding
loaded power cables, resulting in a minor modification of the steady-state rating
equation (Anders, 1997). Subsequently, this model has been adopted by the IEC as
an international standard (IEC, 1994). We will further extend this model to account
for heat sources crossing the rated cable.

The concept on which the method proposed by CIGRE relies can be summarized
as follows. Moist soil is assumed to have a uniform thermal resistivity, but if the
heat dissipated from a cable and its surface temperature are raised above certain
critical limits, the soil will dry out, resulting in a zone that is assumed to have a uni-
form thermal resistivity higher than the original one. The critical conditions, that is,
the conditions for the onset of drying, are dependent on the type of soil, its original
moisture content, and temperature.

Given the appropriate conditions, it is assumed that when the surface of a cable
exceeds the critical temperature rise above ambient, a dry zone will form around it.
The outer boundary of the zone is on the isotherm related to that particular tempera-
ture rise. An additional assumption states that the development of such a dry zone
does not change the shape of the isothermal pattern from what it was when all the
soil was moist, only that the numerical values of some isotherms change. Within the
dry zone, the soil has a uniformly high value of thermal resistivity, corresponding to
its value when the soil is “oven dried” at not more than 105°C. Outside the dry
zone, the soil has uniform thermal resistivity corresponding to the site moisture
content. The essential advantages of these assumptions are that the resistivity is uni-
form over each zone, and that the values are both convenient and sufficiently accu-
rate for practical purposes.
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The method presented below assumes that the entire region surrounding a cable
or cables has uniform thermal characteristics prior to drying out; the only nonuni-
formity being that caused by drying. As a consequence, the method should not be
applied without further consideration to installations where special backfills with
properties different from the site soil are used.

Let 6, be the cable surface temperature corresponding to the moist soil thermal
resistivity p,;. Within the area between the cable surface (assumed to be isothermal)
and the critical isotherm, the heat transfer equation remains the same, the only
change from the uniform soil condition being the thermal resistivity of the dry zone.

Without moisture migration, we obtain the following relations, remembering
that the soil thermal resistance is directly proportional to the value of resistivity:

_ oe - eamb _ (oe B Hx) + (Ox_ oamb)

nW, (1.45)

and

06 - Ox
Cp

nW,= (1.46)

where C is a constant, » is the number of cores in the cable, T, is the cable external
thermal resistance when the soil is moist, and #, is the total losses in a single core.
8,.., and 6, are ambient temperature and the temperature of an isotherm at distance
x, respectively.

If we now assume that the region between the cable and the 6, isotherm dries out
so that its resistivity becomes p,, and that the power losses ¥, remain unchanged,
we have

W, = ee,_ox
"= =

(1.47)

where 6, is the cable surface temperature after moisture migration has taken place.
Combining Equations (1.46) and (1.47), we obtain the following form of Equa-
tion (1.45):

Oé - ex = %(ee - ox) = &[(02 - Bamb) - (ex - Oamb)] (148)
1 /

After rearranging the last equation, we obtain
0¢ = Oump = oW, * Ty) — (v— 1) A6, (1.49)

where

b= and  A6,=6,-9,, (1.50)
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The rating Equation (1.40) takes the form

I= ec - Oamb - Wd[OSTl + n(TZ + T3 + I)T4)] + (Z)— I)Aex 0.5 1.51
=| T RT, + nR(L+ AT, + nR(L+ A, + A)(T, + oT) (1.51)

We can observe that Equation (1.40) has been modified by the addition of the
term (2 — 1)A#6, in the numerator, and the substitution of T for 7, in both the nu-
merator and the denominator.

1.4.2 Cables in Air

When cables are installed in free air, the external thermal resistance now accounts
for the radiative and convective heat loss. For cables exposed to solar radiation,
there is an additional temperature rise caused by the heat absorbed by the external
covering of the cable. The heat gain by solar absorption is equal to oD H, with the
meaning of the variables defined below. In this case, the external thermal resistance
is different than for shaded cables in air, and the current rating is computed from the
following modification of Equation (1.40) (IEC 60287, 1994).

_ [ AO— W05T, + n(T, + Ty + TH] + oD*HT% ]0.5 (152)

RT, +nR(L+ AT, + nR(1 + A, + A)(T5 + T3

where

D*= external diameter of the cable, m

o = absorption coefficient of solar radiation for the cable surface

H = intensity of solar radiation, W/m?

T% = external thermal resistance of the cable in free air, adjusted to take account of
solar radiation, K - m/W

1.5 RATING EQUATIONS—TRANSIENT CONDITIONS

The procedure to evaluate temperatures is the main computational block in transient
rating calculations. This block requires a fairly complex programming procedure to
take into account self- and mutual heating, and to make suitable adjustments in the
loss calculations to reflect changes in the conductor resistance with temperature.
Transient rating of power cables requires the solution of the equations for the
network in Figure 1-6. The unknown quantity in this case is the variation of the con-
ductor temperature rise with time,® 6(#). Unlike in the steady-state analysis, this
temperature is not a simple function of the conductor current /(¢). Therefore, the
process for determining the maximum value of I(¢) so that the maximum operating
conductor temperature is not exceeded requires an iterative procedure. An excep-

8Unless otherwise stated, in this section we will follow the notation in IEC (1989) and we will use the
symbol 8 to denote temperature rise, and not A@ as in other parts of the book and in IEC (1994).
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tion is the simple case of identical cables carrying equal current located in a uni-
form medium. Approximations have been proposed for this case, and explicit rating
equations developed. We will discuss this case first and then we will extend the dis-
cussion to multiple cable types.

1.5.1 Response to a Step Function

1.5.1.1 Preliminaries. Whether we consider the simple cable systems men-
tioned above, or a more general case of several cable circuits in a backfill or duct
bank, the starting point of the analysis is the solution of the equations for the net-
work in Figure 1-6. Our aim is to develop a procedure to evaluate temperature
changes with time for the various cable components. As observed by Neher (1964),
the transient temperature rise under variable loading may be obtained by dividing
the loading curve at the conductor into a sufficient number of time intervals, during
any one of which the loading may be assumed to be constant. Therefore, the re-
sponse of a cable to a step change in current loading will be considered first.

This response depends on the combination of thermal capacitances and resis-
tances formed by the constituent parts of the cable itself and its surroundings. The
relative importance of the various parts depends on the duration of the transient be-
ing considered. For example, for a cable laid directly in the ground, the thermal ca-
pacitances of the cable, and the way in which they are taken into account, are im-
portant for short-duration transients, but can be neglected when the response for
long times is required. The contribution of the surrounding soil is, on the other
hand, negligible for short times, but has to be taken into account for long transients.
This follows from the fact that the time constant of the cable itself is much shorter
than the time constant of the surrounding soil.

The thermal network considered in this work is a derivation of the lumped para-
meter ladder network introduced early in the history of transient rating computa-
tions (Buller, 1951; Van Wormer, 1955; Neher, 1964; CIGRE, 1972; IEC 1985,
1989). For computational purposes, Baudoux et al. (1962) and then Neher (1964)
proposed to represent a cable in just two loops. Baudoux et al. provided procedures
for combining several loops to obtain a two-section network, which was latter
adopted by CIGRE WG 02 and published in Electra (CIGRE, 1972). However,
transformation of a multiloop network into a two-loop equivalent not only requires
substantial manual work before the actual transient computations can be performed,
but also inhibits the computation of temperatures at parts of the cable other than the
conductor. A procedure is given below for analytical solution of the entire network.
Generally, the network will be somewhat different for short- and long-duration
transients, and, usually, the limiting duration to distinguish these two cases can be
taken to be 1 h. Short transients are assumed to last at least 10 min. A more detailed
time division between short and long transients can be found in Table 1-1 presented
later in this Chapter.

The temperature rise of a cable component (e.g., conductor, sheath, jacket, etc.)
can be represented by the sum of two components: the temperature rise inside and
outside the cable. The method of combining these two components, introduced by
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Morello (Morello, 1958; CIGRE, 1972; IEC, 1985, 1989), makes allowance for the
heat that accumulates in the first part of the thermal circuit and which results in a
corresponding reduction in the heat entering the second part during the transient.
The reduction factor, known as the attainment factor, a(f), of the first part of the
thermal circuit is computed as a ratio of the temperature rise across the first part at
time ¢ during the transient to the temperature rise across the same part in the steady
state. Then, the temperature transient of the second part of the thermal circuit is
composed of its response to a step function of heat input multiplied by a reduction
coefficient (variable in time) equal to the attainment factor of the first part. Evalua-
tion of these temperatures is discussed below.

1.5.1.2 Temperature Rise in the Internal Parts of the Cable. The inter-
nal parts of the cable encompass the complete cable including its outermost serving
or anticorrosion protection. If the cable is located in a duct or pipe, the duct and
pipe (including pipe protective covering) are also included. For cables in air, the ca-
ble extends as far as the free air.

Analyses of linear networks, such as the one in Figure 1-6, involve the determi-
nation of the expression for the response function caused by the application of a
forcing function. In our case, the forcing function is the conductor heat loss and the
response sought is the temperature rise above the cable surface at node i. This is ac-
complished by utilizing a mathematical quantity called the transfer function of the
network. It turns out that this transfer function is the Fourier transform of the unit-
impulse response of the network. The Laplace transform of the network’s transfer
function is given by a ratio

P(s)
Qs)

H(s) = (1.53)

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 as (Van Valkenburg, 1964)°

0(6) =W, Z T (1 - ) (1.54)
=

where:

0(t) = temperature rise at node { at time ¢, °C

W, = conductor losses including skin and proximity effects, W/m
T; = coefficient, °Cm/W

P; = time constant, s~

t = time from the beginning of the step, s

n = number of loops in the network

“Unless otherwise stated, in the remainder of this section all the temperature rises are caused by the joule
losses in the cable.
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i = node index
J = index from 1 to n.

The coefficients T}; and the time constants P; are obtained from the poles and ze-
ros of the equivalent network transfer function given by Equation (1.53). Poles and
zeros of the function H(s) are obtained by solving equations Q(s) = 0 and P(s) =0,
respectively. From the circuit theory, the coefficients T; are given by

- fl@-p)
Ty=-—p (1.55)
" PlI(P—P)
=
kA

where

..y = coefficient of the numerator equation of the transfer function

b, = first coefficient of the denominator equation of the transfer function
Z,; = zeros of the transfer function

P; = poles of the transfer function.

An algorithm for the computation of the coefficients of the transfer function
equation is given in Appendix B of Anders (1997).

Example 1.4

A simple expression of Equation (1.54) is obtained for the case of n = 2. Construc-
tion of such a network is discussed in Section 1.3.3.2 and the network is shown in
Figure 1-5.

In this simple case, the time-dependent solution for the conductor temperature
can easily be obtained directly. However, to illustrate the procedure outlined above,
we will compute this temperature from Equations (1.53)-(1.55).

The transfer function for this network is given by

(T4 + Tp)sT,TpQp
1+8(T404 + Ts0p + Tp0,) + 5°T40,4T505

H(s) = (1.56)

Since we are interested in obtaining conductor temperature, i=1andj=1, 2. To
simplify the notation, we will use the following substitutions:

T,=T,, T,=Ty My=05T,Q,4+TQp+TsQ0) No=T,04T50p (1.57)

The zeros and poles of the transfer function are easily obtained as follows:

T+ Ty B _
le_ TATBQB Pl—_a Pz_—b
where
My VME-N, _ MO—\/Mg—NO
a=—— b=————7—— (1.58)
Ny Ny ’
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From Equation (1.56),
ao-m = T,TgQp by =T, Ts0408
Thus,

an _ 1
b, @,

From Equation (1.55), we have

T, + T,
_ 1 TATBQB+a _ 1 1 TA+TB

T”—_E —a(-b+a) a—b(@ B aTATBQAQB>

but

1

b=
T T 750405

Hence,

1 1
Ta= a__—b[E—b(TA"'TB):l and Tb=TA+TB_Ta (1'59)

Finally, the conductor temperature as a function of time is obtained from Equa-
tion (1.54):

0(t) = W T (1 — e ™) + Ty(1 - e™)] (1.60)

where W, is the power loss per unit length in a conductor based on the maximum
conductor temperature attained. The power loss is assumed to be constant during
the step of the transient. Further,

6.(9)

a(t) = m (1.61)

Because the solution of network equations for a two-loop network is quite sim-
ple, IEC publications 853-1 (1985) and 853-2 (1989) recommend that this form be
used in transient analysis. The two-loop computational procedure was published at
a time when access to fast computers was very limited (CIGRE, 1972). Today, this
limitation is no longer a problem and a full network representation is recommended
in transient analysis computations. This recommendation is particularly applicable
in the case when temperatures of cable components, other than the conductor, are of
interest.
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1.5.1.3 Second Part of the Thermal Circuit—Influence of the Soil. The
transient temperature rise 0,(¢) of the outer surface of the cable can be evaluated ex-
actly in the case when the cable is represented by a line source located in a homoge-
neous, infinite medium with uniform initial temperature. However, for practical ap-
plications, we have to use another hypothesis, namely, the hypothesis of Kennelly,
which assumes that the earth surface must be an isotherm. 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 W, and by its fictitious image placed symmetrically
with the earth surface as the axis of symmetry and emitting heat —W, (see Figure 1-9).
The temperature rise at the cable outside surface is then given by

p | . D¥ L*2
0,(H)= VV,EI:—EI(—W) + El(——gt*)] (1.62)

where:

D* = external surface diameter of cable, m
L* = axial depth of burial of the cable, m
8 = soil diffusivity, m%/s

. The expression
00 —

e
—dv
v

—Fi(—x)= J’

X

is called the exponential integral. The value of the exponential integral can be de-
veloped in the series

3

Ei(x) = 0577 —Inx +x— mm =
—Ei(—x)=-0.577-Inx X= 537 T 330
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Figure 1-9 Tllustration of Kennelly’s hypothesis.
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When x < 0.1,
—Ei(—x)=-0.577-Inx +x

to within {% accuracy. For large x,

) e 1 2t 3!
gy =\t st

The National Bureau of Standards published in 1940 Tables of Exponential Inte-
grals, Vol. 1, in which values of —Ei(—x) can be found. IEC has also published
nomograms from which —Fi(—x) can be obtained (IEC 853-2, 1989).

Under steady-state conditions, t — % and x approaches zero. In this case, Equa-
tion (1.62) becomes

4L*
6.)= ;5= In BF (1.63)

From this equation, we can define the external thermal resistance in the steady-
state calculations as

p 4L*

T,= 2 I DF (1.64)

For cables in air it, is unnecessary to calculate a separate response for the cable

environment. The complete transient 6(¢) is obtained from Equation (1.62) but the

external thermal resistance T,, computed as described in Section 1.6.6.5, is included
in the cable network.

1.5.1.4 Groups of Equally or Unequally Loaded Cables. In a typical in-
stallation, several power cables are laid in a trench. The mutual heating effect re-
duces the current-carrying capacity of the cables, and this effect must be taken into
account in rating computations. For groups of cables, the temperature for each cable
is obtained at each point in time by adding to its own temperature the temperature
rise caused by other nearby cables. To achieve better accuracy in calculations with
multiple time steps, the effect of other cables should be added at each time step so
that their effect can be included with that caused by the temperature rise of the cable
itself. Thus, the temperature rise in the cable of interest “p” due to one other adja-
cent cable “k” can be computed from:

_ Ds ] d*2 d*’Z

in which W), is the total joule losses in cable &, and d}; and d} (m) denote the dis-
tance from the center of cable p to the center of cable k and its image, respectively,
as shown in Figure 1-10.
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Image

O
m'O I
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VIV VAV VIV VTV VAV VY
Soil /

Figure 1-10 Example of cable configuration and image cables.

1.5.1.5 Total Temperature Rise. The total transient temperature rise of a ca-
ble at any time is the sum of the rise due to its own losses, given by its own net-
work, and the rises due to mutual heating given by the networks of other cables and
image sources, as appropriate. Thus, the final temperature rise at any layer of the
cable of interest (that 1s, at any node of the equivalent network) at time t after the
beginning of the load step is obtained from

N-1

o) = 0(1) + (D)6.(8) + 640) + a(t);[ﬂpk(t) + Gpai(0)] (1.66)

where a(?) is the attainment factor for the transient temperature rise between the
conductor and outside surface of the cable and ¥ is the number of cables. ,,(?) is
the temperature rise in cable p caused by the dielectric losses in cable £ and it is
multiplied by a(¢) only if cable £ is energized at time ¢ = 0. 6,(¢) is the internal tem-
perature rise caused by the dielectric losses in cable p. In Equation (1.66), 8,,,, is
defined for any layer of the cable, and in the above formulation, only 6(¢) is differ-
ent for each layer.

The attainment factor varies in time, and a reasonable approach for obtaining
a(?) is to use (Morello, 1958)

B Temperature across cable at time ¢
o) = Steady-state temperature rise across the cable

(1.67)

The conductor attainment factor is computed from this definition using Equa-
tions (1.54) and (1.42):
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WS TAL-e) > T (1€
oc(t) _ Jj=1 — J=1

a(t) = 6,(0) w.T T

(1.68)

The attainment factor associated with dielectric losses is obtained from a similar
equation with the network parameters reflecting the presence of dielectric loss only.

1.5.2 Transient Temperature Rise under Variable Loading

In order to perform computations for variable loading, a daily load curve is divided
into a series of steps of constant magnitude. For different successive steps, the com-
putations are done repeatedly, and the final result is obtained using the principle of
superposition. The temperature rise above ambient at time 7 can be represented as

) -&r—1) (1.69)

1.5.3 Conductor Resistance Variations during Transients

Since the conductor electrical resistance, as well as the resistance of other metallic
parts of the cable, changes with temperature, the effect of these changes should be
taken into account when computing conductor and sheath losses. Goldenberg
(1967, 1971) developed a technique for obtaining arbitrarily close upper and lower
bounds for the temperature rise of the conductor, taking into account the changes of
the resistance of metallic parts with temperature. His upper-bound formula has been
adopted by CIGRE (1972, 1976) and IEC (1989) and is given by the following
equation:

0
0 = T+ al8() - 6]

(1.70)

where:

&(f) = conductor transient temperature rise above ambient without correction for
variation in conductor loss, and is based on the conductor resistance at the end of
the transient

#() = conductor steady-state temperature rise above ambient

a = temperature coefficient of electrical resistivity of the conductor material at the
start of the transient. @ = 1/[B8 + 6(0)], with B being a reciprocal of temperature
coefficient at 0°C and 6(0) is the conductor temperature at the start of the tran-
sient

1.5.4 Cyclic Rating Factor

The complexity of cyclic rating computations varies depending on the shape of the
load curve and the amount of detail known for the load cycle. If only the load-loss
factor or a daily load factor is known, a method proposed by Neher and McGrath
(1957) can be used. This method involves modification of the cable external thermal
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resistance as discussed in Anders (1997) and in Section 1.6.6.5. This modified value
is then used in Equation (1.51). Neher and McGrath’s approach continues to be the
basis for the majority of cyclic loading computations performed in North America.

If a more detailed analysis is required, the algorithm introduced by Goldenberg
(1957, 1958) and later adopted by the IEC (1985, 1989) can be used. This approach,
applicable to a single cable or a cable system composed of identical, equally loaded
cables located in a uniform medium, requires computation of a cyclic rating factor
M by which the permissible steady-state rated current (100% load factor) may be
multiplied to obtain the permissible peak value of current during a daily (24 h) cy-
cle such that the conductor temperature attains, but does not exceed, the standard
permissible maximum temperature during the cycle. A factor derived in this way
uses the steady-state temperature, which is usually the permitted maximum temper-
ature, as its reference. The cyclic rating factor depends only on the shape of the dai-
ly cycle and is independent of the actual magnitudes of the current.

Several sections in this book address the issue of cyclic rating computations un-
der various circumstances. Therefore, the procedure for the calculation of this fac-
tor is reviewed below and Chapter 6 presents a complete discussion of the relevance
of the load-loss factor used in time-dependent rating calculations.

First, we will consider a single cable and then extend the analysis to a group of
identical cables. The details of the development of the equations presented here can
be found in Anders (1997). We will ignore the variation of the conductor resistance
with temperature. This is consistent with the IEC approach for cyclic loading calcu-
lations. Following the IEC standard approach, only the six hourly steps before the
time when the temperature reaches its highest value are involved; the remaining
hourly steps being represented by a representative load, as illustrated in Figure 3-13.

The cyclic rating factor for uniform soil conditions is defined as (Anders, 1997,
IEC, 1989)

1
M= (1.71)

ek(s)] S [ek(i +1) _ 6:0) ]

1- + > Y, -

\/ "[ 5 | 257 0 5

with the following notation, where the subscript R corresponds to the steady state
rated current:

I [k kB fori= 1

Or(>) (1.72)
62(0)=0
0.() WiT.
k= Gy = W+ (1.73)
6.
alf) = T(Q) (1.74)
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B(H) = n( aL* ) (1.75)

where

D¥* = external diameter of the cable or duct, m

L* = depth of laying, m

W, = the total joule loss in the cable, W/m

& = soil thermal diffusivity, m?/s

T = internal thermal resistance of the cable K - m/W
= load loss factor

If the hourly load values are denoted by I, i =1, . . ., 24, then the load-loss factor
is defined by:

p=ng p-=2g 20 (1.76)

(See more discussion on the definition of the load-loss factor in Chapter 6.)
Calculations are simplified considerably when the conductor attainment factor
can be assumed to be equal to one. In this case, Equation (1.71) takes the form

1

M= —~ k)Y + k{B+ u[1 - BO)} (1.77)
where:
5
B=YY®;  ®,=pm+1)-pm) (1.78)
=0

IEC (1989) identifies the following cases when the internal cable capacitances can
be neglected. If the period from the initiation of the thermal transient is longer than

1. 12 h for all cables,

2. The product 37 - 3(Q; when dealing with fluid-pressure, pipe-type cables and
all types of self-contained cables where the product Z7-ZQ <2h

3. The product 23T - 3,(; when dealing with gas-pressure, pipe-type cables and
all types of self-contained cables where the product Z7- %0 >2h

where 2T and 30 are the total internal thermal resistance (simple sum of all resis-
tances) and capacitance (simple sum of all capacitances), respectively, of the cable.
Table 1-1, based on design values commonly used at present for the determina-
tion of cable dimensions, shows when cases 2 and 3 apply (IEC, 1989).
We will now consider groups of N cables with equal losses; the cables or ducts
do not touch. In this case, Oz(i) is the conductor temperature rise of the hottest cable
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Table 1-1 Cases when the attainment factor can be assumed to be equal to 1

Type of cable Case b) Case ¢)
Fluid-filled cables 1) All voltages <220 kV 1) 220 kV, sections > 150 mm?
2) 220 kV, sections = 150 mm? 2) All voltages > 220 kV
Pipe-type, fluid-pressure 1) All voltages <220 kV 1) 220 kV, sections > 800 mm?
cables 2) 220 kV, sections = 800 mm? 2) All voltages > 220 kV
Pipe-type, gas-pressure 1) =220kV
cables 2) Sections =< 1000 mm?
Cables with extruded 1) All voltages < 60 kV 1) 60 kV, sections > 150 mm?
insulation 2) 60 kV, sections = 150 mm2  2) All voltages > 60 kV

in the group. The external thermal resistance of the hottest cable in Equations (1.73)
and (1.75) will now include the effect of the other (N — 1) cables and will be denot-
ed by T, + AT,. We now obtain the following new form of Equation (1.75):

[ D2\ [ 1% a2\ . [ a3
“E’< 16t3)+E’< t6)+z[ E<4ta)+E’( 45
_ Fs ) k ‘D

(1.79)
4m (T, +AT,)

The value of AT, is equal to (Anders, 1997)

p;InF

AT, = 27

(1.80)

where

F= pl'pz'...'pk'...'pN 1_81
By dy . dy dy (1.81)
with factor d,,/d,, excluded, leaving (N — 1) factors in Equation (1.81). The dis-
tances d,, and d,, represent the distance between cables p and » and between the ca-
ble » and the image of cable p, respectively.
Introducing the notation

4L*
d;= FUND (1.82)
Equation (1.79) can be approximated by
*2 *2 2 *2
—Ei( De >+El( L )+(N—l) —Ez( d; )+E1(L )]
1616 té 1616 16
B = iL°F (1.83)

ZIH—D:—
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Also, Equation (1.73) becomes

k= W(T,+ATy) 184
V"W, + W(T,+ AT,) (1.84)
The cyclic rating factor is given by Equation (1.71) with

Or())

G ~ L~k kB (0la() (1.85)

1.6 EVALUATION OF PARAMETERS

Rating equations discussed in the previous sections contain many different parame-
ters whose values need to be estimated first before ampacity calculations can pro-
ceed. For some of the parameters, analytical expressions can be derived; for others,
empirical equations or curves have been proposed. In this section, we will summa-
rize the calculation of the important parameters. For a detailed discussion on their
derivation, the reader is referred again to Anders (1997).

We will start with a list of the symbols used in various expressions presented
below. To facilitate the presentation, we will divide all the symbols into logical
groups related to cable construction and laying conditions. This will be followed
by a series of equations, tables, and charts that are needed for ampacity calcula-
tions. The order of the presentation follows the usual steps in cable rating calcu-
lations.

1.6.1 List of Symbols

1.6.1.1 General Data

f(Hz) = system frequency

U (V) = cable operating voltage (phase-to-phase)
LF = daily load factor

0 = conductor temperature!°

0,.., = ambient temperature

1.6.1.2 Cable Parameters

Conductor

S (mm?) = cross-sectional area of conductor

D, (mm) = external diameter of cable, or equivalent diameter of a group of cores in
pipe-type cable

D?* (m) = external diameter of cable, or equivalent diameter of cable (cables in air)

d. (mm) = external diameter of conductor

9subscripts ¢, s, and a will be used to denote tape, sheath, and armor, respectively.
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d; (mm) = conductor diameter of equivalent solid conductor having the same cen-
tral oil duct

d; (mm) = conductor inside diameter

n = number of conductors in a cable

Three-conductor cables

d, (mm) = Diameter of an equivalent circular conductor having the same cross-sec-
tional area and degree of compactness as the shaped one

¢ (mm) = Distance between the axes of conductors and the axis of the cable for
three-core cables (= 0.55 r; + 0.29 ¢ for sector-shaped conductors)

r, (mm) = Circumscribing radius of three-sector shaped conductors in three-con-
ductor cable

Insulation

D, (mm) = diameter over insulation

t; (mm) = insulation thickness between conductors and sheath
p (K - m/W) = thermal resistivity of the material'!

Three-conductor cables

¢t {(mm) = insulation thickness between conductors

t; (mm) = thickness of core insulation, including screening tapes plus half the thick-
ness of any nonmetallic tapes over the laid-up cores

Sheath

D, (mm) = sheath diameter

d (mm) = sheath mean diameter
t, (mm) = sheath thickness

P2t ratios of minor section lengths, where minor section lengths are: a, p,a, and
L ¢,a, and a is the shortest section
s(Qdm) = electrical resistivity of sheath material at operating temperature

Armor or reinforcement

A (mm?) = cross-sectional area of the armor
D, (mm) = external diameter of armor

d, (mm) = mean diameter of armor

d;(mm) = diameter of armor wires

d, (mm) = mean diameter of reinforcement
n, = number of armor wires

n, = number of tapes

€, (mm) = length of lay of a steel wire along a cable
€7 (mm) = length of lay of a tape

t, (mm) = thickness of tape

w, (mm) = width of tape

"'The same symbol is used for thermal resistivity of various materials. The appropriate numerical value
will correspond to the material considered.
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Jacket/Serving
t; (mm) = thickness of the jacket
t; (mm) = thickness of the serving

Pipe-type cables

D, (mm) = external diameter of the pipe

D, (mm) = external diameter of pipe coating

D,,, (mm) = moisture barrier mean diameter

D,,, (mm) = diameter of skid wire

D, (mm) = diameter of moisture barrier assembly
d, (mm) = internal diameter of pipe

n,, = number of skid wires

n, = number of moisture barrier metallic tapes

¢,,, (mm) = lay of length of skid wires

¢y (mm) = lay of moisture barrier metallic tapes
t; (mm) = thickness of pipe coating

t, = thickness of moisture barrier metallic tape in pipe-type cable
w, (mm) = width of moisture barrier metallic tape

1.6.1.3 Installation Conditions

Cables in Air
H (W/m?) = solar radiation

Buried Cables

L (mm) = depth of burial of cables

D, (mm) = fictitious diameter at which effect of loss factor commences

ps (K - m/W) = thermal resistivity of soil

s (mm) = spacing between conductors of the same circuit

s, (mm) = axial separation of cables; for cables in flat formation, s, is the geometric
mean of the three spacings

Duct Bank/Thermal Backfill

L; (mm) = distance from the soil surface to the center of a duct bank

x, y (mm) = sides of duct bank/backfill (y > x)

N = number of loaded cables in a duct bank/backfill

p. (K- m/W) = thermal resistivity of concrete used for a duct bank or backfill
p. (K - m/W) = thermal resistivity of earth surrounding a duct bank/backfill

Cables in Ducts

D, (mm) = internal diameter of the duct

D, (mm) = external diameter of the duct

8,, (°C) = mean temperature of duct filling medium

1.6.2 Conductor ac Resistance

Conductor resistance is calculated in two stages. First, the dc value R’ (ohm/m) is
obtained from the following expression:
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_ 1.02 - 106 Pro
- S

’

[1+ ay(6-20)]

In the second stage, the dc value is modified to take into account the skin and prox-
imity effects. The resistance of a conductor when carrying an alternating current is
higher than that of the conductor when carrying a direct current. The principal rea-
sons for the increase are: skin effect, proximity effect, hysteresis and eddy current
losses in nearby ferromagnetic materials, and induced losses in short-circuited non-
ferromagnetic materials nearby. The degree of complexity of the calculations that
can economically be justified varies considerably. Except in very high voltage ca-
bles consisting of large segmental conductors, it is common to consider only skin
effect, proximity effect, and in some cases, an approximation of the effect of metal-
lic sheath and/or conduit. The relevant expressions are:

R=R'(1+y,+y,)
For cables in magnetic pipes and conduits:
R=RT1 +1.5(y; +y,)]
Material properties and the expressions for the skin and proximity factors are:

Resistivity (py) - 108 Temperature coefficient

Material € - m at 20°C (az0) - 1073 per K at 20°C
Copper 1.7241 3.93
Aluminum 2.3264 4,03

Skin and proximity factors are computed from the following expressions:

x3

Vs~ 192+ 0.8x7
where
xs2 :Fk ' ks Fk=

The proximity factor is obtained from

d, \2 d, \2 1.18 x
yp=Fp(T) [0'312<T) + W] x}=F.k, F,= 1—927”@
For sector-shaped conductors:
s=d .+t
d.=d,
Yo =2y,/3
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For oval conductors:

dc =V dcminor : dcmajor
The above expressions apply when x, =< 2.8 (a majority of the cases). Otherwise,
Equations (7.26) or (7.27) in Anders (1997) should be used.
Constants k, and &, are given in Table 1-2 (IEC 60287, 1994).

1.6.3 Dielectric Losses

When paper and solid dielectric insulations are subjected to alternating voltage,
they act as large capacitors and charging currents flow in them. The work required
to effect the realignment of electrons each time the voltage direction changes (i.e.,
50 or 60 times a second) produces heat and results in a loss of real power that is
called dielectric loss, which should be distinguished from reactive loss. For a unit
length of a cable, the magnitude of the required charging current is a function of the
dielectric constant of the insulation, the dimensions of the cable, and the operating
voltage. For some cable constructions, notably for high-voltage, paper-insulated ca-
bles, this loss can have a significant effect on the cable rating. The dielectric losses
are computed from the following expression:

Table 1-2  Values of skin and proximity factors

Whether dried and
Type of conductor impregnated or not ks k,
Copper
Round, stranded Yes 1 0.8
Round, stranded No 1 1
Round, compact Yes 1 0.8
Round, compact No 1 1
Round, segmental 0.435 0.37
Hollow, helical stranded Yes Eq.(7.12) in
Anders (1997) 0.8
Sector-shaped Yes 1 0.8
Sector-shaped No 1 1
Aluminum *
Round, stranded either 1
Round, 4 segment Either 0.28
Round, 5 segment Either 0.19
Round, 6 segment Either 0.12
Segmental with peripheral strands Either Eq. (7.17) in

Anders (1997)

*Since there are no accepted experimental results dealing specifically with aluminum stranded conduc-
tors, IEC 60287 recommends that the values of k, given in this table for copper conductors also be ap-
plied to aluminum stranded conductor of similar design as the copper ones.
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W,=2afC- U2 tan &

where the electrical capacitance and the phase-to-to-ground voltage are obtained
from

£ U
———10°  U,=—=
D, ° V3
181n7

C=

The dielectric constant £ and the loss factor tan & are taken from Table 1-3.

1.6.4 Sheath Loss Factor

Sheath losses are current dependent, and can be divided into two categories accord-
ing to the type of bonding. These are losses due to circulating currents that flow in
the sheaths of single-core cables if the sheaths are bonded together at two points,
and losses due to eddy currents, which circulate radially (skin effect) and az-
imuthally (proximity effect). Eddy current losses occur in both three-core and sin-
gle-core cables, irrespective of the method of bonding. Eddy current losses in the
sheaths of single-core cables, which are solidly bonded are considerably smaller

Table 1-3  Values of the dielectric constant and the loss factor

Type of cable & tan &

Cables insulated with impregnated paper
Solid type, fully impregnated, preimpregnated, 4 0.01
or mass-impregnated nondraining
Oil-filled, low-pressure

upto U,=36kV 36 0.0035
up to U, =87 kV 3.6 0.0033
up to U, = 160 kV 3.5 0.0030
up to U, =220 kV 3.5 0.0028
Oil-pressure, pipe-type 3.7 0.0045
Internal gas-pressure 34 0.0045
External gas-pressure 3.6 0.0040
Cables with other kinds of insulation
Butyl rubber 4 0.050
EPR, up to 18/30 kV 3 0.020
EPR, above 18/30 kV 3 0.005
PVC 8 0.1
PE (HD and LD) 23 0.001
XLPE up to and including 18/30 (36) kV, unfilled 25 0.004
XLPE above 18/30 (36) kV, unfilled 25 0.001
XLPE above 18/30 (36) kV, filled 3 0.005

Paper—polypropylene—paper (PPL) 2.8 0.001




42 REVIEW OF POWER CABLE STANDARD RATING METHODS

than circulating current losses, and are ignored except for cables with large segmen-
tal conductors.

Losses in protective armoring also fall into several categories depending on the
cable type, the material of the armor, and installation methods. Armored single-core
cables without a metallic sheath generally have a nonmagnetic armor because the
losses in steel-wire or tape armor would be unacceptably high. For cables with non-
magnetic armor, the armor loss is calculated as if it were a cable sheath, and the cal-
culation method depends on whether the armor is single-point bonded or solidly
bonded. For cables having a metallic sheath and nonmagnetic armor, the losses are
calculated as for sheath losses, but using the combined resistance of the sheath and
armor in paralle] and a mean diameter equal to the rms value or the armor and
sheath diameters. The same procedure applies to two- and three-core cables having
a metallic sheath and nonmagnetic armor. For two- and three-core cables having
metallic sheath and magnetic wire armor, eddy current losses in the armor must be
considered. For two- and three-core cables having steel-tape armor, both eddy cur-
rent losses and hysteresis losses in the tape must be considered together with the ef-
fect of armor on sheath losses.

Submarine cables require special consideration. Single-core ac cables for sub-
marine power connections differ in many respects from underground cables, buried
directly or in ducts. In fact, submarine cables are generally-armored, can be manu-
factured in very long lengths, and are laid with a very large distance between them.
For these reasons, calculation methods described in the IEC 60287 (1994) must be
supplemented and modified in some points.

1.6.4.1 Sheath Bonding Arrangements. Sheath losses in single-core ca-
bles depend on a number of factors, one of which is the sheath bonding arrange-
ment. In fact, the bonding arrangement is the second most important parameter in
cable ampacity computations after the external thermal resistance of the cable. For
safety reasons, cable sheaths must be earthed, and hence bonded, at least at one
point in a run. There are three basic options for bonding sheaths of single-core ca-
bles. These are: single-point bonding, solid bonding, and cross bonding (ANSI/
IEEE, 1988).

In a single-point-bonded system, the considerable heating effect of circulating
currents is avoided, but voltages will be induced along the length of the cable.
These voltages are proportional to the conductor current and length of run, and in-
crease as the cable spacing increases. Particular care must be taken to insulate and
provide surge protection at the free end of the sheath to avoid danger from the in-
duced voltages.

One way of eliminating the induced voltages is to bond the sheath at both ends
of the run (solid bonding). The disadvantage of this is that the circulating currents
that then flow in the sheaths reduce the current-carrying capacity of the cable.

Cross bonding of single-core cable sheaths is a method of avoiding circulating
currents and excessive sheath voltages while permitting increased cable spacing
and long run lengths. The increase in cable spacing increases the thermal indepen-
dence of each cable and, hence, increases its current-carrying capacity. The cross
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bonding divides the cable run into three sections, and cross connects the sheaths in
such a manner that the induced voltages cancel. One disadvantage of this system is
that it is very expensive and, therefore, is applied mostly in high-voltage installa-
tions. Figure 1-11 gives a diagrammatic representation of the cross connections.

The cable route is divided into three equal lengths, and the sheath continuity is
broken at each joint. The induced sheath voltages in each section of each phase are
equal in magnitude and 120° out of phase. When the sheaths are cross connected, as
shown in Figure 1-11, each sheath circuit contains one section from each phase
such that the total voltage in each sheath circuit sums to zero. If the sheaths are then
bonded and earthed at the end of the run, the net voltage in the loop and the circu-
lating currents will be zero and the only sheath losses will be those caused by eddy
currents.

Cable conductors Cable sheaths Cable sheaths
e —f & f-—--------
_________________ +_________._ 4____._________

Total voltage in each sheath circuit = e + a¢ + a%e = 0 =
(where a indicates phase rotation through 120°)

(a)

Sheath sectionalizing insulators

/ \

[ 3=
X
j:t» 3 X . b (1=
i | e
Y Joints  Transposition of cables Y

Sheaths solidly bonded and earthed

(b)

Figure 1-11 Diagrammatic representation of a cross bonded cable system. (a) Cables are
not transposed. (b) Cables are transposed.
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This method of bonding allows the cables to be spaced to take advantage of im-
proved heat dissipation without incurring the penalty of increased circulating current
losses. In practice, the lengths and cable spacings in each section may not be identi-
cal, and, therefore, some circulating currents will be present. The length of each sec-
tion and cable spacings are limited by the voltages that exist between the sheaths and
between the sheaths and earth at each cross-bonding position. For long runs, the route
is divided into a number of lengths, each of which is divided into three sections. Cross
bonding as described above can be applied to each length independently.

The cross-bonding scheme described above assumes that the cables are arranged
symmetrically; that is, in a trefoil pattern. It is usual that single-core cables are laid
in a flat configuration. In this case, it is a common practice in long-cable circuits or
heavily loaded cable lines to transpose the cables as shown in Figure 1-11b so that
each cable occupies each position for a third of the run.

All of the equations for sheath loss factors given in this section assume that the
phase currents are balanced. The equations also require knowledge of the tempera-
ture of the sheath, which cannot be calculated until the cable rating is known, and,
therefore, an iterative process is required. For the first calculation, the sheath tem-
perature must be estimated; this estimate can be checked later after the current rat-
ing has been calculated. If necessary, the sheath losses, and, hence, the current rat-
ing, must be recalculated with the revised sheath temperature.

As discussed above, the power loss in the sheath or screen (A;) consists of losses
caused by circulating currents (A7) and eddy currents (A{"). Thus,

A=A+l (1.86)

The loss factor in armor is also composed of two components: that due to circu-
lating currents (A5) and, for magnetic armor, that caused by hysteresis (A5"). Thus,

A= A5+ AY (1.87)

As mentioned above, for single-core cables with sheaths bonded at both ends of
an electrical section, only losses caused by circulating currents are considered. An
electrical section is defined as a portion of the route between points at which the
sheaths or screens of all cables are solidly bonded. Circulating current losses are
much greater than eddy current losses, and they completely dominate the calcula-
tions. Of course, there are no circulating currents when the sheaths are isolated or
bonded at one point only.

The first step in computing the sheath loss factor is to obtain the sheath resis-
tance and reactance. If the sheath is reinforced with a nonmagnetic tape or tapes, a
parallel combination of both resistances is required. Once the sheath resistance is
obtained, the sheath reactance needs to be computed. The appropriate formulae for
the calculation of the sheath reactance are as follows.

For single-conductor and pipe-type cables:

2s
X=4xf- 10‘7-1n7
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For single-conductor cables in flat formation, regularly transposed, sheaths
bonded at both ends:

X, =4mf 107 ln[Z : %(%)]

For single-conductor cables in flat configuration with sheaths solidly bonded at
both ends, the sheath loss factor depends on the spacing. If it is not possible
to maintain the same spacing in the electrical section (i.e., between points at
which the sheaths of all cables are bonded), the following allowances should be
made.

1). If the spacings are known, the value of X is computed from

ILX, +1LX,+...1
X= aXa bXb an

L+l+... 1,
where
L1, ..., 1, are lengths with different spacing along an electrical section
X, X;, ..., X, are the reactances per unit length of cable, given by equations for X
and X,, where appropriate values of spacing s, S, . . . , §, are used

2. If the spacings are not known, the value of A’; calculated below should be in-
creased by 25%:

X, =871-107-f

The following equations provide sheath loss factors for various bonding arrange-
ments and cable configurations.

1.6.4.2 Loss Factors for Single-Conductor Cables
1. Sheath bonded both ends, triangular configuration:

R, 1
TR
+ | =5
: (Xl)

2. Sheath bonded both ends, flat configuration, regular transposition:

A= A)=0.

/_.RS 1 .
MR , (R)z’
4+ (=5
X

3. Sheath bonded both ends, flat configuration, no transposition. Center cable
equidistant from other cables:

A'=0



46 REVIEW OF POWER CABLE STANDARD RATING METHODS

I, 3.,
. r| 22 4 2R,POX,, . .
Al = | 7 + R+~ AR+ )R+ P in the leading phase
, R . .
A, = R+ in the middle cable
1 3.
Cor| @ 7 2R,PQOX,, . .
A= 7| T trpt VAR + R+ P in the lagging phase
5 5 5 s
A’=0

where P and Q are defined by

m

X
P=Xx,+X Q=X-—T

Ratings for cables in air should be calculated using A7.

Large Segmental Conductors. When the conductor proximity effect is reduced,
for example, by large conductors having insulated segments, A{” cannot be ignored
and is calculated by multiplying the value of the eddy current sheath loss factor cal-
culated below by F:

_ 4MPN?+ (M + Ny
F=Zor+nv+0)
where
M=N="2
=N-= >a
for cables in trefoil formation, and
_ R __ R
M=%+x, N~

for cables in flat formation with equidistant spacing.

Sheaths Single-Point Bonded or Cross Bonded. The sheath loss factor is ob-
tained in this case from the following formula:

R t)?
A= Ts[gs)toa A+ A+ (sz) : 10—12]
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and the parameters in this expression depend on the cable arrangement, as follows.
For lead-sheathed cables.

Bi=0 g~=1

For corrugated sheaths, the mean outside diameter should be used:

_ 47w
B = 107

w=2af

¢

5

1.74
&=1+{3] (BDx10°-16)

_ 2
=

m - 107

Ifm= 0.1, Al :0, A2=0
Three Single-Conductor Cables in Triangular Configuration
d\2 m? d \0.92m+1.66
/\0=3(X) W A] =(1.44m2'45+0.33)(x) A2=0

Three Single-Conductor Cables in Flat Configuration

1. Center cable:

d\2 m? d \1.am+0.7
AO = 6(%) W Al = 086m308($) Az 0

2. Quter cable leading phase:

d\2 m? d \o.16m+2 d \1.47m+5.06
ot 5 s a5 =2 5

S

3. Outer cable lagging phase:

d\ m? 0.74(m + 2)m%3 [ d \m+1 5o 4 Y2
"0‘1'5(2_s> v A= Z7m-037 \25 By =0.92m>"\ 3¢

Sheaths Cross Bonded. The ideal cross-bonded system will have equal lengths
and spacing in each of the three sections. If the section lengths are different, the in-
duced voltages will not sum to zero and circulating currents will be present. These
circulating currents are taken account of by calculating the circulating current loss
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factor A{, assuming the cables were not cross bonded, and multiplying this value by
a factor to take account of the length variations. This factor F,, is given by!?

_P3ta3+l-p-prgr—q,
P2+ g+ 1)

F.

where:

p»a = length of the longest section

g-a = length of the second longest section
a = length of the shortest section

This formula deals only with differences in the length of minor sections. Any de-
viations in spacing must also be taken into account.

Where lengths of the minor sections are not known, [EC 287-2-1 (1994) recom-
mends that the value for A| based on experience with carefully installed circuits be

A{=0.03 for cables laid directly in the ground
A{=0.05 for cables installed in ducts

1.6.4.3 Three-Conductor Cables. The sheath loss factor depends in this case
on the value of the sheath resistance as follows.

Round or Oval Conductors in Common Sheath, No Armor
R, = 100 uQ)/m

LS (2c)2 1 +(2c>4 1
[N a 7 a 7
R [\d 1+(RSIO>2 d) [, [R IO}
(] w

R, > 100 u¥/m

Sector-Shaped Conductors

/\”_0 4R9 2r1+t 2 1

('=094p\ g (R3107)2
1+

w

Three-Conductor Cables with Steel-Tape Armor. The value for A{ calculated
above should be multiplied by the factor F:

12This formula is somewhat different from the one appearing in the latest IEC Standard 60287 from
1994. It was developed recently in EDF and will be introduced into the standard during the next mainte-
nance cycle.
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_ d \2 1 5= A
Fei\a) |
1+

JTEN

M is usually taken as 300.

Cables with Separate Lead Sheath (SL Type) with Armor

1.6.4.4 Pipe-Type Cables. Nonmagnetic core screens, copper or lead, of
pipe-type cables will carry circulating currents induced in the same manner as in the
sheaths of solidly bonded single-core cables. As with SL type cables, there is an in-
crease in screen losses due to the presence of the steel pipe. The loss factor is given

by:

,_ R 15
AI_T L+ Rsz
X

If additional reinforcement is applied over the core screens, the above formula is
applied to the combination of sheath and reinforcement. In this case, R, is replaced
by the resistance of the parallel combination of sheath and reinforcement, and the
diameter is taken as the rms diameter d’, where

,_ [d*+d3
d’= 2
with

d = mean diameter of the screen or sheath, mm
d, = mean diameter of the reinforcement, mm

1.6.5 Armor Loss Factor

Armored single-core cables for general use in ac systems usually have nonmagnetic
armor. This is because of the very high losses that would occur in closely spaced
single-core cables with magnetic armor. On the other hand, when magnetic armor is
used, losses due to eddy currents and hysteresis in the steel must be considered.

The armoring or reinforcement on two-core or three-core cables can be either
magnetic or nonmagnetic. These cases are treated separately in what follows. Steel
wires or tapes are generally used for magnetic armor.

When nonmagnetic armor is used, the losses are calculated as a combination of
sheath and armor losses. The equations set out above for sheath losses are applied,
but the resistance used is that of the parallel combination of sheath and armor, and
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the sheath diameter is replaced by the rms value of the mean armor and sheath di-
ameters.

For nonmagnetic tape reinforcement where the tapes do not overlap, the resis-
tance of the reinforcement is a function of the lay length of the tape. The advice
given in IEC 60287 to deal with this is as follows.

1. If the tapes have a very long lay length, that is, are almost longitudinal tapes,
the resistance taken is that of the equivalent tube, that is, a tube having the
same mass per unit length and the same internal diameter as the tapes.

2. If the tapes are wound at about 54° to the axis of the cable, the resistance is
taken to be twice the equivalent tube resistance.

3. If the tapes are wound with a very short lay, the resistance is assumed to be
infinite; hence, the reinforcement has no effect on the losses.

4. If there are two or more layers of tape in contact with each other and having a
very short lay, the resistance is taken to be twice the equivalent tube resis-
tance. This is intended to take account of the effect of the contact resistance
between the tapes.

The loss factor is then given by the following expressions.

1.6.5.1 Single-Conductor Cables

With Nonmagnetic Wire Armor

RA Rs
/\IZT'X )‘2=W'X

where

__RR,
X~ R, +R,)

With Magnetic Wire Armor. The armor losses are lowest when the armor and
sheath are bonded together at both ends of a run; thus, this condition is selected for
the calculations below. The method gives a combined sheath and armor loss for ca-
bles that are very widely spaced (greater than 10 m). It has been applied for subma-
rine cables where the cable spacing may be very wide and there is a need for the
mechanical protection provided by the steel wire armor. The following method does
not take into account the possible influence of the surrounding media, which may
be appreciable, in particular for cables laid under water. It gives values of sheath
and armor losses that are usually higher than the actual ones, so that ratings are on
the safe side.

The ac resistance of the armor wires will vary between about 1.2 and 1.4 times
its dc resistance, depending on the wire diameter, but this variation is not critical
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because the sheath resistance is generally considerably lower than that of the armor
wires. For magnetic wire, the armor loss factor is obtained from

A=y = R B3+ B} +R.B,
* RLRABY B}

where
Bi=w(H;+H +H;) B,=wH,
and
2s; n.d?
H,=2x107In - H, =mpu, 74, 107 sin B cos y
d
H, = mu, (d 1077 sin B sin y = 0.4(u, cos’ B—l) Z)10-6

Average values for magnetic properties of armor wires with diameters in the
range of 4-6 mm and tensile strengths on the order of 40 Mpa:

=400
M, = 10 for armor wires in contact
@, = 1 for armor wires that are spaced
v= 74

1.6.5.2 Three-Conductor Cables, Steel-Wire Armor. The loss factor de-
pends on the armor construction as follows.

Round Conductor Cable

27 R\, (2.77R,, 106)2
— +1

For the SL type cables, A, calculated above should be multiplied by (1 — A1), where
A1 is calculated in the section on the sheath loss factor for SL type cables.

Sector-Shaped Conductors

A 0358—(2”)2 !
R\ 4, (2.77R,, 106)z+

w
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1.6.5.3 Three-Conductor Cables, Steel-Tape Armor or Reinforce-
ment. The two components of the armor loss factor are computed as follows:

L S0 L 2.235%%8,10°8
2= Rds, M T R4

with

5= — k= — (L
0_7Tda —1+da %
7238

p is usually taken as 300.
Finally,

A =AS+ AL

1.6.5.4 Pipe-Type Cables in Steel Pipe, Pipe Loss Factor. For a pipe
type cable, the loss factor in the metallic pipe depends on the cable arrangement in
the pipe. The loss factor is given by

{ f\is(A-s+B-d, »
/\2—(@ — 7R 10

where constants A and B are taken from Table 1-4.

1.6.6 Thermal Resistances

The internal thermal resistances and capacitances are characteristics of a given ca-
ble construction and were defined in Section 1.3. Without loss of accuracy, we will
assume that these quantities are constant and independent of the component temper-
ature. Where screening layers are present, we will also assume that for thermal cal-
culations, metallic tapes are part of the conductor or sheath, whereas semiconduct-
ing layers (including metallized carbon-paper tapes) are part of insulation.

The units of the thermal resistance are K/W for a specified length. Since the
length considered here is 1 m, the thermal resistance of a cable component is ex-
pressed in K/W per meter, which is most often written as K - m/W. This should be

Table 1-4 Constants for loss factor calculations in pipe-type cables

Configuration A B
Cradled 0.00438 0.00226
Triangular bottom of pipe 0.0115 -0.001485
Mean between trefoil and cradled 0.00794 0.00039

Three-core cable 0.0199 -0.001485
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distinguished from the unit of thermal resistivity, which is also expressed as K -
m/W. In transient computations discussed in Section 1.5, thermal capacitances as-
sociated with the same parts of the cable were identified. The unit of thermal capac-
itance is J/K - m and the unit of the specific heat of the material is J/K - m®. The
thermal resistivities and specific heats of materials used for insulation and for pro-
tective coverings are given in Table 1-5.

Table 1-5 Values of thermal resistivity and capacity for cable materials (IEC 60287, 1994)

Thermal Thermal
resistivity (p)  capacity (c - 107)
Material (K- m/W) [¥/(m? - K)]
Insulating materials*
Paper insulation in solid-type cables 6.0 2.0
Paper insulation in oil-filed cables 5.0 2.0
Paper insulation in cables with external gas pressure 5.5 2.0
Paper insulation in cables with internal gas pressure
a) preimpregnated 6.5 2.0
b) mass impregnated 6.0 2.0
PE 3.5 2.0
XLPE 3.5 2.0
Polyvinyl chloride
up to and including 3 kV cables 5.0 1.7
greater than 3 kV cables 6.0 1.7
EPR
up to and including 3 kV cables 35 20
greater than 3 kV cables 5.0 2.0
Buty! rubber 5.0 24
Rubber 5.0 24
Paper—polypropylene—paper (PPL) 6.5 2.0
Protective coverings
Compounded jute and fibrous materials 6.0 2.0
Rubber sandwich protection 6.0 2.0
Polychiroprene 5.5 2.0
PVC
up to and including 35 kV cables 5.0 1.7
greater than 35 kV cables 6.0 1.7
PVC/bitumen on corrugated aluminum sheaths 6.0 1.7
PE 35 24
Materials for duct installations
Concrete 1.0 2.3
Fiber 4.8 2.0
Asbestos 2.0 2.0
Earthenware 12 1.8
PVC 6.0 1.7
PE 35 2.4

*For the purpose of current rating computations, the semiconducting screening materials are assumed to
have the same thermal properties as the adjacent dielectric materials.
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The thermal resistances of the insulation and the external environment of a cable
have the greatest influence on cable rating. In fact, for the majority of buried cables,
the external thermal resistance accounts for more than 70% of the temperature rise
of the conductor. For cables in air, the external thermal resistance has a smaller ef-
fect on cable rating than in the case of buried cables.

The calculation of thermal resistances of the internal components of cables for
single-core cables, whether based on rigorous mathematical computations or empir-
ical investigations, is straightforward. For three-core cables the calculations are
somewhat more involved. Also, the calculation of the external thermal resistance
requires particular attention. The relevant formulae are given below.

1.6.6.1 Thermal Resistance of the Insulation

Single-Conductor Cables. The thermal resistance between one conductor and
the sheath is computed from

2
T1=%ln(l+ dcl)

For oval-shaped conductors, the diameter over the insulation is the geometric
mean of the minor and major diameters over the insulation.

For corrugated sheaths, ¢, is based on the mean internal diameter of the sheath
which is equal to [(D;, + D,.)/2] - t,.

The dimensions of the cable occur in In[1 + (2¢,/d,)] and, therefore, this expres-
sion plays the role of a geometric factor or shape modulus, and has been termed the
geometric factor.

Three-Conductor Belted Cables. The computation of the internal thermal resis-
tance of three-core cables is more complicated than for the single-core case. Rigor-
ous mathematical formulas cannot be determined, although mathematical expres-
sions to fit the conditions have been derived either experimentally or numerically.
The general method of computation employs geometric factor (G) in place of the
logarithmic term in the equation given above; that is,

The value of G is obtained from Figure 1-12.
For cables with sector-shaped conductors,

G=F1 i —3+$
= an,_ and Fy= Imd. + =1

Also, d, = external diameter of the belt insulation, mm.
All three-core cables require fillers to fill the space between insulated cores and
the belt insulation or a sheath. In the past, when impregnated paper was used to in-
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sulate the conductors, the resistivity of the filler material very closely matched that
of the paper (around 6 K - m/W). Because polyethylene insulation has much lower
thermal resistivity (3.5 K - m/W), the higher thermal resistivity of the filler may
have a significant influence on the overall value of T, and, hence, on the cable rat-
ing. For these cables, the following approximating formula is applied:

Pi
le?ller _ ﬁ G+0.03 I(Pf“ pi)e°'67’/dc

where prand p; are the thermal resistivities of filler and insulation, respectively, and
G is the geometric factor obtained from Figure 1-12, assuming p,= p.

Three-Conductor Shielded Cables. Screening reduces the thermal resistance of a
cable by providing additional heat paths along the screening material of high thermal

G
3.0
U_y0
t o9
0.8
0.7
0.6
0.5
25
20
1.5 t = thickness of insulation
between conductors
11 = thickness of insulation
between conductor
10 and sheath
dc =diameter of conductor
(circular)
0.5 1 | | [

0 05 10 15 20 25 3.0 5‘15

Figure 1-12  Geometric factor for three-core belted cables with circular conductors (IEC
60287, 1994).
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conductivity, in parallel with the path through the dielectric. The thermal resistance of
the insulation is thus obtained in two steps. First, the cables of this type are considered
as belted cables for which ¢,/¢=0.5. Then, in order to take account of the thermal con-
ductivity of the metallic screens, the results are multiplied by a factor X, called the
screening factor, values of which are obtained from Figure 1-13. Thus, we have

P
Ty=K5_-G

As discussed above, filler resistivity may have a significant influence on the val-
ue of T, for plastic-insulated cables. However, for screened cables, IEC advises that
no additional modifications of the above formula be taken.

Screening
factor K

3.0

81 = thickness of metallic screen

on core

Pt =thermal resistivity of insulation

d_ = diameter of conductor (circular)
25 ¢

t1 = thickness of insulation between

conductor and screen
Py =thermal resistivity of screening
material:

27 x 10"* K-m/W for copper
2.0 - 48 x 10" K-m/W for aluminum
1.5

H_10
1.0
0.6
0.5 ' : Sy xp
0 05 10 15 20 25 3.od1TT
x X Pm

Figure 1-13 Thermal resistance of three-core screened cables with circular conductors
compared to that of a corresponding unscreened cable (IEC 287, 1994).
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For cables with sector-shaped conductors,

9t

d
G=F,ln(—) and F|=3+W

2r,

The screening factor is obtained from Figure 1-14.

Oil-Filled Cables with Round Conductors and Round Oil Ducts Between
Cores. In cables of this construction, oil ducts are provided by laying up an open
spiral duct of metal strip in each filler space. The expression for the thermal resis-
tance between one core and the sheath was obtained experimentally:

Screening
factor K
1.0
8, =thickness of screen
Py = thermal resistivity of insulation
dx = diameter of circular conductor
having the same section and
0.9 compaction
t, =thickness of insulation between
1
conductor and screen
Py, =thermal resistivity of screening
material:
0.8 |~ 27 x 10™* K-m/W for copper

48 x 10™ K-m/W for aluminum

0.7
=1.0
0.6
05 : ' . ' ' 3 xp
0 5 10 15 20 25 30 d1—T
X X pm

Figure 1-14 Thermal resistance of three-core screened cables with sector-shaped conduc-
tors compared to that of a corresponding unscreened cable (IEC 287-2-1, 1994).
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~ 21,
T, = 03580\ 7537

where ¢; (mm) is the thickness of core insulation, including carbon black and metal-
lized paper tapes plus half of any nonmetallic tapes over the three laid-up cores.
This equation assumes that the space occupied by the metal ducts and the oil inside
them has a very high thermal conductance compared with that of the insulation; the
equation, therefore, applies irrespective of the metal used to form the duct or its
thickness.

Three-Core Cables with Circular Conductors and Metal-Tape Core Screens
and Circular Oil Ducts between the Cores. The thermal resistance between one
conductor and the sheath is

T,=035p\0.923 - =5

where t; (mm) is the thickness of core insulation, including the metal screening
tapes plus half of any nonmetallic tapes over the three laid-up cores.

SL Type Cables. In SL type cables the lead sheath around each core may be as-
sumed to be isothermal. The thermal resistance T} is calculated the same way as for
single-core cables.

1.6.6.2 Thermal Resistance between Sheath and Armor, T,

Single-Core, Two-Core, and Three-Core Cables Having a Common Metallic
Sheath. The thermal resistance between sheath and armor is obtained from Equa-
tion (1.14), representing thermal resistance of any concentric layer. With the nota-
tion applicable to this part of the cable, we have

2
T2=%ln<1+ Dj)

SL-Type Cables. In these cables, the thermal resistance of the fillers between
sheaths and armoring is given by

_L5
where G is the geometric factor given in Figure 1-15.

1.6.6.3 Thermal Resistance of Outer Covering (Serving), T;. The exter-
nal servings are generally in the form of concentric layers, and the thermal resis-
tance T; is given by
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o ol

Sheaths touching

06

0.3 r

Equal thicknesses of material
between sheaths and between

02 sheaths and armor
01
0 | 1 | | |
0 0.05 0.10 0.15

Thicknesses of material between sheaths and
armor expressed as a fraction of the outer
diameter of the sheath

Figure 1-15 Geometric factor for obtaining the thermal resistances of the filling material
between the sheaths and armor of SL-type cables (IEC 287-1-1, 1994).

2
Iy= 1n(1+3z,—)

For corrugated sheaths,

T—-—p—l Doc+2t3
2727 N (Dot Dy,
2 s

1.6.6.4 Pipe-Type Cables. For these three-core cables, the following compu-
tational rules apply:
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1. The thermal resistance T; of the insulation of each core between the conduc-
tor and the screen is calculated from the equation for single-core cables.

2. The thermal resistance 7, is made up of two parts:

(a) The thermal resistance of any serving over the screen or sheath of each
core. The value to be substituted for part of 7}, in the rating equation is
the value per cable; that is, the value for a three-core cable is one-third of
the value of a single core. The value per core is calculated by the method
given in Section 1.6.6.2 for the bedding of single-core cables. For oval
cores, the geometric mean of the major and minor diameters Vd,d,, is
used in place of the diameter for a circular core assembly.

(b) The thermal resistance of the gas or liquid between the surface of the
cores and the pipe. This resistance is calculated in the same way as part
T,, which is between a cable and the internal surface of a duct, as given in
Section 1.6.6.5. The value calculated will be per cable and should be
added to the quantity calculated in (a) above, before substituting for 7, in
the rating equation .

3. The thermal resistance T3 of any external covering on the pipe is dealt with as
in Section 1.6.6.3. The thermal resistance of the metallic pipe itself is negligi-
ble.

1.6.6.5 External Thermal Resistance. The current-carrying capability of ca-
bles depends to a large extent on the thermal resistance of the medium surrounding
the cable. For a cable laid underground, this resistance accounts for more than 70%
of the temperature rise of the conductor. For underground installations, the external
thermal resistance depends on the thermal characteristics of the soil, the diameter of
the cable, the depth of laying, mode of installation (e.g., directly buried, in thermal
backfill, in pipe or duct, etc.), and on the thermal field generated by neighboring ca-
bles. For cables in air, the external thermal resistance has a smaller effect on the ca-
ble rating. For aerial cables, the effect of installation conditions (e.g., indoors or out-
doors, proximity of walls and other cables, etc.) is an important factor in the
computation of the external thermal resistance. In the following sections, we will de-
scribe how the external thermal resistance of buried and aerial cables is computed.

External Thermal Resistance of Buried Cables—Directly Buried Cables. For
buried cables, two values of the external thermal resistance are calculated: Ty, cor-
responding to dielectric losses (100% load factor); and T}, the thermal resistance
corresponding to the joule losses, where allowance is made for the daily load factor
(LF) and the corresponding loss factor p (a more detailed discussion about the load
loss factor is offered in Chapter 5):

w=03-(LF)+0.7 - (LF)

The effect of the loss factor is considered to start outside a diameter D,, defined
as D, = 61200V &(length of cycle in hours) where § is soil diffusivity (m?/h). For a
daily load cycle and typical value of soil diffusivity of 0.5 x 1076 m?/s, D, is equal
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to 211 mm (or 8.3 in). The value of D, is valid even when the diameter of the cable
or pipe is greater than D,.

The following expressions are used to calculate the external thermal resistance
of a single cable or a group of equally loaded identical cables:

Ps In

h=3z10—p,

4L -F P D, AL -F
- T4,L= 2ﬂ_<lnﬁe+p,'ln—Dx——>

For cables in pipes, one should use D, in place of D, in the above formulas.

A factor F accounts for the mutual heating effect of the other cables or cable
pipes in a system of equally loaded, identical cables or cable pipes. For several
loaded cables placed underground, we must deal with superimposed heat fields.
The principle of superposition is applicable if we assume that each cable acts as a
line source and does not distort the heat field of the other cables. Therefore, in the
following subsections, we will assume that the cables are spaced sufficiently apart
so that this assumption is approximately valid. The axial separation of the cables
should be at least two cable diameters. The case in which the superposition princi-
ple is not applicable is discussed in Section 9.6.3 of Anders (1997).

The distances needed to compute factor F are defined in Figure 1-16. These are
center-to-center distances.

For cable p:
dpl dp2 dpk dpq
1'-W
) p'
N
y @ q
@
L1q Lk Lp Lq
Air
Ground
L1 Lp Lq
®
K q
@ W P
Cable No. 1

Figure 1-16 Illustration of the development of an equation for the external thermal resis-
tance of a single cable buried under an isothermal plane.
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There are (g — 1) terms, with the term d/,,/d,, excluded. The rating of the ca-
ble system is determined by the rating of the hottest cable or cable pipe, usually
the cable with the largest ratio, L/D,. For a single isolated cable or cable pipe, F
= 1.

When the losses in the sheaths of single-core cables laid in a horizontal plane are
appreciable, and the sheaths are laid without transposition and/or are bonded at all
Jjoints, the inequality of losses affects the external thermal resistance of the cables.
In such cases, the value of the F factor used to calculate 7, and T, is modified by

first computing the sheath factor (SHF):

1+0.5(A/) + A
(SHF) = lg_ll\lr:' 12

and then calculating
F’=FGSHD

External Thermal Resistance of Buried Cables—Cables or Cable Pipes
Buried in Thermal Backfill. In many North American cities, medium- and low-
voltage cables are often located in duct banks in order to allow a large number of
circuits to be laid in the same trench. The ducts are first installed in layers with the
aid of distance pieces, and then a bedding of filler material is compacted after each
layer is positioned. Concrete is the material most often used as a filler. High- and
extra-high-voltage cables are, on the other hand, often placed in an envelope of
well-conducting backfill to improve heat dissipation. What both methods of instal-
lation have in common is the presence of a material that has a different thermal re-
sistivity from that of the native soil. The first attempt to model the presence of a
duct bank or a backfill was presented by Neher and McGrath (1957) and later
adopted in IEC Standard 60287 (1982). Later, the basic method of Neher and Mc-
Grath was extended to take into account backfills and duct banks of elongated rec-
tangular shapes, and to remove the assumption that the external perimeter of the
rectangle is isothermal.

The application of a thermal backfill is discussed in some detail in Chapter 4 of
this book. The formulae presented below and used in Chapter 4 apply to the case in
which the longer to shorter length ratio is smaller than 3.

When the cables are installed in a backfill or duct bank, the following modifica-
tion of the expressions for the external thermal resistance are applied:

Pe 4L-F N
=5 In . " 57 (Pe = PG

p. {. D, 4L -F N
Tan= 54 (ln D, T In D, Ko (0. = p)Gy
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where

L 1 x4 x 2 x
G, =In[u+ V@2 -1)] u=r—: and 1nr,,=5;(;—;>1n(1+x—2)+1n7

External Thermal Resistance of Buried Cables—Cables in Ducts and Pipes.
This section deals with the external thermal resistance of cables in ducts or pipes
filled with air or a liquid. Cables in ducts that have been completely filled with a
pumpable material having a thermal resistivity not exceeding that of the surround-
ing soil, either in the dry state or when sealed to preserve the moisture content of the
filling material, may be treated as directly buried cables.

The external thermal resistance of a cable in duct or pipe consists of three parts:

1. The thermal resistance of the air or liquid between the cable surface and the
duct internal surface, T.

2. The thermal resistance of the duct itself, 7} The thermal resistance of a met-
al pipe is negligible.

3. The external thermal resistance of the duct, T/

The value of T, to be substituted in the current rating equation will be the sum of
the individual parts; that is:

T,=Ty+T{+Ty"  Ty,=Ty+T{+Ti!

The constituent thermal resistances are computed from the following formulae:

, U
Ta= 1301w+ ve,)D,

Constants U, ¥, and Y are read from Table 1-6.

Table 1-6 Values of contants U, V, and Y (IEC 60287, 1994)

Installation condition U \'% Y
In metallic conduit 5.2 14 0.011
In fiber duct in air 5.2 0.83 0.006
In fiber duct in concrete 5.2 0.91 0.010
In asbestos cement
duct in air 52 1.2 0.006
duct in concrete 5.2 1.1 0.011
Earthenware ducts 1.87 0.28 0.0036
Gas pressure cable in pipe 0.95 0.46 0.0021

Oil-pressure, pipe-type cable 0.26 0.0 0.0026
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Ty =L 2
4_277 nDd

where p is the thermal resistivity of duct material. For metal ducts, T} = 0 and

. Pe D, 4L'F N
Try= 27.‘.(1 D tpln—— +N27.‘.(Pe PG

External Thermal Resistance of Buried Cables—Unequally Loaded or Dis-
similar Cables. The method suggested for the calculation of ratings of a group of
cables set apart is to calculate the temperature rise at the surface of the cable under
consideration caused by the other cables of the group, and to subtract this rise from
the value of A@ used in Equation (1.40) for the rated current. An estimate of the
power dissipated per unit length of each cable must be made beforehand, and this
can be subsequently amended as a result of the calculation where it becomes neces-
sary.
For cable j, the losses are

W;=nlIFR(1+ Ay + A + Wy
The thermal resistance between cable j and cable i, the cable being studied, is

ps . dj . .
In 7 for directly buried cables
i

= 2m

; N
T;= 27r dj + > 5—=(p.— p.)Gp, for cables in backfill or duct bank

The temperature rise at the surface of cable i due to the losses in cable j is given
by

Ab;=W; Ty

and the temperature rise at the surface of cable i due to all other cables in the group
is computed from

N
A= > AG;
J=1

J#

External Thermal Resistance of Cables in Air—Simple Configurations. Heat
transfer phenomena are more complex for cables installed in free air than for those
located underground. The external thermal resistance of cables in air can be written
as
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|
L= 7D,
where 4, is the total heat transfer coefficient defined in Equation (1.21). This coeffi-
cient is a nonlinear function of the cable surface temperature and one approxima-
tion, proposed in IEC 60287 (1994), is

1
= mDmEey™
where A (W/m2K>/4) is the heat transfer coefficient embodying convection, radia-
tion, conduction, and mutual heating and is given by the following analytical ex-
pression:

he o tE

Constants Z, E, and g are given in Table 1-7. Served cables and cables having a
nonmetallic surface are considered to have a black surface. Unserved cables, either
plain lead or armored, should be given a value of / equal to 88% of the value for the
black surface.

The cable surface temperature rise is obtained iteratively from the following
equation:

AG+A6; |ia
(A6 = [W]

The iterations are started by setting the initial value of (A6,)"* = 2 and reiterating
until (A6)4, — (AG,* < 0.001.
The variable K, is defined as

nD*h

T,
= m[% F(+ANT+(1+ A+ Az)T3]

A6, is the temperature rise caused by dielectric losses and is obtained from
Equations (1.41) and (1.44) as

A _ l 1 T nAsz
b=Wl\ T+, +x 2/ Ter+n

If the dielectric losses are neglected, A6, =0.
When the cable is exposed to solar radiation, the following expression applies:

AGS. — A0+ A8, + gHK /mh |1
( s/ n+l T 1 +KA(A0s)1n/4
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Table 1-7 Values for constants Z, E, and g for black surfaces of cables

No. Installation VA E G Mode
1 Single cable® 021 394 060 -—» «—=03D,
2 Two cables touching, horizontal 0.21 2.35 0.50 = 0.5 D*e
3 Three cables trefoil pattern 09 125 020 -~ <—=05 De
4 Three cables touching, horizontal 062 195 025 —»<+—=05 De
5 Two cables touching, vertical 142 086 025 %> =05 De
6 Two cables spaced D, vertical 075 280 030 —®» <4+—=05 De
OJD )
__ Ve
O1
7 Three cables touching, vertical 1.61 043 020 ~—»<4+=10 De
8 Three cables spaced D, vertical 1.31 200 020 P |*= 1.0 D*e
Ox_,
Ox
D¢
O 1
9 Single cable 1.69 0.63 0.25
O
10 Three cables in trefoil 094 079 020

4Values for a “single cable” also apply to each cable of a group when they are spaced horizontaily with a
clearance between cables of at least 0.75 times the cable overall diemeter.
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The solar absorption coefficients for various covering materials are given in
Table 1-8.

Plain lead or unarmored cables should be assigned a value of / equal to 80% of
the value for a cable with a black surface.

Ambient temperature should be increased by A6,,, where

A6, = oD*HT,

External Thermal Resistance of Cables in Air—Derating Factors for Groups
of Cables in IEC 601042 (1991). An approach to dealing with groups of identical
cables in air, shown in Figure 1-17, is presented in IEC60287-2-2 (1995) and dis-
cussed in Anders (1997). The following limitations apply in this case:

1. A maximum of nine cables in a square formation (the last arrangement in
Figure 1-17a)

2. A maximum of six circuits, each comprising three cables mounted in a trefoil
pattern, with up to three circuits placed side by side or two circuits placed one
above the other (the last arrangement in Figure 1-17b)

3. Cables for which dielectric losses can be neglected (usually, only lower volt-
age polymeric cables are installed in groups).

When cables are installed in groups as shown in Figure 1-17, the rating of the
hottest cable will be lower than in the case when the same cable is installed in isola-
tion. This reduction is caused by mutual heating. A simple method to account for
this mutual heating effect is to calculate the rating of a single cable or circuit using
the method described in the previous section and apply a reduction factor. This is
defined as follows:

L,=F,-1I,

where

I, = rating of the hottest cable in the group, A

I, = rating of the same cable or circuit isolated, A
F, = group reduction factor

Table 1-8 Absorption coefficient of solar
radiation values for cable surfaces

Material o
Bitumen/jute serving 0.8
Polychloroprene 0.8
PVC 0.6
PE 0.4

Lead 0.6




68 REVIEW OF POWER CABLE STANDARD RATING METHODS
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&

Figure 1-17 Typical groups of (a) multicore cables, and (b) trefoil circuits.

(b)

The reduction in current is a result of an increase in the external thermal resis-
tance of a cable or circuit in a group as compared to the case in which the cable or
circuit is installed in isolation. A basic criterion is that the temperature rise above
ambient of the conductor be the same for the grouped and isolated cases.

The reduction factor is computed from

1
Fe \/ T=F kT T
where

_ W, Ty
kl - Bc'_oamb

and

T,, = external thermal resistance of the hottest cable in the group, K - m/W

T,; = external thermal resistance of one cable, assumed to be isolated, used to com-
pute the rated current 7, K - m/W

W= power loss from one multicore cable or one single-core cable mounted in a tre-
foil pattern, assumed to be isolated, when carrying the current 7;, W/m

The term 7,,/T,, can be calculated from the ratio (,/,) by using the iterative re-
lationship
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(&) :ﬁ[ 1-k +k:|0'25
T41 n+l hg (T4g/ T4I)n !
and starting with (7,,/Ty), = (h/hy). The above equation converges quickly, and
one iteration with (74/T4;), = (h/hy) is usually sufficient. Alternatively, when
(h//hg) is less than 1.4, it is sufficient to substitute (4,/h,) for (T,,/T,) in the equation
for F,.

Vglues for the ratio (h/h,) have been obtained empirically and are given in of
Table 1-9 (IEC 1042, 1991).

If a clearance exceeding the appropriate value given in column 2 of Table 1-9
cannot be maintained with confidence throughout the length of the cable, the reduc-
tion coefficient is determined as follows.

1. For horizontal clearances, we assume that the cables are touching each other

or the vertical surface. Appropriate values are given in column 4 of Table 1-

9.

2. For vertical clearances, the reduction coefficient due to grouping is derived
according to the value of the expected clearance:

a) Where the clearance is less than the appropriate value given in column 2 of
Table 1-9, but can be maintained at a value equal or exceeding the mini-
mum given in column 3, the appropriate value of (#,/h,) is obtained from
the formula in column 4.

b) Where the clearance is less than the minimum given in column 3, we as-
sume that the cables are touching each other. Suitable values of (h/h,) are
provided in column 4 of Table 1-9.

The values in column 4 are the average values for cables having diameters from
13 to 76 mm. More precise values for multicore cables may be evaluated for a spe-
cific cable diameter, both inside and outside this range, by consulting Table 1-7.

1.6.7 Thermal Capacitances

In Section 1.3.1.2, thermal capacitance was defined as the product of the volume of
the material and its specific heat. In the following section, formulas for special and
concentric layers are presented. In all formulas, Q is the thermal capacitance (J/K -
m) and c is the specific heat of the material (J/K - m?).

1.6.7.1 Oil in the Conductor. The thermal capacitance of oil inside the con-
ductor is obtained from

Td*?
Qo=< 7 +S'F)c

where F is a factor representing the unfilled cross section (usually 0.36).
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Table 1-9 Data for calculating reduction factors for grouped cables

Thermal
proximity effect
is negligible
if e/D, is greater Ife/D.is Average value
Arrangement of cable then or equal to:  less then of hy/h®

Side by Side

e
2 multicore é.l l‘7 b 0.5 0.5 1.41

Tt
3 multicore @ @ @ 0.75 0.75 1.65

Thermal proximity
effect is not negligible

2 trefoils 1.0 1.0 1.2

3 trefoils 1.5 1.5 1.25
One above the other
2 multicore @ 2 20r0.5 1.085(e/D,)y 0128

or 1.35

3 multicore @ 4 40105 1.19 (e/D)y %136

; or 1.57
2 trefoils a 4 40r0.5 1.106 (/D)0

ﬁﬁ or 1.39

Near to a vertical 0.5 0.5 1.23

surface or to a j O

horizontal surface
below the cable

“The formulae for (,/h,) given in column 4 of this table shall not be used for values of e/D, less than 0.5 or
greater than the appropriate values given in column 1.

bAverage values for cables having diameter from 13 mm to 76 mm. More precise values of (4;/h,) for multicore
cables may be evaluated for a specific cable diameter, both inside and outside this range, by consulting Table V
of IEC 287.
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1.6.7.2 Conductor. The thermal capacitance of the conductor is given by
0.=Sc

1.6.7.3 Insulation. Representation of the capacitance of the insulation de-
pends on the duration of the transient. For transients lasting longer than about 1 h,
the capacitance of the insulation is divided between the conductor and the sheath
positions according to a method given by Van Wormer (1955) (see Section
1.3.1.2). This assumes logarithmic temperature distribution across the dielectric
during the transient, as in the steady state. The total thermal capacitance is ob-
tained as

0= (DR -d¥)c

The portion pQ; is placed at the conductor and the portion (1 — p)Q; at the sheath,
where p is the Van Wormer coefficient, defined in Equation (1.24) as

1 1
p= D\ - (D;}?
2'“(7) (d—) -

From the thermal point of view, the thickness of the dielectric includes any non-
metallic semiconducting layer either on the conductor or on the insulation.

For shorter durations (less than 1 h), it has been found necessary to divide the in-
sulation into two portions having equal thermal resistances. The thermal capaci-
tance of each portion of the insulation is then assumed to be located at its bound-
aries, using the Van Wormer coefficient to split the capacitances as shown in Figure
1-2. The thermal capacitance of the first part of the insulation is given by

Q,= 5 (D} -d¥—d¥)e

This capacitance is split into two parts using the Van Wormer coefficient as fol-
lows:

1
On =p*0On. Op=(1-p*)0n p*= ——’j -

&5

The total thermal capacitance of the second part is given by

aa
Qn=7(DP-D}-d¥)c
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which leads to the third and fourth part of the thermal capacitance of the insulation,
defined as

Os=p*0On, Ou=(0-p"0p

In the case of dielectric losses, the cable thermal circuit is the same as shown in
Figure 1-2, with the Van Wormer coefficient apportioning to the conductor a fraction
of the dielectric thermal capacitance given by Equation (1.24). For cables at voltages
higher than 275 kV, the Van Wormer coefficient is given by Equation (1.29).

1.6.7.4 Metallic Sheath or Any Other Concentric Layer. The thermal ca-
pacitance of all other concentric layers of cable components such as sheath, armor,
jacket, armor bedding, or serving is computed by using Equation (1.23). However,
one should remember that the thermal capacitances of nonmetallic layers have to be
divided into two parts using the Van Wormer factor given by Equation (1.25). The
appropriate dimensions for the inner and outer diameters must be used in order to
attain sufficient accuracy for short-duration transients.

1.6.7.5 Reinforcing Tapes. The thermal capacitance of the reinforcing tapes
over the sheath is

Or=n(wirtVer + (md3)c

1.6.7.6 Armor. The thermal capacitance of the armor is obtained from

NNETVE)

1.6.7.7 Pipe-Type Cables. The thermal capacitances of cable components are
computed as described above, and the thermal capacitance of the oil in the pipe is
obtained from

Qap = %(D*g - 3D*3)C

The capacitance of the oil is divided into two equal parts.

The thermal capacitance of the skid wires is generally neglected, but may be
computed using the equation for the capacitance of the armor, if needed. The ther-
mal capacitance of the metallic pipe and of the external covering are computed us-
ing Equation (1.23).

1.7 CONCLUDING REMARKS

The rating calculations described in this chapter will serve as a basis for the new
developments presented in the following chapters. In many applications discussed
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further, the external thermal resistance of the cable will be modified. In Chapter 2,
we will distinguish the thermal properties of two different regions through which
the cable route may pass, whereas in Chapter 3 we will look at the mutual thermal
resistance between the rated cable and an external heat source. The probabilistic
nature of the external thermal resistivity of buried cables will be explored in
Chapter 4. In the same chapter, we will investigate the optimal dimensions of a
thermal backfill. The calculation of the load loss factor appearing in the equation
for the external thermal resistance with a nonunity load factor is addressed in
Chapter 5. For cables in air, discussed in Chapter 6, several alternative approach-
es to the computation of the convective and radiative heat transfer coefficients will
be introduced.
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I CHAPTER 2

Ampacity Reduction Factors
for Cables Crossing Thermally
Unfavorable Regions

When power cables cross regions with unfavorable thermal conditions, tempera-
tures higher than the design value can occur. If the region is wide enough, the rating
of the cable will usually be based on the assumption that the entire route is charac-
terized by the same conditions. In a majority of cases, the unfavorable thermal envi-
ronment will be very short, usually a few meters (e.g., a street crossing). In these
cases, the effect of the crossing is usually ignored. However, the conductor temper-
ature in such cases may be much higher than in the remainder of the route, and ca-
ble derating is required. Often, the cables crossing streets are laid in metallic or
nonmetallic pipes. In such cases, a smaller ampacity reduction can be achieved if
ventilated pipes are installed. In this chapter, an analytical solution for the computa-
tion of the derating factors is presented and the effect of pipe ventilation is exam-
ined. The major reference sources on this subject are Brakelmann, (1985, 1999a,b),
Brakelmann and Anders (2004a,b), and Weedy (1988).

2.1 CABLES CROSSING THERMALLY UNFAVORABLE REGIONS

2.1.1 Introduction

Power cables are usually laid in congested urban areas and very seldom are the ther-
mal conditions along their route constant. Cables are usually laid along the street
length. Occasionally, they are located in a greenbelt and cross streets at right angles.
Even if no street crossing occurs, the presence of the trees will considerably change
the local thermal environment. When a rated cable crosses an area of unfavorable
thermal characteristics, its temperature will be higher than if it was in a uniform en-
vironment for which the rating is normally calculated. A common occurrence of ca-
bles crossing a paved parking lot may raise the conductor temperature by as much
as 10°C if the soil composition is the same as outside the crossing (Williams, 1997).
As will be shown below, the additional conductor temperature rise may exceed
20°C under some particularly unfavorable conditions. Therefore, the ampacity of
the rated cable should be reduced accordingly. Up to 40% reduction may be re-
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quired, as illustrated in the numerical example in Section 2.1.4. This is much larger
than the up to 5% reduction considered by some utilities. On the other hand, many
utilities do not derate cables crossing unfavorable thermal environments. This prac-
tice may lead to premature cable failures as the circuits become more heavily
loaded.

The magnitude of the required cable derating will depend on the following fac-
tors:

® The length of the unfavorable portion of the route

o The difference in the thermal resistivities of the native soil and the crossed
area

e The difference in the ambient temperature at the two sections

® The laying condition of the cable in the unfavorable environment

The derating model developed in the next section will take into account all of
these factors. The numerical examples in Section 2.1.4 will show how important
each of these factors is in the cable rating process.

2.1.2 Ampacity Reduction Modeling

In the development of a mathematical model, we will use the cable laying exam-
ple shown in Figure 2-1. In this figure, the cable is rated for the conditions char-
acterizing Region 2, and we assume that it crosses a short section of unfavorable
thermal conditions, represented by Region 1. The length of this section is equal to
by m. In addition, the ambient temperature may be different in both sections, as il-
lustrated in Figure 2-1 with superscripts 1 and 2, respectively. When crossing
streets, cables are often placed in short sections of pipes. This is also shown in
Figure 2-1.

To find the temperature at any point of the rated cable, taking into account its
longitudinal heat flux and the changing environment, we will discretize the length
of the rated circuit along the z-axis as shown in Figure 2-2. The notation for the loss
factors and the thermal resistances is the same as in Section 1.2 with the exception
of the longitudinal heat flow ¢; and the conductor thermal resistance 7, which are
discussed next.

2.1.3 Temperature Distribution Along the Rated Cable

In Figure 2-2, the thermal resistances with subscripts 1, 2, and 3 are the internal
quantities for the cable as defined in the IEC Standard 287 (1994). AT, [K/(W-m)]
is the longitudinal thermal resistance of the cable computed from

Pe
I,=% @.1)
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Figure 2-1 Cable crossing thermally unfavorable region.
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where 4 (m?) is the cross-sectional area of the conductor. p, is the thermal resistivi-
ty of the material (K - m/W).
For cables located in ducts or pipes, the longitudinal thermal resistance of the air

or oil in the pipe can be neglected. The thermal resistance of the air in the duct or oil

in the pipe due to a radial heat transfer is included in the value of T, as described
below.

The only difference between the two regions of the diagram is in the value of the
external thermal resistance and the ambient temperature. The radial external ther-
mal resistance in region 1, T, is composed of three components:

1.

The thermal resistance of the air or liquid between the cable surface and the

duct internal surface, T,V

metal pipe is negligible.

. The external thermal resistance of the duct, 7'M

. The thermal resistance of the duct itself, T,'(). The thermal resistance of a
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Conductor
T qj [NaZ]=0

AWc

Figure 2-2 Discretized length & - Az of the rated cable with the thermal resistances AT cor-
responding to the length Az of the discretization interval (from Brakelmann and Anders
2004, with permission from IEEE Press).

Thus,
TP = T + 70 4 T (2.2)

The details of the computations of thermal resistances and other cable parame-
ters are discussed in Anders (1997); a summary of the relevant formulas is offered
in Chapter 1.

The network representation in Figure 2-2 allows us to consider the heat flow in
two directions—radial and longitudinal—in what essentially is a three-dimensional
problem.

Our first goal is to obtain a differential equation describing the heat transfer in
both regions [Equation (2.16)] followed by the development of the solution to this
equation resulting in the conductor temperature profile along the cable route [Equa-
tions (2.30) and (2.31)]. In the development of the influence of the changing envi-
ronment on the cable rating, we will consider a small element of the cable with the
length dz, as shown in Figure 2-3 where W,(z) is the heat generated by the short sec-
tion of the cable conductor.

In the steady state, from the energy conservation principle, we have

Wi2)- Az + W, - (z - Az) = Wz) - Az + W, (2) 2.3)
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Figure 2-3  An element of the conductor of length Az.

From Equation (2.3), we obtain

W,
(o= W)+ 5 =0 2.4

The derivative in Equation (2.4) can be computed from the Fourier’s Law [Equa-
tion (1.1)] as

W, = 1 dé 25
L"_—T—LE (-)

Considering the heat flow in the radial direction, we have
0=0,, + A+ W, - T,+(W,— W) T, (2.6)
where
T,=T+n- (I,+T3+1T,) 2.7

6...., = ambient temperature (°C)
W, = the heat losses generated by the conductor current (W/m)

Defining the equivalent radial thermal resistance of the cable in section v (v=1,
2) as

TO=T, +n-(1+A) - To+n -1+ A +A) (T3 + TP (2.8
the conductor temperature in each region is obtained from Equation (2.6) as:
00 =00, + AP+ W, TP + (W, - W) - TV (2.9)
where

A8, = temperature rise due to dielectric losses (°C)
0,.., = ambient temperature (°C)
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n = number of conductors in the cable
Aj, A, = sheath and armor loss factors

TO=T +n (T, + T3+ TY) (2.10)

The conductor joule losses, W,, are temperature dependent. This dependence can
be written as

W.= W[l +af6—6,)]=W.,+AW- 8 (2.11)
with
W.,=Wol-a) and AW=a W, (2.12)

where

a7 = conductor temperature coefficient of resistance (1/K)

W.o = heat rate in the rated cable at the reference temperature 6, (usually 20°C)
(W/m)

Substituting Equations (2.4), (2.5), and (2.11) into (2.9), we obtain the following
differential equation describing the conductor temperature for soil v (v= 1, 2):

v W, TV + AP + 6
R AR N 2.13)
v a2 (1-AW-TV)
where
y2=T,-(1 - AW - TMyTY (2.14)

The term on the right-hand side of Equation (2.13) is the conductor temperature
in the steady state. Introducing the notation
W T+ 865 + 660,
1-Aw- T

9(;01) =

the differential Equation (2.13) becomes

LM = g

o i IS (2.16)

The solution of this equation is sought next, leading to Equations (2.30) and
(2.31) representing the temperature distributions in both regions.

A general solution of Equation (2.16) can be written in a form of the following
hyperbolic function (Brakelmann, 1985):
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8 = 0% + 4 sinh(vy, - z) + B, cosh(y, " 2) 2.17)

The constants 4, and B, are obtained by taking into account the following
boundary conditions:

® The longitudinal heat flux disappears at the center of section 1 (z = 0) and for
z=00

® The temperature is a continuous function when it crosses the boundary.

® The heat flux is a continuous function when it crosses the boundary.

We will review these boundary conditions below.

The longitudinal heat flux and, hence, the heat transfer rate (the heat transfer rate

is obtained by multiplying heat flux by the area) at the center of zone 1 is equal to
zero. Hence,

W (z) = —A, =0=>A,=0 (2.18)

The longitudinal heat flux tends to zero when z — . Since the longitudinal heat
rate in zone 2 is given by

wP(z) = —;:—z - [4, cosh(7y, - z) + B, sinh(y; - z)] (2.19)
we have
Wz — 0)=0=A,=-B, (2.20)
Substituting these values in Equation (2.17), we obtain
#D(z) = 6V + B, cosh(y, - 2) (2.21)
and
0N2) =0, A4, -e22 (2.22)

The longitudinal heat rates in both regions now become

wi(z) = —%Bl - sinh(y, - ) (2.23)

WP (z)=-2 Ay e F (2.24)
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Since the temperature is a continues function when it crosses the boundary, that
is, 6(zg) = 63X(z,), we have

00 + By cosh(y, - z) = 62 — dye 2 %0 (2:25)

Also, since the heat flux is a continuous function when it crosses the boundary,
that is W{")(zg) = W®(z,), from Equations (2.23) and (2.24) we obtain

Y1 - By - sinh(y, - zg) =y, - A, 72770 (2.26)

From Equations (2.25) and (2.26) we can compute

o) _ g@
Bl = = »ylw‘ =-7T" Aem (2.27)
cosh(vy, - zg) + — sinh(y,; - zp)
Y2
with
1
= h( o o -— ) =1 forze =0
cos < Zy) ¥ —si -z
N2, Y1 2o (2.28)
A, = 60— 6@
and
Ab,, - 2%
A, =—e" 7. % -sinh(y, " zg) - T  Ab=— (2.29)
2

1+ coth(y, - zp)
Y2

Thus, the temperature distributions in both intervals are obtained by substituting
Equations (2.27) and (2.29) into (2.21) and (2.22), respectively:

6N(z) = 6 — (6D — 69) - 7 cosh(y, - z) (2.30)

0(2) = 82D + (6D - D) - - % - sinh(y, - zp) - €720 (2.31)
h

with by = 2 - z;, the width of Region 1.

2.1.4 Derating Factor

The rating of the cable in Figure 2-1 is obtained on the basis of the temperature in
the center of the unfavorable zone (Region 1), that is, from Equation (2.30),

oD(0) = 00 — (6D — 6@) - 7 (2.32)
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Let 6,,,, be the maximum permissible conductor temperature. Then, with #1(0)
= Omax> the rating of the cable is obtained by substituting Equation (2.15) into Equa-
tion (2.32) and solving the resulting quadratic equation for Wy, which, in turn, is
equal to W_, = Ry1?. Thus,

12 = (bla)=V(blaP = (cla)

X, (2.33)
where
a=ap f,- TO- TP (2.34)
2b=ar (Ouex = 09) - TP +f, TV -7 [(g + 709) - TV - (g + ar89) - TP
(2.35)
€= Oy — 0P+ 7- (69 - 69) (2.36)
Ja=1+ a7(Bnax — 60) (2.37)
g=1-as6, (2.38)
09 =709+ 62, (2.39)

and R, is the conductor resistance at 6 = 6,,.

If the cable were laid in the soil of Region 2 throughout the entire route, its rating
would be based on the external thermal resistance 7% and the ambient temperature
02),. Thus, the derating factor for this cable is equal to

,___b-Vb-a-c 2 40
bE== aT'Tt(l)'(omax_of‘lz)) ( . )

The coefficients y, and v, in Equations (2.30) and (2.31) are a function of con-
ductor current, hence an iterative procedure is required to obtain the derating factor.

In the following example, we will investigate the dependence of the derating
factor on the four parameters that differentiate the two zones in which the cable is
laid.

Example 2.1
We will consider a street crossing of a 138 kV high-pressure, oil-filled, pipe-type
cable, model 3. The ampacity of this cable for the uniform laying conditions is
equal to 902 A. The cable crosses a street 10 m wide with the soil thermal resistivi-
ty under the asphalt equal to 2.5 K - m/W. The ambient temperature in this section is
equal to 25°C.

For pipe-type cables, it is common to denote the thermal resistance of the oil by
T, and the covering of the pipe by T;. The value of T, will change with the value of
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the current and it will be different in the two regions; hence, it will be adjusted dur-
ing the iterations. The following equation is used to calculate 7, (Anders, 1997):

A 0.26
2= 14~ 710.00056- 0, - D,

where 0, is the mean oil temperature (°C) and D, (mm) is an outside diameter of
one core.

The cable parameters in Table 2-1, taken from Table Al, are required in the
analysis.

As noted above, the thermal resistance of the oil is temperature dependent. The
values for sections 1 and 2 are given for the current of 902 A. The external thermal
resistances of the two regions are also different and are specified above.

We will start the iterative computations by assuming conductor current equal to
that of the steady-state normal conditions. We compute the joule losses at 20°C:

PR 19.93

=TT a, (6,..-20) ~ 1+0.00393 50 _ 16-66 Wm

W 0

Thus, from Equation (2.12),
W, =W (1 — a8, = 16.66(1 —0.00393 - 20) = 15.35 W/m
AW = a;W_4=0.00393 - 16.66 = 0.0655 W/m
For the first iteration, the total thermal resistances are obtained from Equations

(2.10) and (2.8) as

Table 2-1 Values for Example 2-1

Computed parameters

Cable ampacity I1(A) 902
Conductor resistance at 0, R (ohm/km) 0.0781
Concentric/skid wires loss factor A 0.010
Pipe loss factor Ay 0.311
Thermal resistance of insulation T, (K- m/W) 0.422
Thermal resistance of oil, Region 1 T, (K - m/W) 0.046
Thermal resistance of oil, Region 2 72, (K - m/W) 0.082
Thermal resistance of jacket/pipe covering T (K- m/W) 0.017
External thermal resistance 100% LF, Region 1 T, (K m/W) 1.073
External thermal resistance 100% LF, Region 2 %, (K- m/W) 0.343
External thermal resistance nonunity LF, Region 1 T, (K-m/W) 0.903
External thermal resistance nonunity LF, Region 2 72, (K - m/W) 0.289
Losses in the conductor W, (W/m) 19.93

Dielectric losses W, (W/m) 4.83
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TO =T +n (T, + T+ T{M)=0.422+ 3 - (0.046 + 0.017 + 0.903) =3.32 K - m/W
T =0.422+3-(0.082+0.017 + 0.289) = 1.59 K - m/W

TO=Ty+n-[(1+A)Ty+ (1 + A + )T+ TP
=0.422+3-[1.01-0.046 +1.321(0.017 + 0.903)] =4.21 K- m/W

T®=0.422+3-[1.01 - 0.082 + 1.321(0.017 + 0.289)] = 1.88 K - m/W

The longitudinal thermal resistance of the conductor is (other, parallel paths for
the longitudinal heat transfer are neglected here)

0.0026

T12= 500101

=2.57 K/(m-W)

The characteristic constant v is computed from Equation (2.14):

v =VT,-(1-AW- TP = \/2'57 at “30302655 421 .75 1/m

2.57 - (1 - 0.0655 - 1.88)
V2= =1.19 I/m

1.59

The temperature rise caused by the dielectric losses is equal to
A8 = WAT\2n+ TP+ T, + T)
=3-4.83(0.422/6 +0.046 +0.017 + 1.073) = 17.48 K
AOP = WAT\2n+ TP + T+ TP)
=3-4.83(0.422/6 + 0.082 + 0.017 + 0.343) =742 K

The normalized steady-state temperatures at rated current are obtained from
Equation (2.15):

W, T+ A6+ 6, 1535-421+17.48+25
1-Aw-TD 1-0.0655 - 4.21

oL = =147.7°C

15.35-1.88+7.42+25

62 =
® 1 -0.0655 - 1.88

=70.0°C

We can now compute the conductor temperature distribution using Equations
(2.30) and (2.31). The results are shown in Figure 2-4 for the rated current of 902 A
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Figure 2-4 Temperature distribution from the center of street crossing with rated current of
902 A.

with the highest value at the center of the street crossing. At this point, the tempera-
ture reaches 147°C, and only three meters from the edge of the street (at z = 3 m)
the conductor temperature attains its design value of 70°C.

To calculate the derating factor, auxiliary variables given by Equation (2.33) are
computed first from Equations (2.34) to (2.39):

=1+ agb., — 6)=1+0.00393 - (70 — 20) = 1.20
g=1-az6,=1-0.00393-20=0.92

1 1
T= = =0.029

= 75
cosh(y, - zg) + % -sinh(y, - zp)  cosh(0.75 - 5) + %3- sinh(0.75 - 5)
2 .

0D = A + 63, = 17.48 + 25 = 42.48°C
62 =7.42 + 25 =32.42°C
a=ap f, TV T =0.00393 120 4.21 - 1.88 =0.037

2b=ar (Bpax = 09) TP +fo TV =7 [(g+ r6D) - TV — (g + ar69) - T{]
= 0.00393 - (70 — 42.48) - 1.88 + 1.20 - 4.21 — 0.029
-[(0.92 +0.00393 - 32.42) - 4.21 — (0.92 + 0.00393 - 42.48) - 1.88] = 5.19

b=2.58

€ = B — 00 + 7+ (6D — 6D) =70 — 42.48 +0.029 - (42.48 — 32.42) = 27.81
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The derating factor is now obtained from Equation (2.40):

b-Vb-ac  _ 2.58-V258-0.03727.81
ar T (Opay — 62 0.00393 - 421 - (70 — 32.42)

=0.336

DF? =

DF=0.58

The derated current is thus equal to 523 A. This current is used in the second it-
eration to compute the losses and the thermal resistance of the oil. The process con-
verges after nine iterations with the following results:

DF =0.579 I1=522A

The reduction of ampacity is very significant. In the reminder of this example,
we will explore the variation of the derating factor with changes of soil thermal re-
sistivity and the ambient temperature in section 1. Let us define two parameters:

1
x= T and y= Ol

=—= =
7Y e

In practical cable installations, the value of x can reach 3 and the ambient tem-
perature in the street crossings can easily be 5°C higher than the normal ambient.
Figure 2-5 shows the dependence of the derating factor on parameters x and y and
as a function of the width of the crossing with z, = by/2.

We can observe from Figure 2-5 that the derating factor becomes almost constant
when the width of the road equal 3 m. The required reduction in cable rating becomes
very significant and reaches 50% when the soil thermal resistivity is three times
greater than in the rest of the route and the ambient temperature is increased by 5°C.

cemy=12
1.2 d
S
B 104 > ——
8 i\ Gmmmm G e -
o 0.8 O
-% AN R, g D—----D——-3—
A A A X=
5 0.6 }——STm— — 2=
[m]
04 | 1 1 1
0 2 4 6 8 10m
bo

Figure 2-5 Derating factor as a function of the width of the crossing, thermal resistance,
and ambient temperature of the crossing area (from Brakelmann and Anders 2004, with per-
mission from IEEE Press).
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For comparison purposes, the ratings of this cable located entirely in the soil
with unfavourable conditions specified above are summarized in Table 2-2.

Thus, if the pipe-type cable crosses a street 10 m wide, and the thermal resistivi-
ty of the soil is two or three times higher than the rest of the route, the rating can be
based on the unfavorable route conditions alone. However, if the unfavorable re-
gion is only 3 m wide (e.g., cable passes in the vicinity of a tree), then the cable rat-
ing should be reduced by about 30% assuming that the thermal resistivity of the soil
is three times higher in this region than outside. ]

2.1.5 Cyclic Rating for Cable Crossing an Unfavorable Region

As indicated in Section 1.5.4, in cyclic loading calculations, the detail of the load cy-
cle is only needed over a period of 6 hours before the time of maximum temperature,
and earlier values can be represented with sufficient accuracy by using an average.
The loss-load factor u provides this average. Estimation of the time of maximum
temperature is done by inspection, bearing in mind that although it usually occurs at
the end of the period of maximum current, this may not always be the case.

Since in Equation (1.77) only parameter k£ depends on the external thermal con-
ditions, we can modify Equation (1.73) for each of the two thermal environments as

wry  _ wIY
w.IT+w;TY WIT®

k) = (2.41)

When one value of the coefficient £ has been computed, the other can be easily
obtained as follows. Assume that a cyclic rating factor M has been derived for the
cable system located in the soil with thermal resistivity p® assumed to be that of
the native soil. We will determine a new cyclic factor for the same cable system
with the soil thermal resistivity equal to ptV. The factor & in Equation (2.41) is de-
pendent on the depth of laying and soil resistivity. We will first rewrite Equation
(2.41) as follows:

Wi, W,Ty Wi, T,

TWI+wiI, TWIrWT, T.+T,

(2.42)

Witea e, T

Table 2-2 Rating and ampacity reduction factor of the pipe-type cable for specified soil
paramters

Ambient temperature Soil thermal resistivity (K - m/W)

(°C) 0.8 1.6 24

25 902 665 522
DF =1.00 DF=0.74 DF=0.58

30 841 612 472

0.93 DF =0.68 DF=0.52
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where T, is the cable internal thermal resistance as if all the joule losses were gener-
ated at the conductor.

If the laying conditions in region v = 2, for which a value of & is known, change
to conditions in region 1, then

Ty
= — (2.43)
T.+TY
and
7@
o= —2 (2.44)
T,+ TP

Computing T, from Equation (2.44) and substituting this in Equation (2.43), we
obtain

KD =

(2.45)

1
o 1—k<2)]
1+—=

70| %@

and the cyclic rating factors in Equations (1.71) and (1.77) become, respectively,

M® = ! (2.46)

0(")(6) 5 ToWG+1)  69()
\/ ”[ ] PRt 1 G

_ 1
MY = \/(—] — k(U))YO + k(u){B ¥ IJf[l — B(6)]} (247)

Because of the very involved nature of the calculation of the temperature ratios
in Equation (2.46), it might be more convenient to use Equation (2.47) in cyclic rat-
ing calculations when a cable crosses an unfavorable region.

Example 2.2
In this example, we present calculations for a circuit of three cables (cable Model
No.1) in flat formation, not touching. The parameters of this cable are given in Ap-
pendix Aas A; =0.09, 7, =0214K -m/W, T3=0.104 K- m/W,and 7, = 1.933 K -
m/W. Laying conditions are as follows. Cables are located 1 m below the ground in
a flat configuration. Spacing between cables is equal to one cable diameter (spacing
between centers equal to two cable diameters). Ambient soil temperature is 15°C.
The cables are solidly bonded and not transposed. The circuit crosses a boulevard in
a vicinity of a large tree, as illustrated in Figure 2-6.

The thermal resistivity of the native soil is equal to 1.0 K - m/W and in the vicin-
ity of the tree it is 2.5 K - m/W. The length of the unfavorable region is 5 m.
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S/ EE R

Figure 2-6 10 kV circuit laid in a vicinity of a large tree.

We will begin the calculations with the uniform soil conditions as in Region 2.
We will compute the transient temperature response of the center cable for the first
24 h after the application of a step function of rated current and then calculate the
cyclic rating factors. The temperature rise due to the dielectric loss is negligible for
this cable. This part of the example is extracted from Examples 5.3, 5.5, and 5.6 in
Anders (1997) in order to present a complete picture of the required initial develop-
ments before the cyclic rating factor in the unfavorable region is computed.

Since we will perform computations without the help of a computer, we will use
a two-section equivalent network, neglecting for the moment the superscript (v),
and remembering that the calculations pertain to Region 2.

An equivalent network, which represents the cable with sufficient accuracy, is
derived with two sections 7,0, and TQj, as shown in Figure 2-7. The calculation
of the equivalent thermal resistances 7, and T and capacitances O, and Jp is dis-
cussed in Section 1.3.3.2.

Figure 2-7 Two-loop equivalent network.



2.1 CABLES CROSSING THERMALLY UNFAVORABLE REGIONS 93

1. The Thermal Circuit of the Cable
The thermal circuit for this cable has been derived in Example 3.6 in Anders
(1997). The following values were obtained there:

7,=0214K - m/W 0,=14351J/K -m

T3=0.113 K -mvyW Q05=6923J/K -m
2. Calculation of the Response of the Cable Circuit
The response of the cable circuit to a step function of rated current is computed
from the following equation:

0(t) = W [T (1 —e®) + T)(1 —e™)] (2.48)

where the parameters are computed as shown below (see Example 1.4):

1 1
Ta=m[a_b(TA+TB)] and T,=Ty4+T3-T,

M,+VMZ-N, M,—VMZ—-N,
a='—NO— b=T’

My=05(T4Q,+ TsQp+ TsQ4)  No=T404T30s
Substituting numerical values, we obtain:
M, =1%0.214 - 14351 +0.113 - 692.3+ 0.113 - 1435.1)=273.8 s

Ny=0.214-1435.1-0.113 - 692.3 = 24025.3 §?
_ 273.8+V273.82-24025.3

- -1
a 340053 0.0208 s
273.8 - V273.8%2 - 24025.3
b= =0.0020 s™!

24025.3

1
Ta = 90208 —0.0020 [ 14351

—0.0020(0.214 + 0.1 13)] =0.0023 K - m/W

7,=0.214+0.113 -0.0023 =0.3247 K - m/W

The transient temperature rise for each step is determined from Equation (2.48);
it is calculated for 1 h (3600 s) below; the results for other times are tabulated in
Table 2-4.
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Table 2-3 Components for cable environment partial transient
Time (h)
x Item 1 2 3 4 5 6 12 24

D¥? x 0.045 0.022 0015 0011 0009 0007 0.004 0.002
1666 —E(—) 2579 325 3.648 3932 4153 4334 5024 5715

ax x 0.720 036 0.24 0.18 0.144  0.12 0.06 0.03
45 -E(~x) 0365 0775 1076 131 1.50 1.66 2295 2959

0.(1) = WT,(1 — &) + Ty(1 — e )] = 30.82[0.0023(1 — ~0-02081:3600)
+0.3247(1 — 000213600y = 10,1 K

The conductor-to-cable surface attainment factor is calculated for 1 h below; re-
sults for the other times are shown in Table 2-3.

ho_ 60 10.1
D)= T ¥ T,y = 308200214 7 0.113)

=0.999

We can observe that because of the small value of the cable time constant, the
conductor temperature rise above the cable surface temperature reaches its steady-
state value within 1 h.

3. Calculation of the Response of Cable Environment
The response of the cable environment is given by Equation (1.65) as

*2 */2
a% ay

B,u(t) = W,,(;%[—Ei(—f&) + Ei(— -~ )] (2.49)

A sample calculation for 1 h is presented below. The other values are given in Ta-
bles 2-3 and 2-4.

Table 2-4 Summary of temperature transient components

Time 6.(t) 6.(1) o)
(b) (K) () X) (X)
1 10.1 0.999 8.8 18.9

2 10.1 1 12.8 22.9

3 10.1 1 15.4 25.5

4 10.1 1 17.4 27.5

5 10.1 1 19.0 29.1

6 10.1 1 203 30.4
12 10.1 1 25.5 35.6
24 10.1 1 309 41.0
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d}=0.072m
d%=V0.0722+22=2.00l m
6=0.5-10%m¥s
On a term-by-term basis for 1 h (3600 s), we have

D 0.03582
*~ 168 ~ 16-3600-05 -

5 =0.0445,  —Ei(-x)=2.579

%2 12 .

x= w = m = 5556, --El(—X) =0
_day 0.0722

*= 245 ~ 4-3600-05-10

=072, —Ei(-x)=0.365

N 2.0012
T 415 T 4-3600-0.5-10°

=556.1, -Ei(-x)=0

1-3338
0.(1) = —7——[(2.579 - 0) + 2(0.365 - 0)] = 8.8 K

The second term in Equation (2.49) represents the effect of the image sources,
and is usually negligible at normal depths of laying and for durations of less than 24
h.

4. Complete Temperature Rise

The complete transient is obtained by summing up to contributions from the inter-
nal and the external temperature rises. A sample calculation for 1 h is shown below.
The values for this and other times are summarized in column 5 of Table 2-4.

H1)=10.1 +0.999 - 8.8=189K

Next, we will determine the cyclic rating factor of the cable system analyzed
above. The load curve applied to this circuit is shown in Figure 2-8 and summarized
in Table 2-5.

The load-loss factor is then equal to!

1 2 0.091+0.061+0.052+...+0.360
p—ﬁ;n— 32 =0.504

First, we have to identify the time during the 24 h period at which we expect that
the conductor temperature rise will reach its maximum value. From analysis of the

!Calcuiation of the load-loss factor is discussed in more detail in Chapter 5.
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Figure 2-8 Cyclic load divided by highest load.

Table 2-5 Details of the load cycle in Figure 2-8 (from [EC 60853, with
permission from IEC)

Time Load
(h) (p.u) Value of ¥; Order of Y;
0 0.302 0.091 Y.,
1 0.247 0.061 Y6
2 0.227 0.052 Y5
3 0.232 0.054 Y4
4 0.235 0.056 Y3
5 0.246 0.061 Y,
6 0.290 0.084 Y,
7 0.600 0.360 Yo
8 1.000 1.000 Y,
9 0.950 0.902 Ys
10 0.940 0.884 Y,
11 0.910 0.828 Y,
12 0.892 0.796 Y
13 0.770 0.593 Y,
14 0.772 0.596 Y
15 0.800 0.640 Y,
16 0.853 0.728 Y,
17 0.996 0.992 Y,
18 0.853 0.728 Y,
19 0.790 0.624 Yy
20 0.740 0.548 Y,
21 0.740 0.548 Yo
22 0.722 0.521 Yoo
23 0.600 0.360 Y5
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values in Table 2-5, we select i = 18 as the hour at which this maximum occurs. Note
that this is not the time of maximum load, and our selection is based on engineering
judgment.? The six preceding hours are underlined in Table 2-5 and the values of ¥
reordered accordingly. The new order is shown in the last column of Table 2-5.

Much of the work for the determination of the cyclic rating factor for the cable
system under consideration has already been performed. In particular, the conduc-
tor attainment factors a(¢) and the exponential integral values have been computed
for all hours. The next step is to evaluate the cable-surface attainment factors B3,(%).
A sample computation is performed below for # = 1 h, with the remaining values
summarized in column 3 of Table 2-6.

D*¥=0.038 m L*=10m dy=0.072 m
e ="V0.072? +2.02=2.001 m 8=0.5-10%m¥s N=3
The auxiliary variables defined in Equations (1.81) and (1.82) are equal to

2.001 - 2.001 4L* 410
7124 d= ooy = g ~ 0114

From Equation (1.83), Table 2-3 and, Table 2-4, we obtain

| th { L*2 ] d} _ L*2>
‘E’( 16t5)+E’( t6>+(N ‘”[‘E’( 16:5)+E’( 7

r g
1 2
F= P pPe

~d,d, 00720072

Bl(l) = 4L*F
2 In D
 (2579-0)+2-(0365-0)
T Ao 0.146
0.0358

Next, from Equation (1.84), we compute factor &; with the value of equivalent
thermal resistance T, and Ty and T, + AT, given above (the external thermal resis-
tance given in Table Al already includes the mutual heating effect). We have

_ WAL, +AT) 33.38 - 1.933
' W.T+ W(T,+AT,) 30.82(0.214 +0.113) + 33.38 - 1.933

=0.865

The ratios 6z(i)/0x(0) are computed from Equation (1.85). As an example, we
will calculate this ratio for i = 1. The remaining values, corresponding to the under-
lined Y values in Table 2-5, are shown in column 5 in Table 2-6.

g:((:o)) =[1 =k + kB, (O] (?) = (1 — 0.865 + 0.865 - 0.146) - 1.0 = 0.261

2If no other information is available, the time of the highest loading should be selected.
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Table 2-6 Evaluation of cyclic rating factor

Time 6:(0)

(h) Y; a(?) B Or()
0 0.992 0.999 0

1 0.728 1 0.146 0.261

2 0.640 1 0.211 0.318

3 0.596 1 0.255 0.356

4 0.593 1 0.288 0.384

5 0.796 1 0.315 0.407

6 — 1 0.337 0.426

0.356

The cyclic rating factor is now computed from Equation (1.71) as follows:

1
M= 0.0 ], D [0(i+ 1) 620)
Rr\T RUL rU
\/ o122+ ;”[TR<W ]

= [0.504(1 — 0.426) + 0.992(0.261) + 0.728(0.318 — 0.261) + 0.640(0.356 — 0.318)

+0.596(0.384 — 0.356) + 0.593(0.407 — 0.384) + 0.796(0.426 — 0.407)] 12 = 1.23

The same factor could be computed from Equation (1.77) since the attainment
factor is equal to 1; that is,

5
B=> Y®,=0.9920.146 + 0.728(0.211 — 0.146) + 0.640(0.255 - 0.211)
=0

+0.596(0.288 — 0.255) + 0.593(0.315 — 0.288) + 0.796(0.337 — 0.315) = 0.274

_ 1
V({1 -k)Yo+k{B + pll - B6)]}

1
" V(1-0.865)-0.992 + 0.865 - [0.274 + 0.504(1 — 0.337)]

M

1.23

Thus, the permissible peak value of the cyclic load current is
1.23-629=774 A

We can now compute the cyclic rating factor in Region 1. In our example, the
depth is not changed. Therefore, from Equation (2.45),
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1 1
p<2>[1—k<2>] B | 1.0[1—0.865

om —@ 25| 0865

kO = ] = 0.941

The cyclic loading factor in Region 1 is thus equal to

1
V(I -k, + kV{B + u[1 - B(6)]}
1
" V{1-0941)-0.992 + 0.941 - [0.274 + 0.504(1 —0.337)]

M=

1.26

The steady-state ampacity of this cable system is now smaller than before. The
new steady-state rating is obtained in a similar manner to that of Example 2.1 and is
equal to 429 A. Therefore, the new cyclic rating is equal to 1.26 - 429=540A. N

2.1.6 Soil Dryout Caused by Moisture Migration

The laying conditions examined in this chapter are particularly conducive to the
formation of a dry zone around the cable. Under unfavorable conditions, the heat
flux from the cable entering the soil may cause significant migration of moisture
away from the cable. A dried-out zone may develop around the cable, in which the
thermal conductivity can be reduced by a factor of three or more over the conduc-
tivity of the bulk. The drying-out conditions may occur in both regions of the route,
but particularly in the region of high thermal resistivity.

The modeling of the dry zone around the cable proceeds in a very similar way to
that discussed in Section 1.4.1.2. The developments presented there will be modi-
fied, leading to an expression for the conductor temperature taking into account the
drying-out conditions in the unfavorable region.

We will start by observing that the a new term (v — 1)A#6, appears in Equation
(1.49) for the temperature rise at the cable outside surface. This leads to a slight
modification of Equation (2.9), yielding

60 = 00, + AQSD — (2O —1)- A+ W,  T/®+(W,— W) - T/® (2.50)

where T/® and T/® are the modified values of T¢ and T defined in (2.8) and
(2.10), respectively, obtained by replacing T®™ by o - TP

T =T +n (1+A) Ty+n-(L+ A +A) (T3 + - TP)

(2.51)
and T =T, +n-(T,+ T+ TY)
The resistivity ratio * is defined separately for each region.
The temperature rise A caused by the dielectric losses is obtained in a similar
way by replacing T by #® - T{.
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The differential Equation (2.13) becomes

40 1 PE 65, +AG - (v 1) AG + W, TV
T2 o2 (1-AW- - T/

v

where

T
’2 = (1 - AW - T’(U)) T;(Lu)

Example 2.3

=040 (2.52)

(2.53)

Let us assume that in the cable system examined in Example 2.1 a dry zone has de-
veloped in Region 1, with dry soil thermal resistivity of 3.0 K - m/W and critical

temperature rise A6, = 35°C.

The calculations proceed in a similar way to that in Example 2.1 with the follow-

ing modifications:

T =T +n-(Ty+ T3+ WOTP)=0.422+ 3 - (0.046 + 0.017 + 1.2 - 0.903)

=386 K- m/W

T =Ty +n-[(1+A)Ty+ (1+ Ay + A)(T3 + 2 O]

=0.422+3-[1.01 - 0.046 + 1.321(0.017 + 1.2 - 0.903)] =4.92 K - m/W

The characteristic constant is computed from Equation (2.53):

2.57 - (1 -0.0655 - 4.92)

=VT, - (1-AW-TO)yT/® = \/ - 386

The temperature rise caused by the dielectric losses is equal to

AOD = WAT,\2n+ TV + Ty + o OT V)

=0.67 I/m

=3-4.83(0.422/6 + 0.046 + 0.017 + 1.2 - 1.073) =20.59 K

The new auxiliary variables become

1 1

7. —

™ 7 B 0.67
cosh(y] - zg) + XL - sinh(y! - z0)  cosh(0.67 - 5) + ~or
Y2 1.19

=0.044

0,V =470+ 68, =20.59 + 25 = 45.59°C

- sinh(0.67 - 5)

a' =apf, T TP =0.00393 - 1.20 - 4.92 - 1.88 = 0.044



2.2 VENTILATEDROUTES 101

2'= ar (= 07) - T 4/, TO= 1" (g + 0r63) - TV - g+ ar8(") - 717
= 0.00393 - (70 - 45.59) - 1.88 + 1.20 - 4.92 — 0.044 - [(0.92 + 0.00393 - 32.42)
- 4.92 — (0.92 + 0.00393 - 45.59) - 1.88] = 5.93
b=2.97
€' = B — 040+ 77+ (8,) — 6P) =70 — 45.59 +0.044 - (45.59 — 32.42) = 25.0

The derating factor is now obtained from Equation (2.40):

- VEZ-da'd = 297-V2977-0044 250 _ 0961
T ap T/ (0, — 6,®) 0.00393-4.92-(70-3242)

DF=0.51

The derated current is thus equal to 461 A. This current is used in the second it-
eration to compute the losses and the thermal resistance of the oil. The process con-
verges after nine iterations with the following results:

DF =0.509 I=459 A

We can observe that the rating of the pipe type cable is almost half of the original
value when the cable is laid in a uniform soil. For comparison purposes, we should
mention that the rating of this cable laid in a uniform soil with the thermal resistivi-
ty of 3.0 K- m/W is 443 A. u

2.2 VENTILATED ROUTES

We have shown above that cables crossing streets or other thermally unfavorable
regions will experience a substantial reduction of current-carrying capability. For a
street crossing of a short length (5-10 m) the longitudinal heat flow along the
metallic elements of the cable can limit the ampacity reduction. If the ampacity re-
duction is unacceptable, additional measures must be taken to counter the effect of
unfavorable thermal conditions. Such measures may include the use of a thermal
backfill discussed in Chapter 4 or the laying of heat pipes (Weedy, 1988; Iwata et
al., 1992). In this section, we will show that a substantial increase in cable ampacity
can be achieved if air-filled pipes are used to help with the air movement around the
loaded cables. Those pipes can either contain the cables or can be laid parallel to the
cable route and led to the soil surface at the ends to interact with the ambient air.
Then, the temperature gradient along the cable route causes self-supporting air con-
vection in the pipe which, in turn, produces substantial cooling effect.

An additional advantage of using metallic rather than plastic pipes is that they
may lead to a substantial reduction in the magnetic field. We will examine this issue
at the end of the chapter.
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2.2.1 Cabile Laid in a Pipe with Air Convection

For short, thermally adverse sections of the cable route (Brakelmann, 1999a,b), as
well as for longer sections (Brakelmann, 1999¢c; Brakelmann and Anders, 2004b)
a substantial increase in current ratings can be achieved if the cables are laid in
a pipe that, at a certain distance, is directed up to the soil surface so that the air
in the pipe can interact with the ambient air. For shorter cooling distances, the
temperature gradient along the cable route causes self-supporting air convection in
the pipe, which, in turn, produces a substantial cooling effect. For longer cooling
distances (up to several kilometers), convection forced by air fans can be intro-
duced.

This section is concerned with cables directly buried in the ground. By using air
ventilating pipe, we not only reduce the effect of the magnetic field, but also
achieve high ampacity values. In the developments presented below, we will com-
pute the temperature change along the cable route with the effect of air movement
caused by the temperature gradient.

2.2.1.1 Self-Supporting Air Convection. Let us now consider an installa-
tion shown in Figure 2-9 with two types of pipe. In one case, we will consider a PE
pipe and in the other a steel pipe. The pipes are laid at the depth of 4, meters, the
cooling section has length /;, and both ends of the pipe is lead up to the soil surface.
The installation shown in Figure 2-9 is such that the left vertical pipe section ends at
the soil surface, whereas the right vertical pipe section ends at a height /, above the
ground.

The loaded cables will heat up the surrounding soil as well as the air inside the
pipe. Thermal asymmetries (e.g., wind forces at the inlet points) will induce the
first movement of the air along the pipe, so that, for example, air of higher tem-
perature is moved into the right vertical pipe section. Now, at both ends of the
cooling section, two vertical columns of air are present with different temperatures
and, therefore, with different densities. This causes different gravitational forces,
which will enforce the initial air movement, which will finally result in a station-
ary circulation.

This circulation is defined by an air movement with constant velocity and with a
temperature rise A8 of the air along the cable route, so that the left vertical air col-
umn with inlet temperature 6;, is opposed by the right vertical air column with out-
let temperature 6,,, = 6,, + A8. The pressure rise (Pa - K/m) caused by the difference
in densities of the air columns Ap (Pa - K/m), as well as the velocity of the air circu-
lation, are calculated from (Brakelmann, 1999a,b,c):

Ap =g hp : [p(gm) - p(eout)] (254)

with

g = gravitation constant, m/s?

h, = h,+ h, = the height of the right air column, m
0%, = inlet-temperature of the air, K
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Air outlet
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Figure 2-9 High-voltage cable system with cables in touching triangular formation inside a
pipe.

6%, = outlet-temperature, K
p = density of air, kg/m3, and its dependence on the temperature 8 (K) is given by?>

p(6) = 352.64/6* (2.55)
Hence, Equation (2.54) will take the form
Ap=3,459.4 - h,- (1/0%,~1/6%,) (2.56)

This pressure rise causes air circulation with the velocity

= 2—Api 2.57)
YLK S @

3An asterisk denotes that the temperature is expressed in degrees Kelvin. Otherwise, it is given in de-
grees Celsius.
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with the total pipe length
L=IL+2 h,+h, (2.58)

and

d; = inner pipe diameter, m

p(0) = density of air (median value of the total length), kg/m?
f= friction coefficient of the air flow

The friction coefficient is also temperature dependent and can be obtained from
(Oazisik, 1985)
f=a-(1821log Re - 1.64)2 (2.59)

where

Re = Reynolds number

a = 0.85 for metallic pipes, =1 for nonmetallic pipes, and = 2 for concrete/stone sur-
faces

The Reynolds number is obtained from the following equation:

W‘di
v

Re= (2.60)

were v is the kinematic viscosity of air. This quantity as well as air thermal conduc-
tivity are temperature dependent and are computed from (Anders, 1997)

v=132-10°+95-10%-6 (2.61)
k=242-102+72-10°-6 (2.62)

The Reynolds number is computed iteratively since the velocity of air is un-
known initially. Also, the current rating is calculated by an iterative process, where
for each value of the current, the temperature distribution as well as the losses ab-
sorbed by the flowing air and the losses induced by the cooling pipe into the sur-
rounding soil along the cable route are considered. Similar to the procedure for ca-
bles with lateral cooling, (Brakelmann, 1980, 1985) the cable route is longitudinally
split into a sufficiently large number of subsections (e.g., 50). Beginning with the
inlet point of the air (inlet temperature 6,,), and proceeding subsection by subsec-
tion, in each cross-section of the cable trench, a field analysis is performed in which
the air temperature and the temperature-dependent cable losses are the input vari-
ables. Results of each field analysis are the temperatures in the cable trench, and,
hence, the conductor temperatures of all cables, as well as the losses per unit length
absorbed by the cooling pipe.

This field analysis is based on the charge simulation method (CSM); it considers
the nonlinear behavior of the soil due to a possible drying out by means of a thermal
potential (Brakelmann, 1985; Heinhold, 1987, Anders, 1997).
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Temperature-dependent characteristic values of the air flow, for example, the
thermal resistance between cables and air and between air and pipe wall as well as
the thermal capacitance and the friction coefficient of the air column, are calcu-
lated as described in (Ihle, 1997 and Haubrich, 1973), or a simplified approach
can occasionally be used based on the IEC 60287 (1994) standard (see Example
2.4).

From the losses absorbed by the flowing air, the temperature rise A6(x) along the
subsection length Ax can be calculated from

Wi(x) - Ax
—

Af;(x) =
w- Td’z prey

(2.63)

where

W,(x) = longitudinal losses generated in the cable and dissipated in the air in the
duct, W/m

¢; = volumetric specific heat of air, J/m? °C

From this, we obtain the air temperature in the next subsection:
Or(x + Ax) = 0,(x) + A6 (x) (2.64)

This temperature is used as an input variable for the field analysis in the next
cross section of the cable trench.

Arriving at the cooling section end, the calculation delivers the outlet tempera-
ture of the air 6,,, as well as the maximum conductor temperatures of the cable con-
ductor. This calculation procedure is repeated for varying load currents until one of
the cables reaches its permissible conductor temperature.

The above procedure can be summarized in the following algorithm.

1. Set the current (outer iteration loop).

2. Assume the air outlet temperature (inner iteration loop) and determine from
this the flow velocity.

3. Start at the inlet point with given air temperature.

4. Use the above equations to determine temperatures and power flows in the
cross section, and, additionally, the longitudinal power flow W;.

5. Calculate the longitudinal temperature rise and, from this, the mean air tem-
perature 8,,(x) in the next cross section.

6. Repeat steps 4 and 5 until the end of the pipe is reached.

7. Compare the calculated air outlet temperature with the assumed one and iter-
ate again. From this, a new flow velocity follows.

8. Repeat the steps 3 to 7 until the air outlet temperature and the flow velocity
are found.

9. Look at the highest conductor temperature (at the outlet point) and compare it
with the permissible one. Iterate the current.
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The longitudinal heat flow W, is computed by considering the thermal circuit in

Figure 2-10. The notation in this figure is as follows:

6,;, = mean air temperature in the pipe, °C
8., 6, = conductor and cable surface temperatures, respectively, °C
6,, 8, = temperatures of the inner and outer walls of the pipe, respectively, °C
T = cable total internal thermal resistance, W - m/W
4, T4"" = thermal resistance of the pipe wall and the soil outside the pipe, re-
spectively, K - m/W
W, = longitudinal heat flow in the air in the pipe, W/m
W, = total losses generated by the cable circuit, W/m

W, = losses dissipated in the soil, W/m

Using information in Figure 2-10 we can compute the longitudinal heat flow as

follows. From Figure 2-10, we have

Ouir = 0.~ (Tal2) W, = 6,+ (T,,/2) - W, (2.65)
Ouir=0.—(T+T,,/)2)- W, (2.66)

with

01' - 0amb
w,= W (2.67)
or
aair - Bamb

Vo= T R+ 17+ 17 (2.68)

WL=W - Wp
Wi Wp
—_ —_
o e B S S B = S =
T Tair Tair TX TZ’
8¢ 0e Bair 6 0p Bamb
Y Y b4 L4

Figure 2-10 Thermal circuit for evaluation of the longitudinal heat flow in the pipe.
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Finally,
W,=Ww-Ww, (2.69)

The thermal resistance of air is temperature dependent. In many instances, T, in
Equations (2.65) and (266.) can be computed from a simplified formula given in the
IEC Standard 60287 (1994). When more accurate results are needed, the air thermal
resistance should be computed from

- Trad : Tconv
air de +T

cony

(2.70)

The convective and radiative thermal resistances are evaluated as described in
Anders (1997), Ihle (1997), or Haubrich (1973) and also discussed in Chapter 1.
The thermal resistance 7;' is computed from

D
Ty =22 1n o Q.71

where p, is the thermal resistivity of the pipe material.
The external resistance of the pipe will depend whether soil drying out occurs or
not. For the moist soil, we have

Pe | 4L
2r D

o

T!;II =

(2.72)

where p, is the moist soil thermal resistivity and L is the depth of the center of the
pipe.

When soil drying out occurs, the expression for the external thermal resistance
takes the form

h=0- T4~ 6JW, 2.73)
with
v=(plp.)  for8, =86,
v=1 for,<8@, (2.74)
0,= 0., (v-1)
where

p. = thermal resistivity of the dry soil, K - m/W
6., = critical temperature at which drying out starts, °C
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The calculation method described above is based on the conditions of a constant
load and constant temperatures of the ambient air and the soil. In practice, these
conditions will never be met. Therefore, a complete description of the thermal be-
havior must consider the time dependence and three-dimensional and nonlinear
field conditions, taking into account the different situations of yearly and daily vari-
ation of the cable load as well as of the ambient soil and air temperatures, all of
which are random parameters. However, for cable rating calculations a common
practice is to consider the most pessimistic scenario. For cables laid in ventilated
pipes, we shall adopt the same approach. In particular, we are combining the maxi-
mum load of the cable with the most adverse temperatures of ambient air and soil in
the steady-state conditions.

The cooling pipes will draw in and circulate ambient air as long as the air tem-
perature is lower than the soil temperature at the pipe surface. This means that the
warmed-up cable trench is cooled by the system even during periods when the cable
is lightly loaded or even not loaded at all.

2.2.1.2 Forced Air Convection. To enable greater cooling section lengths, a
fan in the cooling pipe or in the inlet pipe can force an air flow with a desired veloc-
ity. The fan can be powered by induction conductors (multicore, low-voltage ca-
bles) connected to a coil and laid parallel to the HV cable. This coil can take the
necessary energy for the fan from the high-voltage cable system. In this case, the in-
tensity of the air cooling is dependent on the momentary load of the cable system.
Alternatively, any other supply can be used to produce the necessary flow velocity.

2.2.2 Numerical Example llustrating the Cooling-Pipe Concepts. In
this section, we will illustrate through a numerical example the effect of various pa-
rameters influencing the rating calculations for cables cooled by ventilated pipes.

Example 2.4
We will consider the 110 kV cable system, model 6 with a unity load factor. The ca-
ble has a rating of 1098 A. We will refer to this condition as the base case.

Let us now consider a situation in which these cables are laid in a triangular con-
figuration in a ventilated pipe of diameter d; = 300 mm and the length /,. The ambi-
ent soil temperature is 20°C and the inlet air temperature is 25°C.

Our aim is to compute the ampacity of this cable circuit when laid in a ventilated
pipe, so that the maximum conductor temperature does not exceed 90°C. We will
use the air velocity w, the height of the ventilated pipe 4, and the length [, as the pa-
rameters. We will show the calculations for the first section of the cable route with
self-supporting convection, /, =30 m and A, = 1 m.

From the laying conditions with 4,= 1.0 m, the total pipe length is equal to 33 m.
The parameters of this circuit for the flat formation are taken from Appendix A. The
parameters for the triangular formation in a PE duct are also needed for this exam-
ple. These are summarized in Table 2-7.

We will start by assuming that the cable is loaded to its full capability of 978 A.
This will later be revised as the calculations proceed.
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Table 2-7 Parameters for cable model 6

Computed parameters (hottest cable

Triangular
formation Flat
in a duct formation
Cable ampacity I1(A) 978 1098
Conductor resistance at 6, R (ohm/km) 0.0234 0.0231
Sheath loss factor A 0 0
Armor loss factor Ay 0 0
Thermal resistance of insulation T, (K- m/W) 0431 0.431
Thermal resistance of jacket T, K m/W) 0.05 0.05
External thermal resistance, drying out T, (K- m/W) 1.18* 2.806
considered (includes mutual heating effect)

Losses in the conductor W, (W/m) 22.38 27.85
Dielectric losses W, (W/m) 0.27 0.27

*This value does not consider the mutual heating effect, whereas, for the flat formation, it is included.

In the analysis that follows, we will need the properties of air at the operating
temperature. This temperature is unknown at this stage, and we will start by assum-
ing an outlet air temperature of 40°C, which yields a mean air temperature in the
pipe approximately equal to 33°C.

From Equations (2.55) and (2.61), we have

p=352.64/6* = 352.64/(33 + 273) = 1.15 kg/m®
v=132-10°+95-10%-0=1.32-105+95-10%-33=1.63 - 10> m%s

We first compute the pressure differential from Equation (2.56):

1 1
Ap=3,459.4 -k, (1/0%—1/6%,)=3,459.4 -2 - (25+273 - 40+273)

=1.11 N/m?

We now assume the air velocity of 1 m/s and compute the Reynolds number
from the following equation:

w-d, 1-03

Re=—==T1¢85

=1.84-10%

The friction coefficient is obtained from Equation (2.59):

f=a-(1.82logRe— 1.64)2 =1 - [1.82 log(1.84E4) — 1.64]2 = 0.0268
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The air velocity is obtained from Equation (2.57) as

2 Ap - d; 2-1.11-03
- p(0) f 33-1.15-0.0268

=0.81 m/s

We could iterate at this stage as well since the computed air velocity is different
than the assumed one. We will skip this iteration step here.

The thermal resistance of the air in the pipe is obtained using the model in IEC
60287 (1994).* Since the IEC standard does not have the constants for a PE duct,
we will use quantities for an earthenware buried pipe. Also, since we have three ca-
bles in the duct, we will need an equivalent cable diameter, which, in this case is
equal to D, = 2.15 - 90 = 193.5 mm. In the first iteration with the air temperature
of 25°C we have

U 1.87 K-m

Lar= 130107 + ¥8,,)D.., ~ 1+ 0.01(0.28 + 0.0036 - 23) - 193.5 _ 0-22%

From (2.6.6), we have
0.=0,,+(T+n-T,J/2)  W,=25+(0.431+0.05 + 3 -0.229/2) =43.7°C

Since the temperature of the conductor is lower than the one used to compute the
total losses, the computer program performs another iteration, but we will skip this
step here.

The thermal resistance of the pipe is obtained from Equation (2.71):

p D, 7 0.31 K-m
it —_—
T)= ym ln<Dd> 1n< 03 ) 0.037 W

For the calculation of the soil thermal resistance, we need to determine whether
drying out occurs under the given conditions. Assuming that the critical tempera-
ture rise is 35°C, the critical temperature at which the drying out occurs is equal to
35 + 20 = 55°C. No drying out occurs in this case since the conductor temperature
is already lower than the critical temperature, hence

o (4L\_10 (4-10) _K'm
Iy= 5705, )= 27 In{ 537 ) = 0407

From Equation (2.68), we also have

W, = oS _ 2>-20 = 8.96 W/m
PT T 2+Ty+T; 02292+0.037+0407

“The Reynolds number indicates that the flow is turbulent. Therefore, the thermal resistance of the air in
the pipe should actually be computed using heat balance equations with full heat correlations, as is done
in the computer program. However, the method presented here is suitable for illustrative purposes since
the algorithm is essentially the same and only the thermal resistance of the air is computed differently.
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The longitudinal heat flow is thus equal to
W,=W,-W,=67.95-8.96=759.0 Wm
We can now calculate the temperature in the second section of the pipe. From

Equation (2.63) we compute the temperature rise in the first section with an as-
sumed section length of 1 m:

Witx) - Ax 59-1.0 .
Ab ()= —7 = 314 =0.89°C
WAl P e 08120032 1151007

The air temperature in the second section is thus equal to 25.89°C.

The process now continues for the remaining sections of the pipe length. The
computed air temperature at the pipe outlet is then used to compute a new mean air
temperature, a new pressure difference, and a new air velocity, which are used in
the second iteration of the inner loop. When the solution is reached, the outer loop
calculations are restarted with an adjusted current, with the goal of reaching the
maximum permissible conductor temperature.

The results of the calculations are shown in Figure 2-11. Dotted curves in the di-
agram show the continuous current ratings of the model 6 cable laying in a PE-pipe
as a function of the cooling section length. Parameter is the height &, of the outlet
point. We can observe from Figure 2-11 that, depending on the outlet height 7,
cooling section lengths up to approximately 80 m can be used to permit steady-state
rating of 1098 A.

The solid lines in Figure 2-11 show the continuous current ratings of the cable
with the air velocity as the parameter. We can observe that in the case of forced cir-
culation, the basic rating of 1098 A can be transmitted with cooling section lengths
of, for example, 400 m (for w = 6 m/s), which is a normal distance of the cable
joints. Another advantage of this construction is that the low inlet temperature of
the air can be used for the cooling of the joints. Enlarging the inner pipe diameter
(e.g., using concrete pipes), offers the possibility of a far greater cooling section
lengths (Brakelmann, 1999c).

Additional benefits can be achieved if the cable system is laid in a steel pipe, as
illustrated in Figure 2-12.

The dotted curves in Figure 2-12 represent the continuous current ratings of the
110 kV XLPE cable, laying now in the steel pipe, as a function of the cooling sec-
tion length, again with the height 4, of the outlet point as a parameter. Because of
the higher losses in this case, section lengths of between 5 and 40 m can be consid-
ered for the steady-state rating of 1098 A.

The solid lines in Figure 2-12 show the continuous current ratings of the 110 kV
XLPE cable, laying in a ferromagnetic steel pipe. The rating is a function of the
cooling section length with the air velocity w as the parameter. Because of the high-
er losses, the steady-state rating of 1098 A is achieved with cooling section lengths
of between 200 and 310 m only when the wind velocity is greater than 6 m/s.
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Figure 2-11 Continuous current rating as function of the cooling section length /,. Dotted
lines: self-supporting air convection parameter, outlet height A,. Solid lines: forced air con-
vection. Parameter: flow velocity w. Air inlet temperature 6,, = 25°C. (From Brakelmann and
Anders, 2004b, with permission from IEEE Press.)

Selection of the Pipe Size. We will now consider the effect of the size of the
pipe on the cable rating. We will consider a cooling section length of 400 m and use
air inlet temperature and air velocity as the parameters. The results for the cable
system examined in Example 2.4 are shown in Figure 2-13.

Referring to this figure, for a maximum air velocity of w = 10 my/s and steady-
state load current of 1098 A, the following inner pipe diameters can be considered:

® 370 mm for a steady-state inlet temperature of the air of 35°C
® 330 mm for a steady-state inlet temperature of the air of 25°C

® 300 mm for a steady-state inlet temperature of the air of 11°C, as a yearly
mean value |

2.2.3 Reduction of a Magnetic Field. As shown in the previous section, lay-
ing cables in ventilated pipes can lead to an increase thermal rating when the cables
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Figure 2-12 The same as Figure 2-11, but for steel pipe with inner diameter of 300 mm
(from Brakelmann and Anders, 2004b, with permission from IEEE Press).

cross an unfavorable environment. Pipes made of steel are selected most often for
pipe-type cables and can also be used in ventilated installations. Ferromagnetic
pipes also have an additional benefit of reducing magnetic field in the vicinity of
the loaded cable. We will explore this issue in this section.

Because of community concerns about possible health effects of low-frequency
electromagnetic fields, many utilities have adopted a policy of “prudent avoidance”
when planning new power transmission lines. Guideline for human exposure to
magnetic fields (50 Hz/60 Hz) is a maximum value of 100 wT suggested by the
World Health Organization and adopted by law in some countries.

High-voltage cables have no outer electric field, and their stationary magnetic
induction above the ground surface is normally lower than 100 nT. Nevertheless,
electronic systems, especially monitors with electron beams, may be disturbed by
far weaker magnetic fields.

Measures to reduce the magnetic fields of power cables are described, for exam-
ple, in Brakelmann (1995, 1996, 1998) and Bucea and Kent (1998). Effective mea-
sures include:
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Figure 2-13 Continuous current rating as function of the inner diameter of the pipe (from
Brakelmann and Anders, 2004b, with permission from IEEE Press).

® Suitable laying configurations (close, possibly bundled laying of cables cores;
great laying depth)

® Parallel compensation conductors

® Encapsulating the cables in ferromagnetic material, for example, in steel pipes

Arranging steel plates in the cable trench seems to be problematic because of
corrosion problems. Also, this method of shielding may not be very effective since
the magnetic field near to the edges of the shielding plate can be significantly mag-
nified (Pommerenke and Shen, 1993).

From the cable rating point of view, all shielding measures mentioned above re-
duce the transmission capacity of the cable by elevating their external thermal resis-
tance and/or by creating additional losses. We will examine these effects below. We
will also discuss alternative solutions that do not have this disadvantage and which
can even lead to an increase of current ratings and to lower losses of the transmis-
sion system.
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Example 2.5
We will continue the examination of the cable system discussed in Example 2.4.
We recall that when the cables are laid at a depth of 1.0 m in flat formation with
spacing between the center axes of 0.4 m, for uniform soil conditions and with
100% load factor, the cable has a rating of 1098 A. We will refer to this condition as
the base case.

The results of the analysis are displayed in Table 2-8 (Brakelmann and Anders,
2004b). In this table, B, is the magnetic induction at 1 m height above the ground.
W...;, are the power losses for different configurations. Row 4 corresponds to a PE
pipe with 300 mm inner diameter, and row 5 corresponds to a steel pipe with 300
mm inner diameter. SPB and SB denote single-point and solid bonding of the
sheaths, respectively.

For the base case conditions, the magnetic induction at a distance of 1 m above
the ground (see Table 2-8, row 1) is B; = 36.6 p.T (the magnetic induction at the soil
surface is B, = 131.2 uT).

Arranging the cables in a touching triangular formation leads to a strongly re-
duced magnetic induction of B, = 3.8 u.T if the sheaths are single-point bonded
(Table 2-8, row 2), and of B, = 3.1 T for solid bonding (Table 2-8, row 3), respec-
tively. However, the current ratings are reduced by 15% down to 932 A or by 28%
down to 791 A, respectively, in these cases.

An effective, but also expensive, method is to increase the laying depth of, ex-
ample to 2.0 m. In this case, for the touching triangular configuration and single-
point bonding, the magnetic induction becomes B, = 1.5 wT, whereas the current
rating is reduced to 854 A.

Rows 6 to 11 in Table 2-8 summarize some results for the forced-air cooling sce-
nario with two pipe-laying conditions. The nonmetallic pipe has an inner diameter
of 300 mm (rows 6 to 9) and the steel pipe has an inner diameter of 330 mm (rows
10 and 11). The air inlet temperature 8, and the air velocity w are used as parame-
ters. All cases are based on a steady-state load current of 1098 A.

For the nonmetallic pipe, the magnetic induction becomes B, = 4.5 w.T one meter
above the ground, whereas it practically disappears for the ferromagnetic steel pipe
with B; =~ 0 uT.

We can observe from Table 2-8 that lower air temperatures lead to lower losses,
compared with the base-case conditions. The reductions reach about 10% of the
value reported in row 1.

W....; in Table 2-8 is that part of the cable losses that is absorbed by the air flow.
If the heated-up air of the cooling system is used for heat recovery, for example, for
the heating of buildings, this part of cable losses reduces the losses of the total sys-
tem W,,,. For example, losses reported in row 9 of Table 2-8 constitute only about a
quarter of the losses present in the base case.

Rows 10 and 11 in Table 2-8 show the corresponding results for the case of a
steel pipe. For the yearly mean value of the inlet air temperature of 11°C, the cable
losses are 111 W/m; that is, 32% greater than in the base-case conditions. If, how-
ever, the waste heat is recovered, the total losses can be reduced to approximately
26 W/m; that is, down to 31% of the losses in the base-case conditions (row 11).
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Table 2-8 Continuous current rating and magnetic induction

an Wcaoh thon
Row Configuration Wi, °C wom/s LA B,pT Wim Wm W/m
1 @ @ @ — — 1098  36.6 842 — 84.2
0.4m | 0.4m SPB
2 — — 932 3.8 626 — 626
SPB
3 & — — 791 3.1 645 — 645
SB
4 — — 978 4.0 680 —  68.0
b= 1
k=0
SPB
5 — — 835 0 69.0 —  69.0
B, >> 1
x>0
SPB
With forced air circulation
6 (’:-"\ di = 300mm 25 6 1098 4.5 80.7 369 43.8
@\_./ 4'0 =400m
M, =1, k=0 SPB
7 S d- = 300mm 25 10 1098 4.5 78.8 439 359
i
@ !0 =400m
u=1,x=0  SPB
8 d = 300mm 11 6 1098 45 780 454 326
M, -1 K=0
9 di = 300mm 11 10 1098 4.5 75.8 548 21.0
@ !0 =400m
H =1; k=0 SPB
10 “.r,l = 330mm 25 10 1098 0 1156 733 423
@ *’0 = 400m
e >>1Kk>0 SPB
11 di = 330mm 11 10 1098 0 1109 845 264

u>>1ik>0  SPB
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In summary, we can state that air cooling decreases the conductor temperatures
and due to this (for the same current) the ohmic losses, accompanied by a reduced
or even extinguished outer magnetic field. |

2.3 CONCLUDING REMARKS

From the information reported in this Chapter, it is quite clear that when a cable cir-
cuit crosses an area of unfavorable thermal conditions, derating of its current-carry-
ing capacity is required. This derating can become very significant, even when the
width of the unfavorable region is relatively small. If derating is not feasible, reme-
dial actions should be taken, the simplest of which would be to make sure that the
thermal properties of the soil in an unfavorable location match those outside the re-
gion.

Using Equation (2.40), derating curves similar to Figure 2-5 can be developed;
the derating will be a function of the soil conditions and the size of the conductor. In
order to derive such curves, some standard installation conditions would have to be
assumed. A set of derating graphs could be developed depending on the width of
the unfavorable region, its thermal properties, and also on the depth of burial. The
amount of work involved would depend on the number of cases to be standardized.

In addition, diagrams similar to Figure 2-4 could be developed, showing the in-
fluence temperature as a function of the distance from the center of the crossing, to
give guidance on the length of the area in which isolating boards, heat pipes, or spe-
cial backfills should be applied to reduce the effect of unfavorable conditions.

Measures to reduce the magnetic field of underground cables normally lead to
strong reductions of the current rating. We have shown in this chapter that this
problem can be eliminated by laying the cables in a pipe that is cooled by free or
forced convection of the ambient air. This system offers at the ends of its cooling
sections a great part of the cable losses as utilizable heat. The heat recovery of these
losses results in an essential improvement of the efficiency of power transmission,
combined with a low or even disappearing outer magnetic field.

The expenses for such a cooling system seem to be acceptable, since

® No cooling stations are needed

® Current-dependent operation of fans by means of induction conductors is pos-
sible

® Techniques of microtunneling can be used

2.4 CHAPTER SUMMARY

The most important development presented in this chapter relates to the calculation
of a derating factor for cables crossing unfavorable thermal environment. When a
cable crosses from a normal design region, referred to with a superscript 2, to an un-
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favorable region 1 of length z, (the letter vis also used to denote region 1 or 2), the
derating factor DF can be computed from

b-Vb—a-c
ar-* Tt(l) ' (omax_e,(f))

DF?=

where
TO=T +n-(1+X) T+n-(1+A +A) (T3 +TP)
TO=T +n-(Ty+ T3+ T,M)
yi=T,-(1-AW - TOYTY
We=Weo(l-arf) and  AW=arW,

1
cosh(y; - zp) + % sinh(y; - zo)
o3

a=apf, TV - TO
2 = ar* (Gpax— 00) TP+ £y TV =7 [(g + r8) - TV~ (g + s6) - T{7]
€= O — 0D + 7+ (6D — 69)
Ju= 1+ 1 (B~ Bo)
g=1-arby
6 =269 + 69,

with

ar = conductor temperature coefficient of resistance (1/K)

W, = heat rate in the rated cable at the reference temperature 6, (usually 20°C)
(W/m)

Omax = maximum allowable conductor temperature (°C)

6,,,» = ambient temperature in respective regions (°C)

6, = temperature rise caused by dielectric losses in respective regions (K)

The remaining variables are the classical thermal resistances of cable compo-
nents and the sheath and armor loss factors.

As 7y depends upon the current in the rated cable, which is to be determined, an
iterative solution is necessary, using as a first estimation of this current the rated
current when the cable is located entirely in region 2.
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I CHAPTER 3

Cable Crossings—
Derating Considerations

Dangerously high interference temperatures can occur at points where cables cross
external heat sources, even when the crossing occurs at 90°. For perpendicular and
oblique crossings, these interference temperatures are usually ignored for distribu-
tion circuits, whereas for transmission cables, corrective actions in physical instal-
lation conditions are sometimes taken. Analytical solutions are almost never used to
determine the effect of external heat sources on the ampacity of the rated cable. The
main reason no computations are performed is an absence of either derating formu-
las or derating tables (curves) and not the lack of need. To fill this gap, an analytical
solution for the computation of the derating factors has been developed and is pre-
sented in this chapter. The approach discussed in this chapter originated with the
work of Brakelmann (1985), with further developments by Anders and Brakel-
mann, (1999a,b), Anders and Dorison (2004), and Dorison (2003). The solution is
simple and accurate enough to be suitable for standardization purposes.

3.1 INTRODUCTION

A great variety of infrastructure can be found under the streets of congested urban
areas. It is not uncommon to find power cables crossing steam pipes or other ca-
bles. When a rated cable is crossed by another heat source, its temperature will be
higher than if it was isolated. As will be shown below, this additional conductor
temperature rise may exceed 20°C. Therefore, the ampacity of the rated cable
should be reduced accordingly. Ten and often 20% reduction may be required, as
illustrated in the numerical example presented in this section. This is much larger
than the reduction of up to 5% considered by some utilities. Many utilities do not
derate cables crossed by other heat sources. This practice may lead to premature
cable failures, as reported, for example, in Orton et al. (1996). An informal survey
conducted by the author has clearly indicated a need to establish derating factors
for cable crossings.

The temperature increase in the rated cable resulting from the presence of anoth-
er heat source will depend on several parameters. The most important are:
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® The amount of heat dissipated by the crossing heat source

® The distance between rated cable and the heat source at the point of intersec-
tion

® The angle between the heat source and the cable (the more parallel the two
are, the larger the influence of the heat source on the rated cable)

® The size of the rated cable

A very limited number of publications have dealt with cable crossings. Abdel
Aziz et al. (1986) presented the thermal analysis of temperature distributions along
the crossing regions of high-voltage cables. Analytical results for perpendicular
crossings were developed and checked against measured values. The hot-spot tem-
perature for the experimental setup of 66 kV and 220 kV cables was measured. This
temperature at the 66 kV cable was found to be higher by about 25°C than the cable
temperature far away from the crossing region. The corresponding value for the 220
kV cable was only 8°C higher. The authors also considered the effect of applying
heating pipes and special backfill for hot-spot elimination. Imajo et al. (1986) de-
scribed the evaluation of the thermal interference that power cables receive from
steam pipes located in close vicinity. Experimental and analytical models were de-
scribed. 90° crossings were considered.

A similar problem was discussed by Iwata et al. (1992). This paper describes a
new type of antithermal-interference system consisting of long heat pipes. A very
simple mathematical model for heating of the cable by the interfering source was
presented for the 90° crossing. In the example presented in the paper, the cable con-
ductor temperature rise at the intersection with a steam pipe with temperature of
150°C located 1.8 m below the cable reaches 22°C. The effect of the steam pipe dis-
appears about 6 m from the crossing.

A theoretical model involving fourth-order differential equations was presented
by Thevenon and Couquet (1999). The proposed solution involved an application of
the finite element method. For practical applications, simple formulae are required
that would allow calculation of the derating factors for many cable crossing situa-
tions that occur in practice.

In this chapter, we will examine the issues related to derating of cables caused by
the presence of another heat source. Section 3.2 describes briefly the results of an
informal survey whose aim was to find out the practices in various utilities with re-
gard to cable crossings. Section 3.3 discusses modeling issues and outlines the work
required to obtain derating factors. We will close this chapter by examining the
computation required to obtain derating curves.

3.2 UTILITY PRACTICES

In order to find out how cable crossings are dealt with in electric utilities, an infor-
mal survey was conducted among several engineers active in the field of cable rat-



3.2 UTILITY PRACTICES 123

ings. The following utilities in Canada have been contacted: Ontario Hydro, North
York Hydro (Toronto), British Columbia Hydro, Manitoba Hydro, and New
Brunswick Hydro. In addition, practices in England, Germany, Italy, the Nether-
lands, France, Belgium, Poland, and Sweden were investigated.

In general, all the contacted utilities are dealing with the subject of cable cross-
ings in a similar way. For distribution installations (low and medium voltage), in a
great majority of cases, no derating is considered at all. The most often-quoted rea-
son was that the cables are rated very conservatively (e.g., high soil thermal resis-
tivity or high ground ambient temperature are assumed). In some cases, for example
at one European utility, special precautions are taken in the case when a distribution
cable (0.4-24 kV) crosses a district heating pipe. In particular, the country’s stan-
dards state that the cable should always be above the pipe, at a distance not less than
20 cm, and should be as perpendicular as possible. A heat-isolating plate 50 mm
thick is required between the cable and the pipe system. In another utility, for cable
ratings at the steam pipe crossings, it is assumed that the ambient temperature is
higher by 5°C than the values used for isolated cables, which typically results in a
3% decrease in the cable rating. In several countries, a minimal distance is specified
between the rated cable and the external heat source. This distance varies between
20 and 50 cm.

The situation is only slightly different when a high-voltage cable is involved.
With the exception of France, no computations are performed to determine the actu-
al effect of the cable crossing another heat source (EDF may conduct a three-di-
mensional finite-element analysis in some important cases). However, most utilities
would take special actions to reduce the mutual heating effect. Several approaches
have been applied:

Isolation of the heat source from the cable

Use of heat-transfer pipes

Use of thermal backfills in an increased trench cross section
Use of insulating liquid circulation

Use of larger cable

Installation of ventilating manholes at crossing points

At steam heat crossings, utilities sometimes build a styrofoam (closed cell)
box around the steam heat pipe, then fill the box with Gilsulate, an under-
ground insulating material used by steam heating companies

® [n one instance, for 90 degree crossings, the utility sometimes would follow a
very rough approximation by doing ratings assuming parallel laying, but at
twice the actual vertical separation distance

Finally, several engineers indicated that the main reason no computations are
performed is an absence of either derating formulas or derating tables (curves) and
not the lack of need. All indicated that it would be very beneficial if a simple derat-
ing method were available. Such a method is presented in this chapter.
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3.3 DERATING FACTOR

A simple model will be developed to account for the effect of the presence of cross-
ing heat sources, taking into account all the important factors mentioned in the Sec-
tion 3.1.

To illustrate the development of the derating equation, consider two cables
crossing as shown in Figure 3-1.

Suppose that cable 2 is to be derated because of the heat W, (W/m) generated by
cable 1. Let Af,,,, — AG, be the maximum permissible conductor temperature rise of
the conductor of cable 2 for current-dependent losses. Because of the mutual heat-
ing, the maximum allowable heat rate in cable 2 will be reduced as shown below:

A6, — A8~ W,T
W, = Ttd 1412 G.1)

where
W,, = reduced maximum allowable losses in conductor of cable 2 (W/m)
A6, = conductor temperature rise caused by dielectric losses, (K)

_— Ground surface

| Cable 2
SR N TS Q.
] )z ™
Sectional Drawing
; Cable 2
N s T Q...
1) b y T
\ BB : Crossing angle
X
From Upside

Figure 3-1 Crossing of two cables at an angle 90° — .
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T}, = the mutual thermal resistance between cables 1 and 2 (K - m/W)
T, = total thermal resistance of cable 2 (K - m/W) with

L=Ti+n-[(A+ )+ (1 + A+ )T+ Ty)] (32

The notation is the same as in IEC 60287 (1994) and discussed in Chapter 1.
Since, for the isolated cable

(3.3)

The reduced rating I,, of cable 2 can now be obtained by combining Equations
(3.1) and (3.3) as

WiTs

by=1h J1- Ab,. — AG,

(3.4)

where I, is the rating of the isolated cable 2.

The term W, T, in Equation (3.4) represents the conductor temperature in cable
2 at point z = 0 caused by heat generated in cable 1. Denoting this temperature rise
by A&0), the derating factor in Equation (3.4) can be written as

A6(0)

DF=/1-"Ag——Rg,

(3.5)

Thus, the derating factor can be obtained from Equation (3.4) when the mutual
thermal resistance T, is known. Computation of this resistance is discussed next.

3.4 TEMPERATURE DISTRIBUTION ALONG THE RATED CABLE AND
THE MUTUAL THERMAL RESISTANCE

In this section, we will develop a differential equation describing the temperature
distribution along the rated cable, taking into account the presence of the external
heat sources. The procedure is based on the discretization of the cable thermal
network and is similar to the one employed in Section 2.1.2. Next, we will devel-
op a solution to this equation that will lead to an expression for the mutual ther-
mal resistance between the rated cable and the external heat source [Equation
(3.32)].

3.4.1 Single External Heat Source

Let us first assume that there is one external heat source, for example a steam pipe,
crossing the route of the rated cable. Referring to Figure 3-1, the temperature rise in
the conductor of cable 2 caused by the heat rate W, generated by the heat source 1



126 CABLE CROSSINGS—DERATING CONSIDERATIONS

can be obtained by applying Kennelly’s principle [see Equation (9.18) in Anders
(1997)], as

A8 Y .4 I (1 +32)* + (z - cos B)?
22,y =y2) = 7 In 0n — 2R + (z - cos B

(3.6)

where

p = thermal resistivity of the soil, (K - m/W)

A#b,,, = the temperature rise at the location of the conductor of cable 2 caused by
the heat generated by the heat source 1, uninfluenced (subscript “1”*) by any ef-
fect of cable 2 (K)

To find the temperature at any point of the rated cable, taking into account its lon-
gitudinal heat flux and the interfering temperature given by Equation (3.6), we will
discretize the length of the rated circuit as shown in Figure 3-2 (Brakelmann, 1985).

In Figure 3-2, the thermal resistances with subscripts 1, 2, 3, and 4 are the char-
acteristic quantities for the cable as defined in the IEC 60287 (1994). AT, [K/ (W-
m)] is the longitudinal thermal resistance of the conductor and its value per unit
length is computed from

Pe
.= (3.7)
z=2Az z=NAz
8=8mp
A6y 1o[01 48, 1pl242] $46,,,,[NAZ]
AT?’+AT4 AT2’+AT4 AT3+AT 4
AW AW
}\2 AT2 }\‘2 c AT2 AT2
A AW A AW
1 aTy/2 "1 [AT 2 AT 2
AW sty D [Jarz AWp [Jarye
ATL
q,(0) q.(A2) / qL(242) / qL(NAZ) =0
AW, AW AW,

Figure 3-2 Discretized length N - Az of the rated cable with the thermal resistances AT cor-
responding to the length Az of the discretization interval. ¥, are the conductor joule losses
and g, is the conductor longitudinal heat flux (from Brakelmann and Anders, 1999a, with
permission from IEEE Press).
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where 4 (m?) is the cross-sectional area of the conductor. p, is the thermal resistivi-
ty of the material (K - m/W).

Similar to the case of a cable crossing unfavorable regions, the network repre-
sentation in Figure 3-2 allows us to consider the heat flow in two directions—radial
and longitudinal—in what essentially is a three-dimensional problem.

In the following development leading to the differential Equation (3.20) describ-
ing the temperature distribution along the cable route, we will consider again a
small element of the cable with length dz, as shown in Figure 3-3 (Dorison, 2003).

In the steady state, from the energy conservation principle we have

Wu(z) Az+ W, - (z—Az) = W/2) Az + Wi(2) 3.8)
From Equation (3.8), we obtain

aWL

W, - W)+ =0 (3.9

The derivative in Equation (3.9) can be computed from the Fourier’s Law:

W, = _TL —(30— (3.10)
, dz
Considering the heat flow in the radial direction, we have
0= 0,y + 86,1 + A0+ W - T+ (W, - W) T, @3.11)
where
T,=T,+n-(T,+T,+T,) (3.12)

0,,mb ambient temperature (K)
= the heat losses generated by the conductor current, (W/m)

Az

—6 Wel2): A2
W (z-02 &\\& W

w,(z) ‘Az

}
1 I
z Z+Az

Figure 3-3  An element of the conductor with the length of dz.
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The conductor joule losses W, are temperature dependent. This dependence can
be written as

W.= W[l + ap(0— 0)] = W,,+ AW~ 0 (.13)
with
Wc’ = Wc()(l + aTO()) and AW: aTWCO (314)

where

ar = conductor temperature coefficient of resistance (1/K)

W., = heat rate in the rated cable at the reference temperature 6, (usually 20°C)
(W/m)

In order to express the losses in terms of the rated current, we will introduce the
following notation:

R'aT'F

Ao = T e (G — )

(3.15)

where
R = conductor resistance at maximum operating temperature, chm/m
I = rated current, A

We observe that AW, = a;W_, = AW for the rated current. Since the reduced cur-
rent is related to the rated current / by the derating factor in Equation (3.5), we have

A60) ]

- Ko AT, (3.16)

AW=AW0-[1

The first estimate of A&(0) in Equation (3.16) is obtained from Equation (3.6) as

P, Gty
4 (Yl Y2 )2

Substituting Equations (3.9), (3.10), and (3.13) into (3.11), we obtain the follow-
ing differential equation describing conductor temperature:

AG0) = W, - (3.17)

1 il _ A01412+ezzml)_+'-A01/1—'_ Wct‘ Tt _ Oamb+A0d+ Wct' Tt

0-27 57 = (—AW-T) =T 1-AW-T, G.18)
A01412 _ A01:12
YToawe T, =t TCAwW T,
where

72=(1—AW'T,)'% (3.19)
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Substituting

A§=(1—-AW-T)-6,)

Aeu = Aoulz
we finally obtain
1 d?A6
Ao- 7 - Ab,(z) (3.20)

The solution of this equation yields the mutual thermal resistance given by Equa-
tion (3.32). This equation has an identical form to Equation (2.16) but we will em-
ploy a different solution procedure from the one used in Section 2.1.3. The applied
procedure is described below. To solve Equation (3.20), we will discretize the tem-
perature function A# as shown in Figure 3-4 so that in each interval sAz, the value
of A8,(z) is constant and equal to A6,,. Under this assumption, the solution in the
interval vAz can be written in a form of the following hyperbolic function (Brakel-
mann, 1985):

A¢” =A@, + A, sinh(y - z) + B, cosh(y - 2) (3:21)

The constants 4, and B, are obtained taking into account the following boundary
conditions:

zu
LCRY
900 !Aelh
- — - — - —'—-—!» ——————— T
LK!—Interval \Y !
. ! }<— Interval N —
|| |
b |
I t
(v -1)Az l 1 VAz ' (N-1)Az

z

Figure 3-4 Discretization of the temperature curve along the z axis (from Anders and
Brakelmann, 1999a, with permission from IEEE Press).
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1. The longitudinal heat flux, and hence the heat transfer rate (the heat transfer
rate is obtained by multiplying heat flux by the area) at the center of the
crossing is equal to zero. Hence, from Equation (3.10)

WL(O)=—A1% 0= A, =0 (3.22)

2. The temperature is a continuous function when it crosses the interval bound-
ary; that is,

AB,, + A, sinh(y - v-2)+ B, cosh(y - v- Az)

3.23)
= Abyr1) + Ay sinh[y - (24 1) - Az] + B,y cosh[y - (v + 1) - Az] (

3. The heat flux is a continuous function when it crosses the interval boundary;
that is,

A, cosh(y:v- Az) + B, sinh(y - v- Az)

(3.24)
=A,.cosh[y- (v+ 1) Az] + B,,, sinh[y- (v + 1) - Az]
with the solution in the first (v = 1) and the last (» = N) intervals given by
A6V =A@, + B, - cosh(y-z) (3.25)
AOIM =B, -e7* (3.26)

From Equations (3.23)+(3.24), we obtain the following recursive relationships
A,= A, — (A0, — ABy,) - sinh[y- (v-1) - Az] (3.27)
N
Bl = _Aeul + ZAouu(e_(v_l)ATAz - fv"y-Az) + Aeul\/e_N”y-Az
=1 (3.28)
Bl, = Bv—l + (Aﬂu(v_l) - Aeuv) COSh[(v— 1) Y AZ] forv>1

Of particular interest will be the temperature at the crossing point where z = 0.
From Equations (3.25) and (3.28) we obtain

N
AID(z=0) = (e — 1) > Af,ev74: (3.29)
=1

with

AG eV 74z = (3.30)
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The incremental temperature rise of the rated cable at the point of intersection is
equal to

A§0) = W,T,, (3.31)

Thus, the mutual thermal resistance at the point of intersection can be obtained
from Equation (3.31) by substituting Equation (3.6) into Equation (3.29):

y-Az _ 1 N + 2 4+ . AZ . 2
T, = ple — ) Ze‘”‘V‘AZ In Oty + @ cos B) (3.32)
=1

(1~ y2)* + (v~ Az - cos B)?

From Equations (3.32) and (3.19), we can observe that the mutual thermal resis-
tance Ty, is a function of the heat rate ,. Therefore, an iterative procedure has to
be used to evaluate this resistance in conjunction with Equation (3.4). Alternatively,
a conservative estimate of the reduced current in cable 2 can be obtained by substi-
tuting the numerator in Equation (3.4) by the unaltered temperature A6,;, computed
from Equation (3.6) at the point of intersection (z = 0); that is,

A6,12(0)
Lywin=hL |1 - 55— 3.33
2 2 A()max - A0d ( )
If the external heat source is another cable, the most pessimistic result is ob-
tained when the temperature A6,,, is computed with W, corresponding to the am-
pacity of the external circuit being isolated.

3.4.2 Heating by a Steam Pipe

Equation (3.4) can also be used to derate a cable being crossed by a steam pipe. To
illustrate the procedure, consider the installation shown in Figure 3-5.
The heat generated by the pipe is a function of the surface temperature of the pipe:

ow_eR
WP—T

(3.34)
where Ty is the thermal resistance of the pipe insulation and the temperatures are
shown in Figure 3-5. The pipe heat rate is influenced by the crossing cable. There-
fore, in the first step, the temperature 65 is determined from

Op = WpTap + A0,01 + Ay (3.35)

where Af,,, is the influence temperature of the cable on the pipe, T4 is the pipe ex-
ternal thermal resistance, and W), is an assumed initial value of the heat generated in
the pipe.

Equations (3.34) and (3.35) give the heat generated in the pipe, and this value
can be used in Equation (3.4).
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Figure 3-5 Steam pipe crossing cable route.

Example 3.1
Let us consider cable model No. 5. This circuit crosses a steam pipe at 60° (8= 30°)
with the following characteristics. The steam temperature is 6, = 150°C. The ther-
mal resistance of the pipe insulation is equal to 1.0 K - m/W. The outer diameter of
the pipe insulation is 0.5 m and the center of the pipe is located 1 m below the
ground surface (80 cm above the cables).

The isolated circuit No. 5 has ampacity of 1365 A. The parameters required for
the derating calculations (Table 3-1) are taken from Table Al in the Appendix.

Table 3-1 Values for numerical example 3.1

Cable ampacity I1(A) 1365
Conductor resistance at 6,,,,, R (ohm/km) 0.0126
Concentric/skid wires loss factor A 0.150
Pipe loss factor Ay 0.0
Thermal resistance of insulation T, (K- m/W) 0.579
Thermal resistance of bedding 7, (K - m/W) 0.0
Thermal resistance of jacket/pipe covering T; (K - m/W) 0.056
External thermal resistance 100% LF T, (K- m/W) 1.276
Losses in the conductor W, (W/m) 234
Dielectric losses W, (W/m) 6.53
Total joule losses per cable W; (W/m) 26.92

Total losses per cable W, (W/m) 33.45
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We will start the analysis by calculating the external thermal resistance of the
pipe:

p 4L 1 4-1
Tir= 57 In 5 =5~ In 55 =0331 K- m/W

The influence of a single cable on the pipe is obtained from Equation (3.6) with z
= (. Assuming that the influence of all three cables is the same, we obtain

Mote vy PHa GRP G cos B 1:3:3345  (L8+10F
Wz Y =3) = g I T Y T e B T T Am B (18-1.0)
=20.0°C

Let us initially assume that the pipe generates heat at the rate of 200 W/m. We
can now compute the pipe surface temperature as

Or = W,Tap + A,y + 6, =200 - 0.331 +20 + 25 =111.2°C
We can now verify the amount of heat generated by the pipe from Equation (3.34):

oo B _150-1112
= g =1~ =388 Wim

Substituting this value again to Equation (3.35), we obtain the revised value of
the pipe temperature equal to 57.8°C. The process converges after four iterations
with the final values of W, =78.9 W/m and 6 = 71.1°C.

Next, we will compute the mutual thermal resistance of the pipe and the middle
cable. The longitudinal thermal resistance is obtained from Equation (3.7) as

_p_ 0.0026

L—Z—W:IBK/m-W

The combined thermal resistances are obtained from Equations (3.2) and (3.12):

T,= T+ n(1 + A)Ty + n(l + A + AXTs + T) = 0.579 + 1 - 1.15 - (0.056 + 1.276)
=2.11K - m/W
T,=T, +n(T,+ Ty + T =0.579 + 1 - (0.056 + 1.276) = 1.91 K - m/'W

The loss values are now computed from Equations (3.14), (3.15), and (3.16). The
value of AW, is obtained from

Ao oW, 000393 - 23.4
0% T¥ (60 —20) _ 1+0.00393 - 65

=0.073 W/m
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The first estimate of A@(0) is obtained from Equation (3.17) as

_ p Oty 1.0, (A8+1y@ .
AG(O)—WI'E'mW_78-9 Elnm—ISJ C

With the temperature reduction caused by the dielectric losses equal in this case
to 10.6°C, from Equation (3.16), we have

AW = AW, _ A0 o717 | =000
S I_Aomax—Aed =0. T85-25-106|

From Equation (3.19), we have

T, 13
y=JU-AW-T)- 7= [(1-005-2.11) 757 =0.78 /m

Assuming Az = 0.01 and z,,,,, = 6 m, the derating factor equals to 0.88, with max-
imum current of 1205 A. If the cable is derated to 1205 A, the amount of heat gen-
erated by the cable circuit is decreased and the whole computational procedure
should be repeated. |

3.4.3 Multiple Crossing Heat Sources

Equation (3.32) can be generalized for several cables crossing the rated cable by ap-
plying a superposition principle. In order to make this generalization, we must as-
sume that the point z = 0 is the place where the temperature of the rated cable reach-
es its maximum.

Let the rated cable have the designation » and let z, be the z-coordinate of the
hottest point in cable r. Then, for any other cable k (z = z;) away from the point z =
z, we have

T, = pr(em®—1) + ie-v'yrAz In [ Oty + (7, — 2z + v Az) - cos B
=1

4 Or=yY + [z, —z + v~ Az) - cos B)? ] (3.36)

If we consider only two cables, the maximum temperature may be reached
somewhere between them and not at the two crossing points. In this case, Equation
(3.36) is not really valid but the temperatures at various values of z can still be com-
puted by taking a general solution of Equation (3.18).

Example 3.2

We will consider a crossing of a 10 kV XLPE cable circuit (cable No. 1) and a
145 kV three-core armored cable (cable No. 2). The cables and their characteris-
tics are described in the Appendix and the summary of the computed parameters
are given in Table 3-2. However, in this example, we will adopt slightly different
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Table 3-2 Values for numerical example 3.2

Computed parameters (hottest cable)

Cable ampacity I(A) 631 871
Conductor resistance at ,,,, R (ohm/km) 0.0781 0.033
Concentric/skid wires loss factor Ay 0.090 0.121
Armor loss factor Ay 0.206
Thermal resistance of insulation 7, (K- m/W) 0.214 0.754
Thermal resistance between sheath and armor 7, (K- m/W) 0.040
Thermal resistance of jacket T; (K - m/W) 0.104 0.047
External thermal resistance 100% LF T, (K- m/W) 1.621 0.385
Losses in the conductor W,.(W/m) 31.07 24.92
Dielectric losses W, (W/m) 0 0
Total joule losses per cable W, (W/m) 33.82 33.11
Total losses per cable W, (W/m) 33.82 33.11

laying conditions for both cables. The soil thermal resistivity is equal to 0.8 K -
m/W and ambient soil temperature is 25°C. Some parameters of both cables had
to be recomputed because of the laying conditions are different than those used in
Appendix A.

We will compute derating factors for both circuits. At the start of the process,
when calculating the derating factor for the three-core cable, we will assume that
the 10 kV circuit operates at its maximum power, corresponding to the case when
this circuit is isolated. Similarly, when computing the derating factor for the 10 kV
circuit, we will assume that the three-core cable is fully loaded, as in the isolated
case.

Perpendicular Crossing. We will consider a 90° crossing; that is, (8 = 0). We
will assume Az = 0.01 and z,,,,, = 6 m, which results in N = z,,,,/Az = 600.

We will investigate the effect of the three-core cable on the center (the hottest)
cable of the 10 kV circuit. The effect of the 10 kV circuit on the three-core cable has
to include the effect of all three cables. The coordinates are as shown in Figure 3-6,
with the y-axis passing through the center cable. Three values of T}, will be re-
quired from the three cables of the 10 kV circuit, as described below.

We will start with the derating calculations for the 10 kV circuit by assuming
that the three-core cable is loaded to 871 A. The loss values are now computed from
Equations (3.14), (3.15), and (3.16). The value of AW, is obtained from

~ a, _0.00393 - 0.0781 - 1073 - 6312
T T+ a0..,-20)  1+0.00393-(90-20)

AW, =9.58 - 102 W/m

The first estimate of A®(0) is obtained from Equation (3.17) as

L
4

(1 +y)? _ 08:3-3301 n[(1.2o+o.9)2

O (120 =09y ] =246°C
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Cable 2

3-core 145 kV cable

y=091m—S

e

y=12m

NY

Figure 3-6 Cable configuration for numerical example 3.2.

The total thermal resistances are obtained from Equations (3.2) and (3.12) as

T,= T, +n(l + ATy +n(l + A + A,)(Ty + Ty) = 0.214 + 1.09 - (0.104 + 1.621)
=2.091 K - m/'W

T,=T, +n(T,+ T3+ T) =0214 +0.104 + 1.621 = 1.939 K - m/'W

The longitudinal thermal resistance of the conductor is (other, parallel paths for
the longitudinal heat transfer are neglected here; see, however, Section 3.5)

p  0.0026

Tr= "4 = 0.0003

= 8.67 K/(m-W)
From Equation (3.16), we have
AGO 24.6
AW=AW,- [l - ﬁ] =9.58-102- (1 - 65 ) 0.060 W/m

The attenuation factor is obtained from Equation (3.19):

A (1-0.060-2.09T)-867 _ .o/
(1-AW-T) == 9% =1.98 1/m
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We can now compute the mutual thermal resistance from Equation (3.32):

Cper-1 & ity (o Az cos BY
Ta= " 2 I G 5P (o bz cos B

_08(eMFO0 1) R eoor . (09+1.2)24(0.012)
= e ' ;e S I GeTTar T oone |19 K MW

The derating factor after the first iteration is obtained from Equations (3.5) and

(3.31):

ppe i 800~ [9933-0079 _
TV Bl BG4 T 90-25

Similar calculations are now repeated for the three-core cable with the current in

the 10 kV cable fixed at 631 A. The calculations are summarized in Table 3-3.

Table 3-3 Calculation of the derating factor for the three-core cable (cable type: 800 mm?,
145 kV)

Characteristics
Longitudinal thermal resistances ~ K/(m-W) 0.0026/800 - 106 =325
of the conductors 7,
T, K - m/W/W 0.754 + 3 - [0.04 + 0.047 + 0.385] = 2.17
7, K-m/W 0.754 + 3 - [1.121 - 0.04 + 1.327 - (0.047 + 0.385)] = 2.61
Ab,.y °C 90-25=65
Ab, °C 0
AW, y 0.033 - 10 - 0.00393 - 870° 102
o Wim 1+0.00393 - (90—20) /68

Computing rating factor With : Az=0.01 m, N-N> 500

. . A o 08-3-33.82 (1.20 +0.9)2
First estimate of A6 C - 1 T20=0.9y

(1.20 + 0.9)2 + 0.0722
ol T20-09+0072 |[=249

. . 249
First estimate of AW 7.68-102-(1- 65 | =0.047

. . (1-0.047-2.61)-3.25
First estimate of y =1.15

2.17
Final estimate of A8 (2nd °C 14.9
iteration)

. 14.9
Derating factor DF - = - 0.88
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Simultaneous Rating of the Two Links. Six iterations are necessary to get the de-
rating factors of the 2 links, when taking into account mutual thermal effects. The
final result is as follows:

Rating of the two links
Cable type Rating factor
300 mm? XLPE 10 kV 0.88
800 mm? 145 kV 0.91

The Influence of the Crossing Angle and the Distance between Circuits. The de-
rating factors will, of course, be affected by the value of the crossing angle. Figure
3-7 shows this relation for both cables. We recall that 8= 90° represents the parallel
route of both circuits.

From Figure 3-7, we can observe that the decrease of the derating factor is more
pronounced for the high-voltage cable as the circuits become more parallel. For the
145 kV cable, the derating factor decreases from 0.91 for a perpendicular crossing
to 0.85 when the circuits are parallel. A conservative practice, used by many utili-
ties in cases like this, would be to assume that the cables are parallel. For parallel
laying, the ampacity of the high-voltage cable is 736 A. Thus, when this conserva-
tive assumption is used, the conventional approach would unnecessarily decrease
the ampacity of this cable by about 52 A or about 7%.

The temperature influence of the external heat source on the rated cable will de-
pend on both the crossing angle and the distance between the circuits. Figures 3-8
and 3-9 illustrate the dependence on the crossing angle for both cables.

From Figures 3-8 and 3-9, it is apparent that the influence of the distribution cir-
cuit on the high-voltage cable disappears at a distance exceeding 6 m for crossings

92

91

i T 145 kV cable
~§~ I

h l
\\

89 TN

90

~

88 =

Derating factor (%)
’

87 ~
10 kV cable o
86 >

85

0 30 60 90

Crossing angle (°)

Figure 3-7 Derating factors as a function of the crossing angle (from Anders and Brakel-
mann, 1999b, with permission from [EEE Press).
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Influence temperature (°C)
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Figure 3-8 Temperature influence on the 10 kV cable as a function of the crossing angle
and the distance from the crossing.

with angles smaller than 60°. On the other hand, for the 10 kV cable, this influence
extends to about 5 m.

As expected, the more parallel the cables are, the higher will the influence tem-
perature be. The influence temperature can be quite high at the point of intersection,
even for a perpendicular crossing, and reaches 14°C in our example for the 10 kV
cable (this can be compared with the 17.5°C influence when the circuits are paral-
lel).

20
18
16
14 —
12

Influence temperature (°C)
S

o N A O

0 1 2 3 4 5 6
Distance from the intersection (m)

Figure 3-9 Temperature influence on the 145 kV cable as a function of the crossing angle
and the distance from the crossing (from Anders and Brakelmann, 1999b, with permission
from IEEE Press).
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The dependence of the influence temperature on the 10 kV cable on the distance
between the cables is shown in Figure 3-10. In this case, we increased the depth of
the distribution circuit to 1.5 m, thus doubling the separation of the circuits to 0.6 m
with the crossing angle 8= 0°.

The vertical distance between the circuits plays a smaller role as far as the varia-
tion in the influence temperature is concerned. It is interesting to note that this in-
fluence temperature is almost identical for both separations at a distance greater
than about 1 m from the intersection. |

3.5 CONSIDERATION OF A SCREEN LONGITUDINAL HEAT FLOW

When the cable has metallic components other than a conductor, additional joule
losses are created. In this section, we will illustrate how the longitudinal heat flow
in the screen can be taken into account by considering a cable with a metallic screen
or sheath but without armor. The development of the equations when armor is pre-
sent would follow the same procedure as described below (Anders and Dorison,
2004). Our aim is to develop an expression for the conductor temperature rise at the
crossing [Equation (3.52)] but since the conductor and screen temperature rises are
now dependent on each other, we will first develop a matrix equation linking these
two quantities [Equation (3.43)].

In order to take into account the effect of the longitudinal heat flow in the cable
screen, we will apply Equations (3.9) and (3.10) to the conductor and screen sepa-
rately. Thus, we have

16
~ 14 _
[ *\ «———— Depth = 1.2m
e 12 Al
o \
S s
® 10 X
@ \
£ 8 A
) \ Depth = 1.5m
o 6 N /
™ /
= 4 N {
E \"\
- 2 == X\
0 SN
0 1 2 3 4 5 6

Distance from the crossing (m)

Figure 3-10 Temperature influence on the rated cable as a function of the vertical distance
between the circuits and the distance from the crossing. The 145 kV cable is in the fixed po-
sition and the 10 kV circuit is shifted downward. Perpendicular crossing is represented.
(From Anders and Brakelmann, 1999b, with permission from IEEE Press.)
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1 &,
(Wcr_Wc)_E ’ Jz2 =0 (337)
)
W, - W) - T, @ 0 (3.38)

Applying the energy conservation principle to both the conductor and the screen,
and using relationships between the temperatures and radial heat flux, the following
equations are obtained.

For the temperature drop between conductor and the sheath,

O.-0,=W, T+ W, T\2=W,-W,) T)+W. - T, + W, T,/2 (3.39)
Taking into account relation (3.13), Equation (3.39) can be written as

O [1-AW-T =0, =W, W) Ty +We- T, + Wy Ti/2

_ L 76,
T T, o

(3.40)
Wct' Tl+ Wd' Tl/2

The temperature drop between sheath and ambient is equal to

2
=80t Wy (T,-T/2)+ W (T,—-T)) + W, (T,— T) (3.41)
+ [(Wcr_ Wc) + (Wsr— Ws)] : (Tr_ Tl)

T
es-aamb:A0u12+ Wd.(Tr_—l>+ Wcr.(Tr—Tl)+ Wrr.(Tr_Tl)

or, remembering that W+ W, =(1 + ADW_and (1 + A)) - (T, - T)) = (T, - T)),

Oy = Oup = BO,12 + Wy (T, - T\2) + W, - (T, - T) + AW - (T,-T)) - 6,
+ [(Wcr_ Wc) + (Wsr_ Ws)] ' (Tr_ Tl)
=86, Wy (T, -T2y + Wy (T,-Ty) + AW - (T,~ Ty) - 6,
Jope 1 de]
T, @ 1, e | &)

(3.42)

where

W,, W.= conductor and screen losses per unit length (W/m)

W, W = radial heat flowing from the conductor and the screen per unit length
(W/m)

0., 6. = conductor and screen temperatures (°C)

T, T, = longitudinal thermal resistances of conductor and screen (K/W-m)

A, = screen loss factor (assumed to be independent of the temperature)

and T, and T, are defined in Equations (3.12) and (3.2), respectively.
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Using a matrix formulation, Equations (3.40) and (3.42) can be written as

A6 [My, M,| & Af)c]_[Aou
[Aes]_[M21 My, | 0z, | A6 | L A8, (3.43)
where
AQ,=[1~AW-T]- 6.—Aby
(3.44)
[1-AW-T)
A6, = m - (6,+A8,)— Al
and
ABX:Wct' T1+_€L . Wa’
(3.45)
A0c0=0amb+Wa"(Tr_T|)+WCt-(n_Tl)+A0X=0amb+ Wd(Tr_Iz—l‘ +Wct'Tt
I S
1n- [I—AW‘T,] Ty,
Moo= 1 (L,=T)[1-AW-T}
27 1AW T} To,
(3.46)
YRR S— (-aw-1)
n=m-aw 1] T, T T-AW T
Mo = 1 (T,— T)[1 - AW - T}]
2 T-AW-T] 7.,

and, to simplify the notation, A6, = A6,,.
We will now solve the differential Equation (3.43). Let e; and e, be the eigenval-
ues of matrix M. Denoting

1 1
n= Ve, and m= Ve, (3.47)
the general form of the conductor temperature rise is given by
A8.=AB,+A e +B-em+C-et?+D-eh? (3.48)

The expression of the screen temperature is obtained from Equation (3.40) as

T, 1 A0,
T, 1-AwW-T, dz2?

9S=A0L.~ +A0€0_A0X
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or

T, 1 d*A0, ) .

evaeu_ﬁ' I—AWT, dZZ +A6€0—A03+C¥]'(A‘e77 +B'e")
(3.49)

+a,-(C-e*?+ D - eh?)
_ T, ,
=l —awy "

(3.50)

=1- 4 2
% T -Aw-T] ¥

Since A6, and A6, are not dependent on z, they vanish when expressing screen
temperature or flux continuity at discretization points. Also, A6, is constant in each
interval; hence, its derivative also vanishes. Thus, when expressing the equality of
the temperature and flux at points z, for both the conductor and the screen, recursive
relationships are derived for coefficients 4, B, C, and D:

ay — 1 . AGW— Aou(v_])

- —nvriz

A, =4+ P, 5 e

B =B + ay — 1 . AOMI,—AH,,(D_I) . e"l'l"Az

o1 v a — a b

(.51
a -1 Af,-A#6,

C . =C — 1 . uy (1) | e hvAz

1 v a, - o 2
D . =D — a -1 . AB,,— Db, . ouvhz

vt P oa,—a 2

If A6,,(n, 0) and A6,,(u, 0) are the conductor and the screen temperature rises at
the crossing location derived as in Section 3.4.1, with propagation coefficients %
and u, respectively, instead of -y, then

AB0(0)=u-Ab,,(m, 0) + (1 +u) - Ab,(1, 0) (3.52)
with
_a-1
U= a—a = Mz_nz (3‘53)
Example 3.3

We will reconsider Example 3.1, but this time we will include the effect of the lon-
gitudinal heat transfer in the screen. We will show calculations for one iteration
only.
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The longitudinal resistance of the screen is obtained from Equation (3.7) as

I 0.00495
A~ 70.5-(0.102+0.113) - 0.006

T = =1.28 K/'W-m

Since all other cable parameters were computed in Example 3.1, we can proceed

to calculation of the components of the matrix M from Equation (3.46):

_ T, a 1.91 _
T T-[1-AW-T]  13-[1-0.05-2.11]

My, 1.64

C(L-TY-AW-T]] _ (1.91-0.579)-[1-0.050.579]

Mo= =7 -aw-7) = 259-11-005-211] 5%
My, = My, = 0.559
My, = ! p_p =AW T)
wTronioawey |l —awe Ty

1
T 13-[1-005-2.11]

[1-005-2.11] |

The eigenvalues of matrix M are equal to e, = 0.123 and e, = 2.08, hence 7 =

2.85 and p = 0.694. The parameter u in Equation (3.52) is computed next from
Equation (3.53):

w0694
Y7 T 0.6942-2385

=-0.063

Since our goal is to evaluate the conductor temperature rise at the intersection,
we will need the quantities Af,,(n, 0) and A6,,(u, 0). These are obtained from
Equation (3.31) and are equal to Af,,(n, 0) = 14.6°C and A6, ,(u, 0) = 10.5°C, re-
spectively.

The conductor temperature rise at the intersection is then equal to

AB0)=u - Af,,(m, 0)+ (1 —u) - AB,,(, 0)=—0.063 - 14.6 +1.063 - 10.5 = 10.2°C

The derating factor is now obtained from Equation (3.5) as

pp= [1- 20O _ 102 .
V' AG.-AB, ' 85-25-106

This corresponds to the derated current of 1217 A. This value can be compared
with the current of 1205 A obtained when the screen longitudinal heat flow was not
considered. The new derated current is 12 A larger than the one computed in Exam-
ple 3.1.
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We will conclude this example with the sensitivity analysis showing the changes
of the derating factor with respect to the crossing angle. Figure 3-11 illustrates this
dependence for this example.

The more parallel the heat source is to the cable, not only is the ampacity of the
cable smaller, but so is the effect of the screen longitudinal heat flow. The crossing
angle of 0 degrees represents perpendicular crossing. When the cable is parallel to
the heat source, there is no longitudinal heat flow in the conductor or the screen,
and the rating of the cable is the lowest. ]

3.6 TRANSIENT TEMPERATURE RISE OF CABLE CROSSINGS

3.6.1 Transient External Thermal Resistance

The developments so far have dealt with the derating considerations when the inter-
vening heat source emitted a constant heat flux. In practice, the external heat source
is very often another cable circuit and its loading changes with time. A simple mod-
ification of Equation (3.32) will allow us to include the effect of transient loading in
cable 1 (considered to be the external heat source) on the temperature rise in cable 2
(Brakelmann and Sahin, 1999).

First, we observe that Equation (3.6) takes the form (Anders, 1997)

pw, . d;% . d;;z
Aty =v2,2) = v ~Ei ~ 457 + Ei ~75 7 (3.59)

with (geometric variables as in Figure 3-1)

1240
1220 T - .
S~a With screen heat flow
< 1200 ~ S
g \ N
= Without screen heat flow NG
s 1180 NS
(] -
— N
] S
8 1160 \\
\\
1140 \
1120

10 20 30 40 50 60 70 80 90

Crossing angle (degrees)

Figure 3-11 Derating factor as a function of the crossing angle (from Anders and Brakel-
mann, 1999b, with permission from IEEE Press).
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d, =V (1 —y2)* + (z - cos B and dy=V(y; +y)*+(z cos B? (3.55)

where
¢t = time (s)
&= soil thermal diffusivity, m%s.

Substituting Equation (3.54) and (3.55) into Equation (3.29), the transient exter-
nal thermal resistance is obtained as

yaz_ 1y N
T =21 > e

— )2 cAz- 2 2 - Az - 2
{_Ei[— 027 +4(;,?Z 0 ) ]+Ei[— 017 +4(;.,AZ 203 ) ]} (3.56)
Example 3.4

Let us revisit Example 3.2, in which we investigated the effect of a three-core 145
kV cable (cable model No. 2) crossing a circuit composed of three 10 kV cables
(cable model No. 1).

We will now consider the following situation. The three-core cable is initially
loaded with the current of 740 A, corresponding to 85% of its isolated rating. The
10 kV cables initially carry 50% of the continuous load while isolated; that is, 315
A. At t=0, the current in the distribution cable increases to its full rating when iso-
lated; that is, to 631 A. We are interested in the change of the conductor tempera-
ture of the three-core cable. The isolated cable parameters corresponding to these
loading conditions are listed in Table 3-4.

The conductor temperature of this cable following a step change of current in the
distribution circuit is shown in Figure 3-12 for two crossing angles, =0 and B =

Table 3-4 Parameters of two crossing circuits before time step change of current

Computed parameters (hottest cable)

Cable 10kV 145 kV
Cable current I(A) 315 740
Conductor temperature, 0, (°C) 40.5 76.2
Conductor resistance at 8;,;, R (ohm/km) 0.0672 0.033
Concentric/skid wires loss factor A 0.173 0.175
Pipe/armor loss factor Ay 0.295
Thermal resistance of insulation T, (K-m/W) 0.214 0.754
Thermal resistance of armor bedding 7, (K-m/W) 0.040
Thermal resistance of jacket 75 (K- m/W) 0.104 0.047
External thermal resistance 100% LF T, (K- m /W) 1.621 0.385
Losses in the conductor W,.(W/m) 6.67 18.31
Dielectric losses W, (W/m) 0 0
Total joule losses per cable W, (W/m) 7.82 26.93

Total losses per cable W, (W/m) 7.82 26.93
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Figure 3-12  Conductor temperature of the three-core cable after a step change of current in
the distribution cable at time ¢ = 0 (from Anders and Brakelmann, 1999b, with permission
from IEEE Press).

90°, corresponding to perpendicular and parallel crossings, respectively. When the
effect of mutual heating is taken into account, the initial conductor temperatures for
the three-core cable are 79.6°C and 82°C, whereas the steady-state temperatures
reached after doubling the load in the 10 kV circuit are 91.2°C and 101.3°C for the
perpendicular and parallel crossings, respectively.

The maximum permissible conductor temperature is first exceeded after a time
of about 743 h (31 days) if a perpendicular crossing is considered. However, for the
parallel crossing, the cable will already be overheated after 36 h. This underlines
again the importance of longitudinal heat flow in the metallic parts of the cable for
oblique crossings. |

3.6.2 Cyclic Rating

We will consider two different situations that can arise in practice. In one case, the
external heat source exhibits cyclic loading; in the other, the rated cable is a sub-
Jject to a cyclic current. When both situations occur, the results are simply addi-
tive.

3.6.2.1 Cyclic Loading of the External Heat Source. To obtain an expres-
sion for the rated cable conductor temperature rise caused by cyclic variation of
losses in the external heat source at an arbitrary time 7, we will make an assumption
that the heat dissipated in the external cable is directly proportional to the square of
the applied current. This simplifying assumption gives quite accurate results, as
confirmed by the author by performing finite-element studies. The required temper-
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ature is then obtained as an algebraic sum of the hourly temperature rises as given
by expression

AGMIZ(T, Z)_AOuIZ(T_ la Z) (357)

Let the rated cable conductor temperature rise at time i after the application of a
step function of losses corresponding to the rated current I in the external heat
source be A6,,x(, z). The temperature rise corresponding to the cyclic current with
a maximum value /., will be denoted by A#8,,,(i, z). Since the temperature rise is
assumed to be proportional to the square of the current, the temperature rise at time
t=01is equal to

[rznax
A6,5(0,z) = ? 1AB,128(2, 2) (3.58)

Equation (3.58) assumes that a uniform current \/ul,,, has been applied for a
long time before ¢ = 0. At the end of time ¢ = 7, the temperature rise caused by this
average current is equal to

2
1 max

[_1% M[AB,12R(®, 2) — A8, 28(T, 2)] (3.59)

If at =0, a current pulse with magnitude [, is applied, the maximum conductor
temperature rise at time ¢ = 1 due to the external heat source is obtained from Equa-
tions (3.57) and (3.59) as

Bax
Ab,12max = 1_1% {u[A0,128(, 2) — AB,12r(1, 2)] + Yo[AB,12x(1, 2) — AB,12£(0, 2)]}
(3.60)

where Y, is the ratio I3/I2,, and A6,;,x(0, z) = 0.
Similarly, when a cyclic load is applied to the conductor of the external source,
at the end of 7 h, the maximum influence temperature rise is equal to

Il'znax
Al ) =B WA 12(5, ) - D7)

1
+ 3 V{AOuonli +1,2) — AbyiaaC, z)]]

=0

3.61)
1axD6,128(%, 2) [ [ AB,1,x(T, 2) ]
= "

B Iz - AB,12x(*, 2)

T [ A6 +1,2)  Abi, 2) ]}
+ i -
; Y’[ AB,128(*, 2) Ab,28(, 2)
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where each of the ¥’s is expressed as a fraction of their maximum value, and ¥; is a
measure of the equivalent square current between 7 and (i + 1) h prior to the expect-
ed time of maximum influence temperature.

The ratio A6,,x(¢, z)/A6,,x(, z) is obtained as follows. The expression for
A8,,:(t, 2) is given by Equation (3.54). On the other hand, the value A6,;,,4(, z) is
given by Equation (3.6). In both equations, ) is assumed to correspond to the rated
current. Denoting this ratio by 8(7), we obtain

ol -2 ) -5 4%
B(t, 2) = ;
(]
P

with d, and d,, defined in Equation (3.55) and a(¢) the cable surface attainment fac-
tor (Anders, 1997).
Remembering that

(3.62)

01 + 72+ (z - cos BY?
V01 =727+ (z - cos PP

ABue®,2) = 4= 13- R =I3R-T,u() (3.63)

and assuming the attainment factor close to 1, Equation (3.61) can be written for 7=
6 as

5y
A6,12max(@) = Pl - R - T12(2) - {[1 - B(6,2)] +Z) ;’[B(i’r 1,2)— BG, Z)]} (3.64)

Equation (3.64) can be simplified as follows. For d, = 0.24Vn and ¢ = n hours,
Ei[(-d2/4- 8- 1)] =~ 0. Also, ford, = 0.2 and d, = 1, B(6, z) = 0.057 and B(i + 1,
z)—B(i,z) = 0.02 fori=0to 5.

Therefore, generally, the following approximation will be on the safe side and
sufficiently accurate:

A01412max(z) = ]rznax ‘R~ TulZ(Z) =p Wl ' TulZ(Z) (365)

Dorison (2003) examined the accuracy of this approximation. He observed that
for the usual cable spacing (larger than 0.2 m) and depth of laying larger than 1
m, the second component of Equation (3.64) that was omitted in Equation (3.65)
will not be larger than 1.06. Only under very unfavorable conditions (very close
proximity of the heat source to the rated cable) should the full Equation (3.64) be
used.

3.6.2.2 Rated Cable with Cyclic Load. We will start by recalling that in the
steady state the following two equations describe the dynamics of the heat transfer
in the rated cable [see Equations (3.9) to (3.11)]:
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1 &6
(W,—Wc)—-TTL . ?=0 (3.66)
0=0,,+ A0, +AG+W, - T,+(W,-W,)-T, (3.67)

where T, and 7, are defined in Equations (3.2) and (3.12), respectively.
As a result, the conductor temperature may be expressed in a simple way in
which the effect of the crossing heat source is localized in the term

A=AB,,+ (W,-W,)-T, (3.68)

which clearly includes the longitudinal heat dissipation, when considered. Substi-
tuting the loss difference from Equation (3.66), and taking into account the varia-
tion of conductor resistance with temperature, we can write Equations (3.67) and
(3.68) as [see also Equation (3.20)]

0=0,,,+A0,+W_-T,+ A8 (3.69)
1 PAl
A9=A0,,,+ 7 "o (3.70)

where vy is defined in Equation (3.19).

The following, somewhat lengthy developments, will result in an expression for
the temperature of the conductor in a steady-state cyclic operation [Equation
(3.90)], which can be used to compute the derating factor, as illustrated in Example
3.5 below.

To deal with a cyclic load, we need to consider first the transient temperature re-
sulting from a current step function. Equations (3.69) and (3.70) will now take the
form

0(t) = O, + A6, + W, - T(t) + AKD) (3.71)
1 FA
A6 = Abu + 25 7o (3.72)
with
T,
Y@ =[1-AW T()]" 70) (3.73)

The thermal resistances in Equations (3.71) and (3.72) are time dependent since
they now take into account the cable thermal capacitances. They are defined by

TO=a® [Ti+(A+A) L+(1+2+A4) (I+0- Ty

(3.74)
T(O=at) [T, + T+ T3+ (1) - To)
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The variables a(f) and B(7) are the conductor and external surface attainment fac-
tors, and are defined by (Anders, 1997)

_ %0
o) = e (3.75)
D*2 L*2
—Ei(— )+Ei(— —)
B = 16-1-9 " £o (3.76)
21n(4i)
D3

where
D#* = external diameter of the cable or duct, m
L* = depth of laying, m.

Following the IEC standard approach, only the six hourly steps before the time
when the temperature reaches its highest value are involved, the remaining hourly
steps being represented by a representative load, as illustrated in Figure 3-13.

The conductor temperature may be expressed from individual steps responses as

6 6
1) = Oy + A6+ > W.(1) - [T(t11) — TLE)] + ;(Wr(t,-) ~ W) T t1) — TAL)]

=0 (3.77)
The last term of Equation (3.77) can be expressed as
6
Ab(t7) = Ab,1 + D [AG1(8) ~ Ab(1)] (3.78)
J=1

Power
A

We(0)

We(4) We(1)

We(5) We(2)
We(3)

uw

t; =00 te t3 t1 Time

Figure 3-13 Counting of hourly steps in cyclic calculations.
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To evaluate the expression under the summation sign in Equation (3.78), we will
write Equation (3.68) for time #; and the step with magnitude W). We have

Ab(t) = A0, 12+ (W= Wer) - TAL) (3.79)

with

1 FPAO()

A6E) = Mbuz* ey 57 (3.80)

and

2 T
YE@) =[1- AW, T()] - ) (3.81)
AW, - T(t)) can be expressed as follows
Tt
AWk N Tt(tj) =u I(T,J) Yk (382)
where
_ Il% _ Q0 ° Rmax ) Irznax ) Tr o Q0 (omax - (Oamb)

=B T Tran Oue—20) ~ T+ag (Bum-20) %)

We will try to simplify Equation (3.77) by finding the bounds on the variations
of the attenuation coefficient y,(¢). Taking derivates of both sides of Equation
(3.81), we obtain

e,
’ dn(t) T, * % .80
Vit L, Yo '
—u——>Y,
T,
Denoting
(s,
_ u_,;,) y, (3.85)
t
we observe that x < 1 since
u<1,T(t)<T,and ¥, <1
Hence, we obtain from Equation (3.84)
dydt) ay,
1+x) 3.86
l 7 (t) ( x) Y, ( )
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Finally, since x < u, we obtain the following inequality (Dorison, 2003):

‘ dvt)
Ye

u dYk
< 5(1 +u) - Tk (3.87)

From the last inequality, for usual cables (@, = 0.004 K~! and 6,,,, = 90°C) and
load curves, where the magnitudes of hourly steps do not show large deviations, the
variations of y(#,) are small. Since in the expression [Equation (3.80)] for 6,(¢)
only the attenuation factor depends on £, with a small loss of accuracy, we have

A8 (1) ~ AB(5) (3.88)

Substituting Equation (3.78) to (3.77) and taking into account Equation (3.88),
we obtain

6
0) = Oy + A6, + ZO Wet) - [Ti(41) — Td5)] + Abg(t7) (3-89)
=

As t; is infinite, the expression for Afg(¢;) is the equation for the steady-state op-
eration. Introducing the load loss factor, the final result is given by

W max
6= 0,1,,,,, + A0d+ —CMQ— ¢ T‘t+ A0 (390)

where A8 is determined from a steady-state operation, with the average losses equal
to /'LWc,maX'

To calculate the derating factor, we proceed in the same way as for the steady-
state operation; but we need to replace the steady-state current / in Equation (3.15)
by the representative current of the load cycle uM?P.

Example 3.5

To study the effect of cyclic loading, we will revisit Example 3.2. Let us assume
that the cables are perpendicular and the 10 kV cable circuit is loaded with a cyclic
current shown in Figure 2-8, with the loss factor # = 0.504. The numerical values
for this curve are summarized in Table 2-5.

We want to determine the effect of a cyclic load in the 10 kV cable on the ratings
of both circuits. We will assume the losses as in the isolated cable study. First we
need to determine the cyclic rating factor for the low-voltage cable. The calcula-
tions of this factor were already performed in Example 2.2 but the cables were lo-
cated at the depth of 1 m, whereas now their depth of burial is 1.2 m. This differ-
ence has an effect on two components of Equation (1.77),! namely 8,(f) and k. As
shown in Example 2.2, the value of 3,(¢) can be assumed to be independent of the
depth of burial for the durations considered here. Therefore, we need to recalculate

'We use this simplified equation for the cyclic rating factor together with Equation (1.8.5) because the
attainment factor for this cable is equal to 1 for all six time points, as shown in Example 2.2.
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only the value of &, which is given by Equation (1.84). The external thermal resis-
tance of the middle cable, including the effect of mutual heating, is now equal to
1.621 K - m/W (see Example 3.2). Thus,

i = W(T,+ AT,) B 33.82-1.621 — 0.847

'" W.T+W(T,+AT,) = 31.09-(0.214 +0.104) +33.82 - 1.621
The cyclic rating factor for the 10 kV cable is equal to

1
M=
V(L - k)Yo+ ki {B + u[l - B6)]}
1
1.22

“V(1-0.847)-0.992 + 0.847 - [0.274 + 0.504(1 —0.337)]

We will assume that the three-core cable is loaded to 871 A. We will recompute
only those quantities that are affected by the change in the current in the 10 kV cir-
cuit. The loss values are computed from Equations (3.14), (3.15), and (3.16). The
value of AW, is obtained from a revised Equation (3.15):

Ao CrRop MEP 000393 -0.0781-10°-0.504 - 1222 6312
07 T+ ey — 20) 1+0.00393 - (90 — 20)

=7.23-102W/m

From Equation (3.16), we have

_ A60) | > 246\
AW—AWO'[I—m]—TZfi'IO . 1——55— =0.045 W/m

The attenuation factor is obtained from Equation (3.19):
T, 1-0.045-2.091) - 8.67
y=\/(1—AW-T,)-TL=\/( 539 ) =201 1/m

We can now compute the mutual thermal resistance from Equation (3.32):

(1 +3:)? + (v Az - cos BY?
(1 —y2)* + (v- Az - cos BY?

pert-1y &
T]z = T ;e_”YAZ ln

0.8 (201001 _1) 60 0.9+ 127+ (0015
- - : ;e 100 In (9T 27 ¥ (0.0Ts7 | = 0180 K - m/W

The derating factor after the first iteration is obtained from Equations (3.5) and
(3.31):
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oo [ 280 [ 99330180 _
=V R —Ap, 1" o0-25 ~0&

Similar calculations are now repeated for the three-core cable with the current in
the 10 kV cable fixed at 631 A.
The first estimate of A# is equal to

0.8:0.504 - 1.222-33.82
AK0) = 47

(120 +0.9)2 (1204097 +007227)
1 T20-09y7 | * 2 Inf (T20= 0.9y +0.0722 |[ = 187°C

Since the value of AW, for the 145 kV cable is the same as in Example 3.2, from
Equation (3.16), we have

B A6(0) B _2 246\
AW—AWO-[1~m]—7.68-IO : 1—? =0.055 W/m

The attenuation factor is obtained from (3.19)

(1-0.055-2.61)-3.25
(1-AW-T)- 517 =1.13 I/m

We can now compute the mutual thermal resistance from Equation (3.36):

p(ev®-1 o [0ty H [ — 2t v Az) - cos BT
T2'=—4w r e ‘“[(yk—y,)2+[(z,—zk+v-Az)-cosB]Z]

_08- (e' 0D R riseon g (09 1.2 +(0.072+0.010)°
Ze 109127+ (0.072 + 0.010?

=0.137K - m/W

The derating factor after the first iteration is obtained from Equations (3.5) and
(3.31):

oo [ B0 [ BEO0T_
DF=1-Rg —he, ! " 90-25 O

After five iterations, the final results are as follows:

Rating of the 2 links

Cable type Rating factor

300 mm? XLPE, 10 kV 0.86
800 mm?, 145 kV 0.97
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Considerably higher current can be imposed on the 145 kV circuit in comparison
with the results obtained in Example 3.2. ]

3.7 SOIL DRYOUT CAUSED BY MOISTURE MIGRATION

In this section, we will show how the heat-transfer differential equation can be
modified to include the effect of the soil drying out around the rated cable. The re-
sulting expression [see Equation (3.103)] has the identical form as Equation (3.20),
but some of the coefficients are modified to include the effect of the soil dry out.
The concept of the dry zones forming around the rated cable and around the heat
source is illustrated in Figure 3-14.

The conductor temperature is the sum of the temperature rise inside the cable
and the external temperature. The internal temperature rise is given by the last term
of Equation (3.11) plus the expression

W [Ti+n(1+A) To+n(l+A+A) G+ W, [Ty +n-T,+n- T3]

On the other hand, the temperature at the surface of the cable is obtained from a
slight modification of Equation (2.50) as

, P,
oe_ 0x = p_?[AOMIZ + VV! ' T4— (Bx— eamb)] v [A0u12 + VVI ' T4— (Gx_ oamb)]
Thus, Equation (3.11) takes the form

0= eamb+v' A0u12+A0z;_(v_ 1) Aex+ Wc' TI,+(Wr_ Wc) Tr/ (391)

Ground Level

- - Crossing heat
source
/..»"
Critical \
isotherm \
\

Y

1

Rated Cable

Figure 3-14 Crossing cable dry zone formation.
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where T,and T/ are the modifications of the definitions given in Equations (3.2) and
(3.12), respectively, obtained by replacing T, by » - Ty; that is,

Ti=Ty+tn-(1+A) Thtn-(1+A+A) (T3t Ty

(3.92)
and T/=T\+n-(T,+T3+0v"-T,)
The temperature rise A6 caused by the dielectric losses is obtained in a similar
way by replacing T, by v - T}.
The conductor joule losses W, are temperature dependent. This dependence has
been explicitly written in Equations (3.13) to (3.15) and is repeated here:

W, = W[l + ap(6—60)] = W, + AW 0 (3.93)
with
WC = WCO(l - areo) and AW= aTWCO (3.94)

where

ar= conductor temperature coefficient of resistance (1/K)

W, = heat rate in the rated cable at the reference temperature 6, (usually 20°C)
(W/m)

In order to express the losses in terms of the rated current, we introduced the fol-
lowing notation in Equation (3.15)
_ R ° aT " 12
- 1+ ar- (emax— 00)

AW, (3.95)

where
R = conductor resistance at maximum operating temperature, ohm/m
I = the rated current when the soil is moist, A

Since the reduced current is related to the rated current / by the derating factor in
Equation (3.5), we have

A910) ] (3.96)

AW =AW0'[1‘ A6 —AG,+(v—1) A6,

The first estimate of A#’(0) in Equation (3.96) is obtained from Equation (3.6) as

v p I O+ y2)?

AG(0)=W,- e n(y1 " (3.97)
From Equations (3.8) and (3.9), we obtain
1 %6
w,-wy)= (3.98)

T, d*
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Substituting Equations (3.93) and (3.98) into Equation (3.91), we obtain the fol-
lowing differential equation describing conductor temperature:

1 20 v-AB,,+6,,,+A0—(v—1)-A8 +W, T,

=37 &~ (=AW - T)
(3.99)
oamb+A0¢;—(v_ 1)A0x+ Wcl' Tl, D'AouIZ Y U'AguIZ
= 1AW T Toaw 1, T 1AW T
where
T,
y2=(1-AW -T")- 7 (3.100)
Substituting
Ab=(1-AW' -T)6-0) (3.101)
AB,=v-AB,, (3.102)
we obtain an equation of exactly the same form as Equation (3.20); that is,
1 dPAd
A6 - ? TR =A0,(z) (3.103)

The solution of Equation (3.103) was derived in Section 3.4.1. The revised mu-
tual thermal resistance is obtained by modifying Equation (3.32); that is,

- pl(«ev‘*z—l)ze,m1 (y1+y2)2+u Az- COSB)2
1=y + (i~ Az~ cos By

T,= (3.104)

Example 3.6

We will return to Example 3.1 in which we investigated the case where the route of
the cable model No. S was crossed by a steam pipe with the steam temperature of 8,
= 150°C. The thermal resistance of the pipe insulation is equal to 1.0 K - m/W. The
outer diameter of the pipe insulation is 0.5 m and the center of the pipe is located 1
m below the ground surface (80 cm above the cables) as shown in Figure 3-15.

Let us assume that the soil around the cable dries out and the thermal resistivity
of the dry soil is p, =2.0 K - m/W, that is, v = 2, and that A8, = 35°C. The parame-
ters required for the derating calculations (Table 3-5) are taken from Table Al in
the Appendix.

The isolated circuit No. 5 has ampacity of 1365 A when the soil is wet. When the
drying of the soil around the cable occurs, the ampacity of this circuit becomes {see
Equation 4.13 in Anders (1997) and Equation (1.51)]
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Figure 3-15 Steam pipe crossing cable route.

[ = AO“ Wd[OST[ + n(T2 + T3 + I)T4)] + (l) - 1) on 0.5
= | RT, +nRA T A)T, + nRU T A, + A)(T5 + 973

3 60 -6.53[0.5-0.579+0.056 +2-1.276] + (2—-1)- 35 05 1299 A
[ 1.26E~5-10.579 + (1 +0.15)-0.056 + (1 +0.15)- (0 +2 - 1.276)|

In Example 3.1, we calculated W, = 78.9 W/m. We will assume that the same
value applies in this example. Also, 7, = 1.3 K/m-W. The combined thermal resis-
tances are now obtained from Equations (3.92):

Table 3-5 Values for numerical example 3-6

Cable ampacity in moist soil I(A) 1365
Conductor resistance at 6,,,,, R (ohm/km) 0.0126
Concentric/skid wires loss factor A 0.150
Armor loss factor A, 0.0
Thermal resistance of insulation T, (K- m/W) 0.579
Thermal resistance of armor bedding 7, (K - m/W) 0.0
Thermal resistance of jacket T3 (K- m/W) 0.056
External thermal resistance, 100% LF T, (K- m/W) 1.276

Dielectric losses W, (W/m) 6.53
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T,=T, +n(1+A)T, +n(l + Ay + A)(T5 + oTy)
=0.579+1-1.15-(0.056 +2 - 1.276) =3.58 K - m/W
T,=T +n(lL,+ T3 +vT,)=0579+1-(0.056 +2-1.276)=3.19K - m/W
The loss values are computed now from Equations (3.95), (3.94), and (3.96):

arl’R 0.00393 - 1365 - 1.26 E-5

1 + a0y, — 20) - 1+0.00393 - 65 =0.073 W/m

13652 L26E-5
1+0.00393 - (85-20) (1~

We = Weo(l — arby) = 0.00393 - 20)=17.2 W/m

The first estimate of A6(0) is obtained from Equation (3.97) as

- 2 210 (18+1)
A0 =W, LB IR eg. T In EIS 1;2

=31.5°C
4ar o - )’2)2

The temperature reduction caused by the dielectric losses equals, in this case,
A=W, - (T)/12+ T, +0T,)=6.53-(0.579 + 0.056 + 2 - 1.276) = 18.9°C

From Equation (3.96), we have

A60)

=AW [l - Re——Rgr+ (v—1) A6, )
- 1 31.5 =0.043
=0073-\1-gs—55—159+1-35 |

The attenuation factor is obtained from Equation (3.100) as

13
\/(I—AW’ Y- T, \/(1—0043 3.58) 379 =0.59 l/m

Assuming Az = 0.01 and z,,,, = 6 m, the mutual thermal resistance is obtained
from Equation (3.104):

2 pr (e”z—l)z vz I 1+ ) +( - Az~ cos BY?

fe” 01 =»2F + G- Az cos By
_ 210 (2001 %’ o 059001 1y (1-8F 1O+ (- 0.01 - cos 30)2
4 : (1.8 - 1.0y + (- 0.01 - cos 302

J=1

0.247K - m/W
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The temperature rise A8(0) is now obtained from Equation (3.31):
A6°(0y=W,T,,=78.9-0.247=19.5°C

Hence, the cable conductor temperature computed from Equation (3.101) be-
comes

Y oy + A — (2= 1) - AG+ W, T/
“1-aw T T T-AW- T,
1954254189 -(2-1)-35+17.2-358 ..
= 1-0.043 - 3.58 = 106.

After two iterations, the derating factor equals 0.86 with the maximum current of
1176 A. This value can be compared with the rating of 1205 A when moist soil con-
ditions are assumed. |

3.8 CONCLUDING REMARKS

From the information reported in this chapter, it is quite clear that the presence of
external heat sources may have a significant effect on the rating of power cables. In
particular, the derating of 3 to 5% used by some utilities may be insufficient, espe-
cially for cables with smaller conductors. Hence, the need for either derating curves
or computational procedures, or both, seems to be quite evident.

Similarly, as in the case of cables crossing unfavorable regions, using Equations
(3.4) or (3.5) and (3.34)—(3.35), derating curves similar to those in Figure 3-7,
where the derating is a function of the crossing angle and the size of the conductor,
can be developed. In order to derive such curves, some standard installation condi-
tions have to be assumed and the information about the external heat source has to
be used. A set of derating graphs could be developed, depending on the distance be-
tween the cable and the heat source, the crossing angle, and also on the depth of
burial. The amount of work involved would depend on the number of cases to be
examined.

In addition, diagrams similar to those in Figures 3-9 and 3-10, showing the influ-
ence temperature as a function of the distance from the crossing point, could be de-
veloped to give guidance on the length of the area in which isolating boards, heat
pipes, or special backfills should be applied to reduce the mutual heating effect.

3.9 CHAPTER SUMMARY

The most important development presented in this chapter relates to the calculation
of the derating factor when an external heat source (possibly another cable) crosses
the cable for which the rating is to be determined. This derating factor is obtained
from
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AQO
PF=\ 2 : )AG
For a single crossing, max ~ A0g

W, p-(e2-1) & . v +ya) + (v Az - cos B
D&0) = 47 ;e % In ~-y)?+ (v- Az - cos BY?

where:

p is the soil thermal resistivity (K - m/W)

W, is the heat generated by the external heat source (W/m)
B is the crossing angle

y is the laying depth of the rated cable (m)

v, is the laying depth of the heat source (m)

The attenuation factor vy is expressed as

I
v=_[(1- 7) T,
with

Pc
TL=—14_
T,=Ty+n-(T,*+ T3 +Ty)

T=T1+n-[A+A) T+ +A+X) (T3+T,)]

T,
AG,,=W,,-[7‘ +n-(T2+T3+T4)]

AK0) ]

AW—‘—AWO'[l—m

R'azo‘lz
1+ Qo ° (Omax—zo)

AW():

where

p. is the conductor thermal resistivity (K - m/W)

A is the conductor cross-sectional area (m?)

a,q is the temperature coefficient of electrical resistivity for the conductor material
I is the current flowing in the conductor of the rated cable (A)

The remaining variables are the classical thermal resistances of cable compo-
nents and the sheath and armor loss factors.
Typically, a value of Az = 0.01 m may be used; it must be checked that
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y-Az<e
N is determined from
Aﬂuh(N ‘ AZ) <eg
where ¢ is a small value, typically 0.01.
Ad,,(z) represents the temperature rise in the conductor as a function of the dis-
tance z from the crossing, caused by the crossing heat source. This temperature can

be obtained by applying Kennelly’s principle:

O +yf 7 cos? B
G+ 7 co B

Au2) = 4= Wy In

As vy depends upon the current in the rated cable, which is to be determined, an
iterative solution is necessary, using as a first estimation of this current, the rated
current when the heat source is assumed to be parallel to the rated cable.

The first estimate of AG(0) is

P o+ )

A0(0)= Wh . Z’T_T HW

For several crossings, the rating factor has the same expression as above but
n
A6O) = > iy - Wi
=1

Let the rated cable have the designation r and z, be the z-coordinate of the hottest
point in cable r. Then, for any other heat source & at a distance z, away from the
point z,, we have

. N . .
T[(r — P (e-yrAz - 1) + Z e‘”'Vr‘AZ ln[ (yk +yr)2 + [(Zr_zk +v AZ) cos B]Z ]
=1

47 =y +(z— 2+ v Az) - cos BT

where
r is the number of heat sources crossing the rated cable
¥, is the laying depth of heat source & (m)

The attenuation factor -y has to be calculated as above with, as a first estimate,

PN O +y + @ -z
A0~ G B I G G a
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IE CHAPTER 4

Application of Thermal Backfills
for Cables Crossing Unfavorable
Thermal Environments

The main focus of this book is the calculation of cable ampacities when the cable
route crosses an unfavorable thermal environment. The most common method used
in practice to mitigate bad thermal conditions is an application of thermal backfills.
These are used to modify the external cable resistance of the cable.

The earth’s thermal resistance is the largest resistance to heat dissipation for un-
derground cables and is by far the most variable of the cable thermal network para-
meters. Accurate knowledge of this resistance and its modification can provide sub-
stantial ampacity increases, with confidence that the cable will remain within
allowable operating temperatures for all designed loading conditions.

The heat generated by an electric-power-transmitting conductor has to dissipate
through the cable insulation and the surrounding soil. In order to facilitate heat dis-
sipation, the cable is normally backfilled in a controlled manner. The purpose of
this “corrective backfill” is to provide a stable thermal environment for the cables
that mitigates the effects of seasonal weather factors and variability of natural soil
conditions. In order to reach optimal transmission efficiency, the thermal resistance
of the backfill should be as low and as stable as possible. This thermal resistance is
affected not only by the thermal resistivity of the backfill material, but also by the
dimensions of the thermal envelope.

There are two competing factors affecting backfilling. One is the substantial cost
involved, and the other is the need to increase cable ampacity. In this chapter, we
will present an optimization algorithm that tries to balance these two competing
factors. The first attempt to address this problem can be found in El-Kady (1982).

Soil thermal resistivity, together with soil ambient temperature and cable load,
are the most important factors determining the cable operating temperature. All
these parameters are random in nature and their most probable values have to be
predicted if the cable operating temperature is to be computed with reasonable ac-
curacy. One way to account for the variability of these parameters is to apply prob-
abilistic analysis to cable ampacity calculations. This topic will also be discussed in
this chapter.

Rating of Electric Power Cables in Unfavorable Thermal Environment. By George J. Anders 165
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We will start our discussions with a brief review of the history of soil thermal re-
sistivity measurements.

4.1 A BRIEF HISTORY OF SOIL THERMAL
RESISTIVITY MEASUREMENTS

Measurement of heat transfer in soils has been of interest to utility and manufactur-
ing engineers, research scientists, and others for many years. A significant amount
of research work has been devoted to physical and thermal properties of soils in
North America and Europe. This work relating to buried cables has been carried out
by universities, independent research laboratories, and electric utilities since the
early 1940s. Since then, numerous contributions have been made and reported in a
host of technical journals. A variety of measurement techniques have been em-
ployed over the years and measurements have generated data with a large spectrum
of results for soil thermal properties.

Soil thermal resistivity has been measured over the years with numerous types
of devices, including spheres and line heat sources, that is, probes, guarded hot
plates, buried cylinders, and heat flow meters. These measurements were made
with both steady-state and transient-type devices, yielding unreliable data much of
the time. In comparison, transient measurements employing a line heat source
were found to be the most reliable because they were quick and avoided the at-
tainment problems for satisfactory equilibrium that are characteristic of steady-
state measurements.

Transient thermal resistivity measurements were suggested as early as 1888
(Wiedemann, 1888). Development work continued and successful thermal resistivi-
ty measurement on liquids and other materials were made during the 1930s and
1940s.

The first successful work on soil thermal resistivity measurements in North
America! was reported in 1952 by Mason and Kurtz (1952). Their work demon-
strated the practical use of a line heat source for the transient measurement of soil
thermal resistivity. Concurrently, the Insulated Conductor Committee of IEEE,
formed in 1947, began a special project on soil thermal resistivity in 1951. This
task force, chaired by W. Burrell, eventually reached the point where the lack of
knowledge became too profound and more research work was needed to continue
the project. A special subcommittee was set up in the ICC headed by Professor
H.F. Winterkorn of Princeton University. This project continued for 10 years and
culminated in an extensive committee report whose summary can be found in
IEEE (1966).

In 1962, the Winterkorn subcommittee was disbanded and various utilities con-
tinued to use thermal probes and other devices to measure soil thermal resistivity in
the field and on recompacted soil samples in the laboratory.

Material presented in this section on North American history of soil thermal resistivity measurements is
based on the presentation of M.A. Martin (Chu et al., 1981) at the cable workshop in Toronto.
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During the late 1960s and early 1970s, a large number of underground cable sys-
tems were installed in North America. At the same time, reports started coming to the
ICC indicating inconsistent results with soil thermal resistivity measurements.
Thermal resistivity values were being measured for uniform mixtures of concrete be-
tween 0.4 K-m/W to 200 K-m/W. Therefore, Subcommittee 12 of the ICC organized
a project to prepare an IEEE standard on the measurement of soil thermal resistivity.
This project was started in 1971. Measurement techniques employed a variety of
methods that included the following: the Shannon and Wells method (1947), thome-
ter (Stolpe, 1969), rapid K measurement (ASTM C518-67, 1967), as well as the clas-
sical thermal probe technique. As expected, the results from this work were variable
and extensive studies were undertaken before the differences in the measurements
could be resolved. After some refinements in the measuring techniques, IEEE pre-
pared a much-needed guide for measurements employing a thermal needle for both
in-field and laboratory use. The guide was issued as Standard P442 in 1981.

Commercial equipment for the measurement of soil thermal resistivity was de-
veloped in the mid-1970s by the Ontario Hydro Research Division under the spon-
sorship of the Electric Power Research Institute. The instrument was named the
Thermal Property Analyzer (TPA) and, with continuous improvements carried out
mainly by the Geotherm company in Canada, it is currently used as a standard mea-
suring device of soil thermal resistivity.

Concurrently with the development of the measuring devices, an extensive re-
search effort was conducted on the development of suitable cable-trench backfilling
materials. Early work involved selecting naturally occurring sands that had the
proper grain size distribution to give good thermal resistivities for a very a wide
range of moisture contents. Later, utilities employed manufactured thermal sands
(MTS) by developing sieve analysis specifications that assured the proper material
gradation. Other utilities employed limestone screenings. Significant progress in
measurement and analysis techniques were described in the proceedings of a 1981
conference held in Toronto (Chu et al., 1981).

In the 1970s and 1980s, utilities in the United States and Canada undertook the
task of developing special thermal backfills for underground power cable installa-
tions. These materials were to provide very good thermal properties over a wide
range of moisture contents, while simplifying the installation techniques. Much of
the work was performed under the auspices of organizations such as The Canadian
Electrical Association (CEA), EPRI, and Ontario Hydro’s Research Division (Rad-
hakrishna, 1981). One of the identified backfills was a fluidized thermal backfill
(FTB) containing sand, aggregate, cement, and fly ash. It has not only very low
thermal resistivity (see Figure 4-1) but also very long thermal dryout times (it is
thermally very stable). Although granular-type backfills (thermal sand and lime-
stone screenings) are still being used by many utilities, the use of FTB over the past
several years has become very widespread.

FTB is, however, fairly expensive; hence, there is a need to balance the cost of
its installation with the substantial ampacity improvements that can be achieved
when it is used. An optimization algorithm, developed by El-Kady (1982) to
achieve the desired balance, is presented in the next section.
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Thermal Dryout Curves
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Figure 4-1 Thermal resistivity versus moisture content for some fluidized backfills. (From
Anders et al., 1988a, with permission from IEEE Press.)

4.2 OPTIMIZATION OF POWER CABLE AND THERMAL
BACKFILL CONFIGURATIONS

The thermal analysis of power cables in backfill represents a basic part in the cable
system design and it has been well established (Neher & McGrath, 1957; Fink,
1954; Fink & Smerke, 1958, Schmill, 1967; Saleeby et al., 1979; Anders, 1997) that
a relatively small amount of backfill material around the cable leads to an apprecia-
ble increase in cable ampacity. Thermal backfill design involves the determination
of several parameters, for example, thickness, thermal resistivities, width, and so
on. These parameters establish both the overall cost of a cable system and its ther-
mal performance. Efficient cable design requires the selection of optimal values of
these parameters, taking into account the costs criteria for different alternatives as
well as other constraints. The cable backfill optimization problem has been ad-
dressed in works of Saleeby et al. (1979) and El-Kady (1982). The first paper inves-
tigated an improved solution based on varying one parameter at a time to determine
the resulting effect on other variables. In the following section, we will use a similar
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approach employing a tornado chart tool. The work of El-Kady looks at several de-
sign parameters at the same time, including different cable configurations in a par-
ticular backfill envelope. We will continue this chapter by formulating the opti-
mization problem and conclude with some numerical examples.

A discussion of the incremental worth of proper design and installation of cable
backfill is included in the conclusion of a paper by Fink (1965). In view of the criti-
cal influence of backfill characteristics on cable operating temperatures, it is worth
noting that work has been reported in the literature regarding the most effective de-
sign geometries for backfill (Fink and Smerke, 1958).

4.2.1 Analysis of the Effect of ParameterFVariations

Sensitivity analysis forms an important part of engineering studies. In order to facil-
itate the collection of the input data, which is required to perform either the selec-
tion of backfill parameters or the steady-state/transient ampacity computations, one
should first determine which parameters play an important role in the analysis. A
useful tool for displaying the results of sensitivity analysis when one parameter is
varied at the time is a tornado chart. Example 4.1 illustrates this concept.

There are basically five dimensional and physical variables associated with the
cable thermal backfill. These are backfill thickness A, width w, depth of the bank
center L, cable spacing s,, and the thermal resistivity p.. There may by some other
design variables that we may wish to include in the optimization process, but in or-
der to illustrate the concept, we will start with the backfill characteristics.

Example 4.1
We will consider cable No. 4 laid in a backfill as shown in Figure 4-2.

First, we need to define the ranges in which the design parameters: L, w, h, and
s, will change. The lower limits of the ranges of the backfill design parameters are

Ls Soil p = 1 K*m/W
A

——0
! O

Figure 4-2 Cable model No. 4 in a backfill.



170 APPLICATION OF THERMAL BACKFILLS

defined by the assumed depth of laying of the cables and their diameters. On the
one hand, the cables could be touching (we assume a horizontal formation), and on
the other, they could be far apart. The upper limit on the trench width is arbitrarily
set to 5 m. The same upper limit is set for the height of the backfill. Since we as-
sumed that there is a need for at least 50 cm of the backfill material on either side of
the outer cables as well as on the top and the bottom of the circuit, the lower and
upper bounds of the depth of the center of the backfill are set accordingly. The nom-
inal values are those specified in Appendix A. Table 4-1 summarize the bounds im-
posed on the design variables.

We will now check which of the four design parameters will have the greatest in-
fluence on the objective function; that is, on the value of the conductor current. A
useful tool for this analysis is a tornado chart. This tool measures the impact of each
model variable one at a time on a conductor current. While analyzing one variable,
the tool freezes the other variables at their base values. This measures the effect
each variable on the computed current while removing the effects of the other vari-
ables. This method is also known as “one-at-a-time perturbation” or “parametric
analysis.” It tests the range of each variable at specified percentiles and then calcu-
lates the value of the current at each point. The tornado chart illustrates the swing
between the maximum and minimum current values for each variable, placing the
variable that causes the largest swing at the top and the variable that causes the
smallest swing at the bottom.

The tornado chart with the full range of each variable? for the optimization prob-
lem in this example is shown in Figure 4-3.

The bars next to each variable represent the ampacity value range across the
variable tested. The values are within the bounds specified in Table 4-1 with the
middle line corresponding to the specified nominal values. Next to the bars are the
values of the variables that produced the greatest swing in the ampacity values.

In our case, increasing the backfill depth causes a decrease in the ampacity of the
cable, whereas increasing the height and the width results in an increased rating.
We can observe that the depth has the greatest influence on the current, whereas the
width has the smallest. Changing the cable spacing has a nonmonotonic effect on
the rating. A decreased spacing increases the mutual heating effect but reduces the
circulating current. Another interesting observation that can be drawn from Figure
4-3 is that we can expect the current to vary in a narrow range between 700 and 850
A when one of the parameters is changed.

The next step is to perform a selection of the backfill design parameters to either
minimize the costs or to maximize cable ampacity. |

4.2.2 Formulation of the Optimization Problem

In practice, the thermal backfill might be covered by a protective layer of a different
material; however, in order to simplify the formulation and the illustration of the
optimization aspects, we will assume that the protection layer, if it exists, has ther-

2The actual range is from 1 to 99% as allowed by the Crystal Ball software.
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Table 4-1 Bounds on the design variables

Variable Lower bound Nominal value Upper bound
L; 0.5 1.0 35
w 1.21 1.5 5
h 1.11 1 5
0.105 0.5 2

mal resistivity equal to that of the native soil, so that only two different media exist
in the region surrounding the cables. We will use the Neher/McGrath modification
of the external thermal resistance to account for the presence of the backfill.

Since our goal is to minimize the cost and maximize cable ampacity, we will for-
mulate the cable rating equation in such a way as to make it explicitly dependent on
the backfill characteristics. The basic rating equation is given by Equation (4.1),

/= AG—- W 05T, + n(T, + T3 + Ty)] os [a+b-T, |os 4l
=| R, FRA+ AL+ R+ L+ )+ Ty | “|exa | @D

with the following definitions of the constants a, b, ¢, and d and an assumption of a
unity load factor:
a=A0-W, (0.5T, + nT, + nTy) b=-n-W,
c=R - Ty1+rn R-[(1+A) T +(1+ A +A) T3] 4.2)
d=n-R-(1+XA+A)
We adopted the above notation since only parameter T, in Equation (4.1) de-

pends on the backfill characteristics. When the cable system is contained within an
envelope of thermal resistivity p,, the effect of thermal resistivity of the backfill en-

(A) Current

650 700 750 800 850 900
| | | |

| a7 0.53

h 4.96
s 0.12[ 1.08

W 126 [ 3.11

Figure 4-3 Tornado chart for backfill optimization example.
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velope being different from that of the surrounding soil p, is handled by first assum-
ing that the thermal resistivity of the medium is p, throughout. A correction is then
added algebraically to account for the difference in the thermal resistivities of the
envelope and the native soil. The correction to the thermal resistance is given by
(Neher & McGrath, 1957)

N — N
Tim = _(pe - pc) : ln(ub + Up — D=5—" (pe - pc) ) Gb (43)
2 27

where
N = number of loaded cables in the envelope

_Lg

o

L = depth of laying to the center of the backfill, mm
r, = equivalent radius of the envelope, mm
szln(ub+ Vllb_l = lnzl{l—G

b

Up

The geometric factor G, contains all the design parameters through the value of
L and the equivalent radius. The equivalent radius of the thermal envelope is equal
to (Neher & McGrath, 1957)

1 x(4 «x ¥ x
n=exply S\ ‘Inj1+ 77 |+In5 4.4)
where
x = min(w, h)
y =max(w, h)

Equation (4.4) is only valid for ratios of y/x less than 3 and, since we need an an-
alytical solution to our optimization problem, this is a restriction that will be en-
forced in all backfill designs considered here.

The external thermal resistance is thus equal to

Pe N
e MU+ VEZED + 5 (p,~po) Gy (4.5)

T. 4=
where u =2L/D,2 with D, being the cable external diameter (mm). When the depth
of laying is much greater than the cable external diameter (this is the usual situation
and it is assumed in what follows), we can write

P (AN, N .
T4_ 2 ln(De)+ 2a (pe_pc) Gb (46)

Substituting Equation (4.6) into Equation (4.1), we obtain the following expres-
sion for the cable current as a function of backfill parameters:
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AP [N .
a+b |:27T IH(E)+ﬁ (pe_pc) Gb]

I=
| P (AL N )
c+d [2 ln<—De) + o (p.—po) Gb]

@.7)
_ a+b1'pc'1n(L)+b2'pc+.fl'(pe_pc)'Gb
c +dl P’ ln(L)+d2 'pc+‘f2 ) (pe_pc) : Gb
where the constants are defined as
b b 4 b-N
h=5m b=5o l“(i)’ h=
(4.8)
d-N

We can now formulate the backfill optimization problem. The design variables
h, w, L, and p, will be denoted by a vector x (defined with n variables for general
considerations):

. h

2

x=|x [= LT; 4.9)
x, :

Now we are ready to select the design objective function. In the optimization
problem, the objective function to be minimized (or maximized) subject to some
constraints is selected according to the design formulation. Two cases may be con-
sidered in the cable backfill design problem. First, the total cost of producing the
cable trench and laying the backfill material is to be minimized subject to a lower
bound on cable ampacity. Alternatively, the cable ampacity itself may be maxi-
mized subject to an upper bound on the cost budget. The cost function will be de-
noted by C(x, a, p) expressed in terms of the design variables x of Equation (4.9),
the nominal parameters a that include the constants defined by Equations (4.2) and
(4.8), as well as some cost indices represented by the vector p, which depends on
the type of cost function under consideration. For example, when the cost of cable
trench production and backfill is optimized, the components of the vector p may
represent the individual costs of excavation, earth disposal, and so on.

The values assigned to the design variable are usually restricted by several in-
equality constraints. Some of these constraints represent physical lower and upper
bounds on variables. For example, the constraint p, = p’ represents a lower bound
on the backfill thermal resistivity associated with the available backfill material.
Also, the constraint w = w* represents an upper bound on the width dictated by the
available right-of-way. On the other hand, inequality constraints may represent in-
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terrelationships between design variables. An important functional constraint that
may be considered in a particular problem formulation is the cable ampacity con-
straint in the form / = F, where I denotes the cable current producing the maximum
conductor temperature associated with certain values of backfill design parameters,
and I’ denotes the required cable ampacity. In general, we shall denote the set of ¢
inequality constraints considered in the optimization by the vector

g(x) = 0 (4.10)

where a component g(x) may represent any cable inequality constraints described
above.
In the cable design problem, some equality constraints of the form

h(x)=0 @.11)

may also be defined. The vector h(x) in Equation (4.11) has m components—
h(x); k=1, ..., m—which may denote a specific relationship between design pa-
rameters to be satisfied. For example, in a particular application, the cable may be
centered vertically in the backfill, hence the equality constraint L = L.

We will illustrate how the optimization problem is formulated in the following
example.

Example 4.2
In this example, we will minimize the cost of backfilling the cable trench with the
constraints imposed on the minimal current that the cable should carry.

The cost of backfilling the trench includes the cost of removing the asphalt pave-
ment, excavation, disposal of earth, installation of the backfill, and repaving with
asphalt. Table 4-2 (based on El-Kady, 1982) shows the assumed civil engineering
costs for cable trenches in suburban Northeastern United States. The total costs are
expressed in $/linear meter of trench right-of-way. The values in Table 4-2 may not
reflect contemporary costs but are sufficient for the illustrative purpose of the pre-
sent example.

Based on the values in Table 4-2, the cost function can be formulated as

C(h,w,L5) =313 - (w+0.6)+47 - w-L;+235-w-h

Table 4-2 Assumed cable trench costs

Task Cost basis Cost term
Remove asphalt pavement $13.5/m? w+0.6
Excavation $36.6/m’ w-Le+w-h/2
Dispose of earth $10.4/m? w-Lo+w-h/2
Backfill with thermal sand $23.5/m3 w-h

Repave with asphalt $17.8/m? w+0.6
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where an extra 0.3 m is added to w on each side of the right-of-way for removing
and repaving with asphalt. Constants 31.3, 47, and 23.5 were computed from Table
4-2 as follows: asphalt removal and repavement = 13.5 + 17.8 = $31.3; excavation
and disposal of earth = 36.6 + 10.4 = $47; cost of backfill = $23.5.

In the above expression, the cost associated with the backfill material is not in-
cluded and all dimensional variables are in meters.

The cost function is to be minimized subject to a lower bound on cable ampacity
and other parameter constraints. We will consider cable model No. 2 in a backfill.
The installation is shown in Figure 4-4.

We will first consider a case of two-dimensional optimization in with the trench
width w and the depth L are the only design variables. The other parameters are set
to fixed values, namely, 4 = 0.6 m, native soil thermal resistivity p, = 1.2 K - m/W,
and backfill resistivity p, = 0.5 K - m/W. We also assume that the remaining para-
meters are the same as specified in Table Al; that is, 6, = 90°C, 8,,,, = 15°C, W,=
052 W/m, T, =0754 K- m/W, T, =0.040 K - m/W, T3 =0.047 K - m/W, A, =
0.123, A, = 0.210, and the conductor resistance at 90°C R = 0.000033 ohm/m. Even
though the laying conditions are different from those in Appendix A, the above pa-
rameters remain unchanged.

The constraints on the design variables are as follows:

02=w=0.:6

4.13
08 =L, *.13)

We will also assume that the maximum current must be greater than 0.82 kA.
We observe that with the above assumptions, the width of the trench is always

Oamb=15"C
Ls Pe = 1.2 Kem/W
A

pe= 0.6 K-m/W

Y O h

Figure 4-4 Single cable in backfill.
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shorter than its height. In view of this, the value of the equivalent radius in Equation
(4.4) becomes

w (4 0.36 w
rb=exp[ﬁ(;—ﬁ>ln(l+7)+ln 7:| (4.14)

and the geometric factor becomes

Gp=In == =In{ == |- 75\ 7 ~ 06 W (4.15)

The constants defined by Equations (4.2) and (4.8) are computed next:

a=A0— W, (0.5T, +nT, +nT;) = (90 — 15) — 0.52
(0.5 - 0.754 + 3 - 0.040 + 3 - 0.047) = 74.67

=—n-W;=-3-052=-1.56

C=R-T,+n-R-[A+A) To+(1+A +A)- T (4.16)
=0.000033 - [ 0.754 +3 - (1 +0.123) - 0.04 + 3 - (1 +0.123 + 0.210) - 0.047]
= 3.55E-05

d=n-R-(1+A +A)=30.000033 - (1 +0.123 + 0.210) = 0.000132

b -1.56 b 4 -1.56 4
b] = ﬁ = ? =—0.248; b2 = ﬁ In Fg = —2? lnm =—0.777;
d 0.000132 d 4 0.000132 4
d1=ﬁ=—2ﬂ =2.10E-05; d2=7; In Fe = 2ar -ln0'175
=6.5TE-05 4.17)
b-N -156-1 d-N 0.000132-1
fi= = =028 fi=——= T = 2.10E-05

Substituting Equations (4.15), (4.16), and (4.17) into Equation (4.7) and noting
that, in this example, L = L, we obtain the desired constraint on the minimum cur-
rent as a function of the two design parameters:

_ a+b]'pc'ln(L)+b2.pc+.fl'(pe_pc).Gb
C+dl.pc'ln(L)+d2'pc+.fé'(pe_pc)‘Gb

7428 - 0.124 - In(L;)— 0.124 - G,
= ./ 0.684+0.105 - In(Ly) + 0.105 - G, = 082

(4.18)

The solution is w = 0.2 m and L; = 0.8 m, for which the cost function has the
minimum value of $35.4/linear m.
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Figure 4-5 illustrates the optimization aspects of this problem. From this figure,
we can see that the optimal point is located at the intersection of the trench depth
and the trench width lower bounds (the active constraints) where other constraints
are already satisfied.

The ampacity constraint is not active at the constrained minimum of Figure 4-5.
In other words, the optimal solution obtained provides a cable capability more than
the minimum required of 0.82 kA. In fact, the cable ampacity at the optimal solu-
tion is 0.853 A.

To assess the gain in the cable ampacity achieved by the application of the back-
fill, we now calculate the cable current in a uniform soil with the resistivity p, = 1.2
K - m/W. The external thermal resistance of the cable laid at L = 0.8 m is equal to

p, . 4L 12  4-08

T4= 2 -lnT): = ﬁ 'lnm =0.555K -m/W
Hence,
~ AG— WJOST, + n(T,+ Ty + Ty)] 0s
I=\ RE ¥ nRA T AT, + nROL+ A, + A)(Ts + Ta)
~ 75-0.52 - [0.5 - 0.754 + 3 - (0.04 + 0.047 + 0.555)] 05
=100 533770.754+3 - [(1 +0.123) - 0.04 = (1 + 0.123 + 0.210) - (0.047 + 0.555)]}
—824 A
A Cost = $50/m
25 l Cost = $65/m

. ) \ \/ w=0.6m

£ 2 \ \ l

~ 4 w=o02m \ AN

< \ N\

o) \ \ N

s 15F, _ AN HAX

= Lg=08m p NN Cost = $75/m

% l : N NoL TR

é 1 s N \\\fo N,

o rt! - N

05 }F T : \\\ ! ~——. .
1=0.82.A
o ] 1 1 1 )
0 0.2 04 0.6 0.8
Backfill width (m)

Figure 4-5 Cost minimization subject to ampacity and parameter.
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Thus, we gained about 30 A in ampacity at a cost of $35.4/m of trench. We note
that if a higher cable rating is required, say 900 A, the solution will be bounded by
the ampacity constraint with variables w = 0.48 m and L; = 0.8 m, and with mini-
mal cost of $58.4/m.

When more design variables are considered in the optimization, more flexibility
in reducing the cost function is usually gained. However, this flexibility is restricted
by the inclusion of more boundary constraints on the extra variables. In the case
considered in this example, there are four design variables that can be included in
the optimization process, namely, A, w, L;, and p.. We will now include all of these
variables in the optimization with the following additional bounds [note that bounds
on w and L are given by Equation (4.13)]. The additional bounds on the backfill
thickness are

0<h=038 4.19)

Five different types of backfill material are considered: sea sand, crushed lime-
stone, river sand, loamy sand, and crushed dolomite. The corresponding thermal re-
sistivities are bounded as

04=<p <08 (4.20)

Since the lowest current for this system is 824 A, we will seek an optimal so-
lution requiring a current value of at least 900 A. The optimization procedure
yields a solution constrained at the lower bound of the backfill thermal resistivity,
the lower bound of the backfill depth, and the lower bound of the current, with the
optimal cost of $49.8/m. We can observe that the cost is now reduced by about
$10 per linear meter compared with the case when only two variables were con-
sidered. |

When a cost budget is available for cable trench production, the flexibility of as-
sessing the trench cost may be exploited to maximize the cable ampacity. Obvious-
ly, it is assumed that the upper bound assigned for the trench cost is at least suffi-
cient to provide the minimum ampacity required. Ampacity maximization involves
the selection of a set of optimal backfill design parameters that supports the cable
against service fluctuations. In other words, a cable design with optimally selected
backfill parameters may withstand higher overloading for longer periods than other
arbitrary designs of the same trench cost. The formulation of the optimization prob-
lem is quite similar to the one previously defined, with the objective function being
the current maximization.

4.2.3 Assessment of Sensitivities to Ambient Fluctuations

The thermal design of buried cable systems is usually based on assumed constant
values of the soil thermal resistivity and the ambient temperature. Although rela-
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tively high values of these variables are normally assumed, based on the designer’s
estimates and the available records, both the soil resistivity and ambient tempera-
ture may experience unexpected variations during future cable service. In order to
assess the effect of these changes on cable ampacity, a pair of dimensionless sensi-
tivity measures are defined as follows (El-Kady, 1982):

5=L P 4

=T 4.21)
S,= o Sams 422
[ (90‘""[) ’ Ji ( . )

The sensitivity parameters given by these definitions indicate the sensitivity of
the cable ampacity with respect to respective parameters at the nominal point. In or-
der to compute the sensitivity coefficients, we will rewrite Equation (4.7) as

I= a+bl'pc'ln(L)+b2'pc+fi'(pe-pc)'Gb: E (423)
C+dl'pc'ln(L)+d2'pc+fé'(pe_pc)'Gb zZ ’

Taking partial derivatives from this equation [8,,,, is contained in the parameter
a defined in Equation (4.2)], we obtain

P (h-Z-1,"E) G,

So= 55" = (4.24)
_ oamb -1
Se=>p 5 (4.25)

In practical cable designs, both S, and S, are negative, indicating that the cable
ampacity associated with maximum conductor temperature and a certain cable con-
figuration decreases as the soil thermal resistivity or the ambient temperature in-
crease.

Sensitivity coefficients S, and S, can be used in the optimization procedure with
appropriately selected upper bounds; that is,

154 = 5 (4.26)
ISyl = S¥ '

Application of the sensitivity coefficients is illustrated in the following example.

Example 4.3
We will consider a circuit composed of cable model No. 4 arranged as shown in
Figure 4-6. Our goal is to maximize cable ampacity subject to a cost constraint. In
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L=1m

L(; Soil p =1 Kem/W
A

Backfill p = 0.55

I =000 | =

Figure 4-6 Cable model No. 4 in a backfill.

maximizing cable ampacity /, the proximity effect tends to increase the cable spac-
ing s,, whereas, for a given backfill width w, the circulating current losses tend to
decrease so that the cables are more deeply embedded in the thermal backfill. The
optimal value of s that maximizes the ampacity is obtained when the two effects
balance each other.

We will assume that the cable is located in a fluidized backfill of thermal resis-
tivity p, = 0.6 K - m/W. The cost indices are specified in Table 4-3.

The cable depth is fixed at L = 1.0 m and the optimization will be carried out
with respect to cable spacing s, the backfill depth L, width w, and height 4.

The parameters of this cable, extracted from Appendix A, are summarized in
Table 4-4.

In addition to the design parameters of the backfill, the objective function should
now contain the cable spacing s, as an explicit variable. The spacing appears in two
places in the rating equation; namely, in the calculation of the circulating current
loss factor and in the external thermal resistance.

Cable No. 4 has a lead sheath with copper reinforcing tapes and copper armor
wires. For the purpose of the calculation of the loss factors, these three components
are first combined and the equivalent circulating current loss factor computed.
Then, this loss factor is split into two components, one corresponding to the sheath
and the other to the armor on the basis of their resistances.

Table 4-3 Cost parameters for backfill optimization for cable No. 4

Task Cost basis Cost term
Excavation $16.5 /m® w-Le+w-h2
Disposal of earth $13.5 /m? w-Letw-hi2

Backfill with thermal sand $28.5 /m? w-h
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Table 4-4 Parameters of cable model No. 4

Cable ampacity I(A) 771
Conductor resistance at 6,,,, R (ohm/km) 0.0356
Sheath loss factor Ay 0.229
Armor loss factor Ay 0.990
Thermal resistance of insulation 7, (K-m/W) 0.568
Thermal resistance of armor bedding T (K- m/W) 0.082
Thermal resistance of armor serving 73 (K- m/W) 0.066
External thermal resistance, 100% LF T, (K- m/W) 0.814
Losses in the conductor W.(W/m) 22.11
Dielectric losses W; (W/m) 5.46
Total joule losses per cable W, (W/m) 49.08
Total losses per cable W (W/m) 54.53

The circulating current loss factor for the middle cable, which is usually the
hottest, is obtained from (see Section 1.6.4.2)?

R, 0? X,
Al,,,:T w QZX—Tm (4.27)
where
R = conductor resistance at the maximum operating temperature, ohm/m
R, = sheath resistance at the maximum operating temperature, ohm/m
The reactance X is obtained as described in Section 1.6.4.1:
25,
X=w-2-107 IHT (4.28)

with

s; = distance between conductor axis in the electrical section being considered, mm

d = mean diameter of the sheath, mm

X,, = mutual reactance between the sheath of the outer cable and the conductors of
the other two, {}/m = 21077 - In(2), M/m

In our example, the conductor resistance at the operating temperatures of 85°C is
equal to R = 0.356 - 10 {/m. Assuming, that the sheath and armor temperatures
are 70 and 68°C, respectively, the equivalent resistance of the sheath and the rein-
forcing tape is R, = 0.203 - 10~3 {}/m. The rms diameter of the equivalent sheath is
equal to d* = 0.0767 m. The armor resistance is R, = 0.0692 - 10~ {}/m; thus, the
combined resistance of sheath, tape, and armor is R,, = 0.516 - 10~* {//m. This val-

3For cables in a close, flat formation, the outer cable may be the hottest. A formula that is appropriate for
this case should then be used. Since the purpose of this example is to illustrate the approach, we will as-
sume that Equation (4.27) is applicable in this case as well.
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ue is used in Equation (4.27) for the resistance R,. The loss factors A, and A, are
then obtained as

M=1"An  L=(01-m A, (4.29)
with

R, 00692
M= R, +R, 0203+ 0.0692

=0.254 (4.30)

The external thermal resistance of the middle cable is obtained from a modified
Equation (4.6) (see Section 1.6.6.5):

4L 2L N
N e e

The constants ¢ and d in Equation (4.2) will now also depend on the cable spac-
ing; hence, they will be rewritten as

C:CI+C2')\1m d=d3+d3'Alm (4.32)
with
C|=R'T1+n'R'(T2+T3) szn'R'(n‘T2+T3) d3=n'R (433)

Substituting Equations (4.31) and (4.32) into Equation (4.1), we obtain the fol-
lowing expression for the cable current as a function of cable spacing and backfill

EmE)
T

2
a, +by- ln[l + (E)
Sy

2L\2
03+C4'A1m+(1+Alm)'{d4'ln|:1+(?)]+ﬁ'Gb}

' (pe - pc) ’ Gb]

}+ 2 '(pe—pc)'Gb

where the constants are defined as

4L
ay=atb ln<5‘); by=bips;  f3=/ilP.— P c3=cy tds;
(4.35)

4L N
.ﬂt = d3 ﬁ(pe_ pc)

e

d3 pc_

cy=c;+ds; dy= o

ds=d, ln(
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The constraints on the design variables are defined as follows:

1.

Cost. Based on the values in Table 4-3, the constraint on the cost function can
be formulated as

Ch,w,L5)=30-w-Lg+43.5-w-h=C, (4.36)

The constant C; will be a parameter in the analysis.

Depth of backfill center. The center of the cable is already fixed at 1.0 m. As-
suming that we need at least 0.5 m of the backfill above and below the cable
center, we have the following constraints:

0<Lg-h2=05

Lo+h2=15

. Width of the backfill. We need at least 0.5 m of the backfill on each side of

the center of the outer cables. Therefore,

w= 1.0+2S1

. Height of the backfill. We will assume that the backfill is at least 0.6 m high.

That is,

h=06

. Height-to-width restriction. Since the cables are laid fairly far apart, we need

to restrict the height of the backfill to limit the costs. We will require that the
height be smaller than the width. This constraint is not really required in the
optimization program but is added here to facilitate the construction of the
equivalent radius function:

h=w

. Cable spacing. The spacing of the must not be smaller than the cable diame-

ter, equal to 0.105 m; that is,

s, = 0.105

We observe that with the above assumptions, the width of the trench is always
greater than its height. In view of this, the value of the equivalent radius in Equation
(4.4) becomes

1 A({4 h w2 h
¥, = exp 2w ?_Tv— - In 1+ﬁ +ln—2— (4.37)
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and the geometric factor is equal to

(;12L‘714LG}’4£11W2 4.38
0, = ) e \m W) It (4.38)

The constants defined by Equations (4.2), (4.8) and (4.35) are computed next.

a=A0-W,-(0.5T, +nT, + nTy) = (85 — 20) — 5.46 - (0.5 - 0.568 + 0.083 + 0.066)
= 62.64

b=—n-W,=-546 (4.39)
¢, =R-T,+n-R(Ty+ T5) = 0.356E — 4 - (0.568 + 0.083 + 0.066) = 2.55E-5

c,=n-R-(n-Ty+Ty)=0.356E — 4 - (0.254 - 0.083 + 0.066) = 3.10E-06

_ b _ 546 _ L b (4 _Se6 4
bi=57= 2y =089  b=o5nnl 5 )= Ingres T
dy=n-R=1-0356E—~4=0356E 4
(4.40)
Lo dspe 0000035606
47 27 2ar bl
- AL ma 1 2aE0
dg=dy1n| " | =34E -6 In g5 = 1.24E-05
B 4L 4-1.0 ’
ay=a+ by In - | =62.64-0.521 - In{ gy | = 60.7
by = byp, = —0.869 - 0.6 = 0.521
o=y +ds=310E—6+1.24E—5=155E—5 (4.41)
b'N —546-3
fi= o =52 =061 fi=filp—p) =261 (1-0.6)=-1.04
N _ 0.0000356-3-(1-0.6) _ o
Ja=ds5—(pe—po) = o = 6.80E-

Substituting Equations (4.39) to (4.41) into Equation (4.34), we obtain the de-

sired objective function for the minimum current as a function of the design para-
meters:
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2
a1+b3-ln[l+(£)]+f3-6b
1= S1/ ,

2
eyt Ca Ayt (1+ M) - {d4 : ln[l + (S—L)Z] /5 Gb} (4.42)

1

2
60.74 - 0.521 - ln[l + (;—) ] -1.04-G,

=100 - 1

2
0.38 +0.155 - Ay, + (1 +Ay) - [0.34 : ln[l + (Si) ] +0.068 - G,,}
1

For C; = $300, the maximum current is 890 A, with w=3.4m, L; = 0.75 m,
h = 1.5 m, and s; = 1.2 m, for which the cost function has the value of $298/lin-
ear m.

In Figures 4-7 and 4-8, contours of S, and S, are shown together with the cost
contours in the two-dimensional space of the backfill width w and the thickness A.
The curves are drawn at values of trench depth L; = 1 m, backfill thermal resistivi-
ty p.= 0.6 K- m/W, cable depth L = 1 m, and spacing s, = 0.25 m. In Figure 4-7, the
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Figure 4-7 Cost and I — p, sensitivities for three cables in a backfill.
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sensitivity contours S, are drawn at a nominal value of soil thermal resistivity p, =
1.0 K - m/W and the cable ampacity / = 0.72 kA.

In Figure 4-8, the sensitivity contours S, are drawn at a nominal value of ambient
temperature 6,,, = 20°C, cable ampacity / = 0.72 kA, and soil thermal resistivity p,
=1.0K -m/W.

The information supplied by sensitivity charts similar to those of Figures 4-7 and
4-8 is useful in predicting variations in the allowable cable ampacity associated with
ambient fluctuations. Let us consider, for example, the design values of w = 0.75 m
and ~ = 0.65 m. The sensitivity of cable ampacity to the soil thermal resistivity for
these values of the design parameters is read from Figure 4-7 as S, =—0.324. That is,
an increase in soil thermal resistivity by 0.5 K-m/W from the nominal value of 1.0
K-m/W will cause a change A/, from the nominal value of 0.72 kA, where

p

I 0.72
Al = —pi -Sp-Ape= W (—0324)053—011 kA

giving a steady-state maximum current of 0.72 — 0.11 = 0.61 kA.
On the other hand, from Figure 4-8, the same cable design provides ampacity
sensitivity to ambient temperature of Sy = —0.176. That is, an increase in ambient
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Figure 4-8 Costand /- 6,,,, sensitivities for three cables in a backfill.
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temperature by 15°C from the nominal value of 25°C will cause a change in the al-
lowable cable current equal to

I 0.72
Aly=g— - So* Mymy = 5~ * (-0.176)- 15=-0.10 kA

resulting in a maximum steady-state cable current of only 0.72 — 0.10 = 0.62 kA.

When the above cable design experiences, simultaneously, changes in soil ther-
mal resistivity and ambient temperature, the total change in the maximum cable
current is simply calculated as

Al=Al,+ Al,=-0.11-0.10=-0.21 kA

resulting in a maximum steady-state cable current of only 0.51 kA.

The inclusion of the cost curves in Figures 4-7 and 4-8 facilitates the trade-off
between different design alternatives since it reduces the task to a simple compar-
ison between sensitivity profiles associated with a given cost. For example, we
can observe from Figure 4-7 that a cable design with w=0.78 m and 2= 0.75 m
may be considered better than a design with w = 0.78 m and 4 = 0.65 m. Although
both designs provide the same cable ampacity of 0.72 kA at the same cost of
$45/linear m, the first design possesses ampacity sensitivity to soil resistivity of
only S, = —0.312 compared with S, = —0.324 associated with the second design.
Also, from Figure 4-8, the first design is better in terms of sensitivity to the am-
bient temperature. Depending on the local conditions of cable installation (soil and
weather variations), the designer may decide which design alternative is prefer-
able. |

4.3 PARAMETER UNCERTAINTY IN RATING ANALYSIS OF CABLES
CROSSING UNFAVORABLE THERMAL ENVIRONMENTS

Underground power cable installations have traditionally been designed using de-
terministic criteria. A typical design process involves specification of required cur-
rent-carrying capability of the cable circuit by the system planning unit of the utili-
ty, followed by the selection of the cable type and method of burial established by
the design department. Once the installation environment is determined, rating
computations can be performed to enable the selection of a cable that satisfies the
ampacity requirements. The major parameters entering ampacity calculations are
the cable dimensions and materials, soil and backfill/duct bank thermal resistivity
values, backfill/duct bank dimensions, cable locations, and the ambient tempera-
ture.

The most important factors determining the cable operating temperature are the
soil thermal resistivity, the ambient temperature, and the cable load. All these para-
meters are random in nature and their most probable values have to be predicted if
the cable operating temperature is to be computed with reasonable accuracy. This is
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particularly important in the case of cables crossing an unfavorable thermal envi-
ronment since a large reduction of cable ampacity might be avoided if the stochastic
nature of the design parameters is taken into account.

Since there are many uncertainties encountered in cable rating, a probabilistic
approach should be considered in some applications, especially those dealing with
future investment options. A probabilistic approach to cable rating offers an oppor-
tunity to consider variations in the most important parameters affecting the rating of
a cable. Such an approach yields the probability distribution function of the cable
temperatures. Probabilistic techniques take advantage of the fact that not all vari-
ables take on their “worst” values at the same time (as deterministic analysis would
assume); therefore, the “worst conditions,” as per deterministic design, rarely, if
ever occur.

We will introduce in this Chapter a probabilistic method for thermal analysis of
power cables in the system planning process (Anders et al., 1988a). We will apply a
Monte Carlo simulation for calculating the temperature rise of power cables with
provision for statistical variations of various soil, boundary, and loading conditions.
The probability distribution of cable operating temperature can be used in several
ways in the system design process. We will illustrate several such applications. In
one of them, we will convolve the probability distribution of the cable conductor
with the probability distribution of maximum permissible operating temperatures.
As a result of this convolution, a probability of exceeding permissible operating
temperatures is obtained. In another application, we will look at a decision concern-
ing cable uprating. Finally, we will show how a probabilistic approach can be used
to help to make decisions about backfill selection. We will start our discussion by
selecting a sample cable system that will be used throughout this chapter to illus-
trate the vartous concepts.

4.3.1 Sample Cable System

To illustrate various concepts applied in the probabilistic analysis of underground
power cables, a realistic system composed of four 115 kV circuits supplying two
stations in the city of Toronto, Canada will be used as an illustrative example
throughout discussions in this chapter. The system is shown in Figure 4-9.

The cable arrangement is shown in Figure 4-10. Since this is a radial system, the
total load at stations A and B will give total current flowing in the cables.

The cables under consideration are 1250 kcmil, hollow-core, low-pressure, lig-
uid-filled cables (LPLF) with copper segmental construction, lead sheath, and rub-
ber bitumen sandwich.

Typical environmental parameters for the area of the city of Toronto would be
ambient soil temperature of 20°C, native soil thermal resistivity of 1.2 K - m/W, and
backfill thermal resistivity of 2.0 K - m/W.*

Under the above conditions, each cable can carry a maximum steady-state cur-
rent of 800 A. The system is designed and operated in such a way that a loss of a

“A river sand of high thermal resistivity was used during this cable system construction.
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Figure 4-9 Two stations supplied by a four-circuit cable system (from Anders et al., 1988b,
with permission from CIGRE).

single circuit should not cause an overload of the remaining circuits under steady-
state conditions.

The peak load forecast for stations A and B, translated into current flowing in
one cable with one circuit out of service, is given in Table 4-5.

Comparing the computed cable ampacity with the values in Table 4-5, we con-
clude that the steady-state limits will be exceeded in year 2. Thus, a new circuit
should be installed by this year to meet expected load growth.

The following section describes the statistical analysis of the most important pa-
rameters in cable rating calculations.
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Figure 4-10 Cable arrangement in the backfill for probabilistic analysis (from Anders et
al., 1988b, with permission from CIGRE).
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Table 4-5 Loading in the study period

Year 1 2 4 7 9
Current (A) 787 818 892 980 1053

4.3.2 Statistical Variations of Cable Circuit Parameters

For a given cable type and size, the temperature 6 is, in general, a function of the ca-
ble loading as well as other soil and ambient parameters that constitute the thermal
circuit of the cable. The following parameters exhibit statistical variations:

p., native soil thermal resistivity (K-m/W)
P., backfill thermal resistivity (K-m/W)

I, cable loading (A)

0,,..,» ambient temperature (°C)

Using conventional techniques, the cable temperature is evaluated on the basis
of known or assumed values of cable circuit parameters (base-case or nominal val-
ues). In practice, however, these parameters are subject to random operating, geo-
graphical, and seasonal variations that affect the cable temperatures and, hence, the
allowable loading level of any particular cable. The random parameter variations
are described by associated probability distributions, which are evaluated on the ba-
sis of statistical and historical records. The following sections describe how these
distributions are obtained from historical records. We will use an actual cable cir-
cuit operating in Toronto. Hence, all the environmental data will refer to the condi-
tions in that city.

4.3.2.1 Load Probability Distribution. The probability distribution of the ca-
ble loadings is normally obtained from the historical records for circuits under con-
sideration. A histogram showing the number of occurrences of a particular MVA
daily peak demand divided by the monthly peak was obtained for the month of Au-
gust in three consecutive years and is shown in Figure 4-11. The month of August
was chosen because this is the most critical month from cable operating tempera-
ture point of view for the circuit chosen to illustrate the concepts.

4.3.2.2 Ambient Temperature Probability Distribution. To obtain the
probability density function of the air ambient mean temperature, the weather
records for downtown Toronto provided by Environment Canada for a 66-year peri-
od were analyzed. Figure 4-12 shows the histogram of the mean daily temperature
in the month of August based on the 66 years of data, consisting of 2046 observa-
tions.

4.3.2.3 Native Soil and Backfill Probability Distributions. The thermal
resistivity of the thermal backfill and the surrounding native soil are governed by
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Figure 4-11 Histogram of the daily peak load for the month of August (from Anders et al.,
1988a, with permission from IEEE Press).
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Figure 4-12 Histogram of the ambient temperature in downtown Toronto for the month of
August (from Anders et al., 1988a, with permission from IEEE Press).
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their composition, density, and moisture content. For a given backfill/soil type, the
moisture content is the most important factor influencing the thermal resistivity. For
the sands in the Toronto area, the curves relating variation of thermal resistivity
with changes in the soil moisture content were established as shown in Figure 4-13.
In order to determine these relationships, several field tests and laboratory measure-
ments should be performed along the cable route. Alternatively, published relation-
ships between these quantities could be used (Groeneveld et al., 1984; Abdel-Hadi,
1978).

The observed high values of thermal resistivity in the low moisture content range
is partially due to the poor compaction of the sand backfill. Poor compaction of the
sand leads to decreased density and to high dependence of the thermal resistivity on
moisture content.

The probability distribution curves for backfill sand and native soil (p,, p,) are
constructed from the statistical analysis of weather data for the region, cable load-
ings, and the established relationship between the thermal resistivity and soil mois-
ture content. To determine the initial amount of water in the soil, the formulas de-

Thermal resistivity (K* m/W)

0 | [ 1 1 | | | J
0 2 4 6 8 10 12 14 16

Moisture Content (% Dry Weight)

Figure 4-13 Moisture versus thermal resistivity curves for the material in the vicinity of
the cables (from Chu et al., 1981, with permission from Pergamon Press).
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veloped by Thornthwaite (1948) for agricultural purposes can be adopted. This was
done in the case of cable backfills in the Toronto area climate. These formulas build
a soil-water balance on the basis of initial moisture content in the soil, recorded
precipitation, maximum moisture content that the soil can sustain (so-called field
capacity), and recorded temperatures. A brief description of the method is given in
Appendix B.

For the approach reported in this chapter, the weekly precipitation values re-
quired for the Thornthwaite formulas were obtained from the 330 records for the
month of August provided by Environment Canada for the 66-year period. The ap-
plication of the Thomthwaite method gave 330 values of the initial moisture con-
tent in the soil, as shown in Figure 4-14.

It should be pointed out that not only does the water content vary according to
climatic conditions, but also due to the thermal gradients caused by the buried
loaded cables. The Thornthwaite formulas deal with the moisture fluctuation in the
soil caused by the climatic conditions only.

Current flowing in power cables will cause moisture migration away from
cables. Therefore, the moisture content of the sand backfill will always be some-
what lower than predicted by the Thornthwaite method. One method to deal with
this problem is described in Anders and Radhakrishna (1988). In this work, a se-
ries of studies using a heat/moisture finite-element computer program were per-
formed to obtain the actual values of the thermal resistivities of the backfill to be
used in the Monte Carlo simulations. The method employed is described in
Appendix C.
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Figure 4-14 Histogram of the initial moisture content in the soil (from Anders and Rad-
hakrishna, 1988, with permission from IEE).
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4.3.3 Computation of Temperature Distribution Using Monte
Carlo Simulation

4.3.3.1 Steady-State Analysis. The dependence of temperatures around
buried power cables on the input parameters can be generally described by a func-
tional relationship as shown below:

0= &1, p,, pc, B,mp> ¥;, cOnstant parameters) (4.43)

where ¢, is the initial moisture content and, both p, and p, are functions of ¢;.

In the Monte Carlo simulation procedure, the probability density function of 6 is
obtained as follows. A point is selected from each of the input densities (that is the
values of I, ¢, and 8,,,;, are selected). The value of p, is read from Figure 4-13 and
the value of p, is calculated, taking into account the initial moisture content ¢, and
the selected value of cable loading 7, as described in Appendix C. With these para-
meter values, the conductor temperature distribution is computed. The procedure is
repeated many times, until a convergence is achieved [see Chapter 13 in Anders,
(1990) for the details of the Monte Carlo simulation procedure]. This computation-
al procedure is shown in Figure 4-15.

An important consideration in the application of the procedure shown in Figure
4-15 is the interdependence of the random variables representing load, ambient
temperature, and moisture content. This interdependence is taken into account in
the §— p transformation shown in the bottom block in Figure 4-15.

For the system under study, the resulting histograms of the thermal resistivities
are shown in Figures 4-16 and in 4-17 for the native soil and backfill, respective-
ly.

Next, a rating equation is used to compute resulting temperatures. The selection
is performed in such a way that after a sufficient number of selections from a given

Weather Data || 83mp - Distribution
p(6)
» s .| Probabilistic
Load Date L - Distribution > Analysis —> /\
2]

Moisture Data p - Distribution

5 8-p

71 Transformation

Figure 4-15  General computational procedure for Monte Carlo analysis of power cables.
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Figure 4-16 Histogram of the native soil thermal resistivity (from Anders et al., 1988a,
with permission from IEEE Press).

density function are made and the histogram of the selections is drawn, the resulting
shape will closely resemble the input density. The key word in the previous sen-
tence is “sufficient.” In practice, this means hundreds and even thousands of Monte
Carlo simulations have to be made, depending on the shapes of the original density
functions. In the study reported here, almost 4000 simulations were performed for
each of the years studied. The probability distribution of the cable surface temera-
ture is shown in Figure 4-19.
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Figure 4-17 Histogram of the backfill thermal resistivity (from Anders et al., 1988a, with
permission from [EEE Press).
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4.3.3.2 Transient Analysis. The procedure described above gives the proba-
bility density function for the steady-state conditions. For the computation of emer-
gency temperature distribution, the following procedure is suggested.

The fist step is to establish the initial conditions. The Monte Carlo selection
procedure described above can be used for this purpose. The selected values of p,,
p., and 8,,, are then used to compute the precontingency temperature 6,.
Applying this procedure, we assume that the initial conditions lasted long enough
for the steady-state conditions to be reached. Next, a circuit is taken out of service
and its load is redistributed among the remaining cables. This results in a new val-
ue of heat losses in all the cables. Outage duration is sampled from the appropri-
ate probability density function. To obtain this function, the outage data of circuits
under consideration should be obtained. In the study reported here, only outages
longer than 1 hour were considered because of the long time constants of the soil.
There were 72 such outages and the resulting histogram of outage durations is
shown in Figure 4-18.

In the transient analysis, it is assumed that the loading and environmental para-
meters remain unchanged for the selected outage duration. This yields pessimistic
values of the temperature because the probability density function for the current
flowing in the cables corresponds to the peak load at the customer busses. The tem-
perature at the end of the analyzed period is then recorded in the emergency temper-
ature histograms.

Figure 4-19 shows the probability distribution function of the temperature on the
external surface of the fifth cable from the left (see Figure 4-10) based on loading
conditions in year No. 2. This is the hottest cable in the group. Both the steady-state
and emergency temperatures are shown. The critical cable surface temperature is
usually in the range of 50-60°C. Assuming the critical value in this study is 50°C
for steady-state and 60°C for transient conditions, respectively, it can be observed
that these temperatures are not expected to be reached in that year.
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Figure 4-18 Histogram of outage durations > 1 hr (from Anders et al., 1988a, with permis-
sion from IEEE Press).
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Figure 4-19 Probability distribution of steady-state and emergency cable temperatures
(from Anders et al., 1988a, with permission from IEEE Press).

4.3.4 Sample Applications

In this section, we will present several applications of the probabilistic techniques
applied to the decision processes involving underground power cables. Two of the
examples involve the probability distributions developed in the preceding sections
and the third shows an application of the decision tree to the problem of selecting a
cable backfill.

Example 4.4

In order to decide when the capacity of existing circuits is no longer sufficient, we
will show how the analysis described in the previous section can be used to consid-
er economic aspects of cable uprating (Anders et al., 1988b).

In this example, the probability distribution function of the cable surface temper-
ature was obtained for years 1, 2, and so on. Suppose that an acceptable risk p,,,, of
exceeding cable design temperatures is established. Let us assume that, for the pur-
pose of this discussion, the value p,,,, = 0.05 is selected. The value of p,,, could be
different for normal and emergency conditions. The corresponding steady-state and
emergency temperatures are then read from probability distribution functions for
each year as shown in Figure 4-19. These values are then plotted as illustrated in
Figure 4-20. From this figure, a critical year is selected in which either the steady-
state or emergency cable operating temperature is exceeded. In our case, a new ca-
ble has to be installed in year No. 3.

Based on standard deterministic criterion, as discussed in Section 4.3.1, the new
cable would have to be installed in the second year. Let us assume an annual dis-
count rate of 10.5%. The installed cost of 1 km of new cable is estimated at
$2,500,000. This value was established five years before the analysis for year No.1
is undertaken. The expected cost escalation rate is 6.5%. The three-year postpone-
ment gives the savings in the new cable installation shown in Table 4-6.
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Figure 4-20 Yearly cable surface temperature (from Anders et al., 1988a, with permission
from IEEE Press).

The economic value of deferring the installation of 1 km of cable by three years
is $197,000. The economic value of deferring the installation of 5 km of cable
would be $985,000.

The year chosen for the installation of new facilities will depend on the critical
value p. of acceptable risk selected and the cable maximum operating tempera-
tures permitted. The last quantity is determined by the cable manufacturer and is as-
sumed to be constant. The value of p,,,,, would have to be established for each cable
installation separately, and it would depend on company policies and cable operat-
ing conditions. |

Example 4.5

In this example, we will explore the issues related to the computation of the proba-
bility of exceeding the permissible cable surface temperature. To obtain numerical
values, we will use the cable system shown in Figure 4-10.

Table 4-6 Calculation of saving resulting from postponement in cable investment

Installed cost of cable Present value of
per km in year shown expenditure in year
Year ($ million) Present value factor shown ($ million)
5 1.065% - 2.5 =3.4252 0.5493 1.881
8 1.065% - 2.5 =4.1375 0.4071 1.684

Saving 0.197
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For simplification, we define in the present analysis the failure probability as the
probability of exceeding the permissible cable surface temperature for the given ca-
ble design and loading conditions. The calculation of such failure probability re-
quires the applied stress distribution of Figure 4-19 (for one or both of the steady-
statc and transient cases) as well as the corresponding resistance (withstand)
distribution. We will describe next the process of preparing the stress and resistance
probability distribution and the final failure probability calculation.

The strength probability distribution represents the spread of cable surface tem-
perature on the basis of the cumulative distribution(s) of Figure 4-19. When both
the steady-state and transient cases are to be used, the two distributions have to be
combined into one overall stress distribution as follows:

Ps(os) =P Pss(ess) +p2 : Pts(ots) (444)

where P.(6,) and P,(6,) denote the probability distributions of the steady-state
and transient-state temperatures, respectively, and p, and p, are the assigned proba-
bilities of the two cases based, for example, on their relative frequency of occur-
rences over a given historical period p; + p, = 1.0.

The strength probability distribution, P«(6;) in Figure 4-21 corresponds to the
special case of p; = | and p, = 0; that is, only the steady-state cable operation is an-
alyzed.

The resistance probability distribution of the cable surface temperature is evalu-
ated on the basis of cable testing/manufacturer data. The relevant data should be
screened and assembled as pairs of withstand temperature/condition (or scenario)
under consideration. For example, a typical set of withstand temperature data may
be assembled as shown in Table 4-7.

An example of a resistance probability distribution based on statistical data for
normal cable operation is shown as P,(6,) in Figure 4-21.

The cable failure probability, that is, the probability that the stress/cable surface
temperature exceeds the withstand temperature, is calculated by mathematical con-
volution of the probability distributions P,(6,) and P,(6,) as follows:

P= fo " by 05)[ fo Py 0,)d0,]d0s (4.45)

For the specific example of Figure 4-21, the failure probability calculated using
Equation (4.45) is p, = 0.02003; that is, the probability of exceeding the withstand
temperature during steady-state operation in year No. 2 is 0.02003. ]

Example 4.6°

In this example, we will investigate a decision problem facing an electric utility
encountering a rapidly growing demand in a large urban area. Part of the load in the
downtown core is supplied by a four-circuit, 115 kV cable system. According to the

This example is extracted from (Anders, 1990).
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Figure 4-21 Stress (P,) and resistance (P,) probability distributions of cable surface tem-
perature (from Anders et al., 1988a, with permission from IEEE Press).

design specifications, the maximum current-carrying capability of each of the 12
cables is 800 A. The cables have been in service for 30 years, and with the present
load growth it is expected that a new circuit will be required in 2 years. Construc-
tion of an additional circuit is an expensive proposition, and the cost of a 5 km cable
route is estimated to be $3 million.

The planning engineer feels that the calculations performed 30 years ago were
based on very conservative assumptions and that with the present sophisticated
computational tools and better understanding of the influence of various parameters
on cable ampacities, the real current-carrying capabilities of these cables would be
found to be higher than those provided in the specifications.

Table 4-7 Example of temperature ranges for various operating conditions

Condition/Scenario Withstand temperature
Normal operation 55-80°C
Emergency long-term 55-120°C
Emergency short-term 110-150°C

Short-circuit 130-210°C
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In particular, one of the parameters with large influence on cable ampacity is the
value of the soil thermal resistivity, p,. Reviewing the literature on the subject, the
planning engineer noticed that most sources seem to suggest that the type of the
backfill material used in this particular installation has lower thermal resistivity
than assumed in the original design. If the actual soil thermal resistivity is indeed
lower than assumed (we will denote this new value by p,;), the cable ampacities
would increase to 1000 A; furthermore, the construction of a new cable can be post-
poned an additional 3 years, yielding savings, discounted to present value, of $1
million.

The planning engineer feels that the probability associated with lower value of
the soil thermal resistivity is 0.7. If, on the other hand, the resistivity value is
equal to or greater than the assumed value (denoted by p,,), the utility has three
choices: Choice I is to build a new cable circuit; Choice II is to replace the sand
in the cable trench with limestone screenings at the cost of $500,000, which will
increase cable ampacity to 1000 A and will yield savings, discounted to present
value, of $1.0 million; Choice III is to do nothing and hope that the load will not
grow at the estimated rate. There is a 40% chance that the load growth will slow
down and that the circuits will be adequate for the next 5 years, yielding savings
of $500,000. If, on the other hand, the load growth will remain high, the utility
faces an additional penalty of $2.0 million if nothing is done to improve cable rat-
ings.

Assuming that each of the contemplated remedial actions will resolve the prob-
lem for at least the specified period of time, even in the presence of the highest fore-
cast load, the options facing the planning engineer are as follows:

A,: Construct a new circuit
A4,: Replace sand backfill with the limestone screenings now
A;: Do nothing

This is a typical decision analysis problem. A convenient way to solve such
problems is to apply the concept of a decision tree (Anders, 1990). The complete
decision tree describing this problem is given in Figure 4-22. The monetary loss (in
millions of dollars) for each path in the tree is also shown.

The cost of backfilling is obtained by summing (a) the cost of constructing a new
cable at the end of the planning period (—$3,000,000) (assumed to be the same as
the present cost of construction), (b) the savings resulting from the postponement of
the construction ($1,000,000), and (c) the cost of the backfill (-$500,000). Other
costs are obtained in a similar manner. The loss (cost) values for alternatives 4, and
A, are not affected by the actual value of the soil thermal resistivity since in both
cases the money has to be spent within the next 3 years. The cost in the last branch
in Figure 4-22 is obtained as the algebraic sum of (a) the construction cost (—$3 mil-
lion), (b) the saving resulting from postponement of the construction ($1 million),
and (c) the penalty (—$2 million).

The expected monetary values (in millions of dollars) for all alternatives are as
follows:
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COST
New Cable ($ Mitlion)
A1 -3
Backfill 25
Az
TRL (0.7) 5

Do Nothin
g Low Load (0.4)

A3
TRH (0.3)

Figure 4-22 Decision tree for cable upgrading (from Anders, 1990, with permission from
John Wiley and Sons).

E(4,)=-3.0-0.7-3.0-03=-3.0
E(d)=-25-07-25-03=-25
E(45)=-2.0-0.7+3.0(-2.5-04-4.0-0.6)=-2.42

The decision criterion to be used is called the expected monetary value (EMV)
criterion. This criterion states that the alternative with the highest value of EMV
should be selected. Therefore, based on the maximum EMYV criterion, alternative A,
should be selected as it yields the smallest monetary losses. |

4.4 STOCHASTIC OPTIMIZATION

In this section, we will return to the backfill optimization problem, but we will con-
sider the stochastic nature of some of the parameters playing an important role in
backfill design. The stochastic optimization problem is an extension of the proba-
bilistic analysis discussed in Section 4.3. In the case of stochastic optimization, we
not only take probability distributions of the constituent random variables and com-
pute the probability distribution of the desired variable, but we also find the values
of the input variables that lead to the best value of the objective function.

Similar to the deterministic case, in stochastic optimization there are variables
that we have control over, such as backfill width or height. These controlled vari-
ables are called decision variables. Finding the optimal values for decision variables
can make the difference between reaching an important goal and missing that goal.

In a deterministic model, all input data other than the decision variables are con-
stant or assumed to be known with certainty. The decision variables are also con-
stant, except that their values are taken from the specified ranges. In a stochastic
model, some of the model data are uncertain and are described with probability dis-
tributions. We will use the same terminology as in the Crystal Ball® software that
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we will apply in the analysis and will call these variables assumptions. The variable
whose probability distribution we want to obtain will be called a forecast.

Stochastic models are much more difficult to optimize because they require sim-
ulation to compute the objective. The most common method of running these simu-
lations is shown in Figure 4-23,

Once an optimization problem is defined (by selecting decision variables, the ob-
jective, and possibly imposing constraints), the mathematical model describing the
objective function and the constraints is executed for different sets of decision vari-
able values. The statistical outputs from the simulation model are analyzed and inte-
grated with outputs from previous simulation runs, and a new set of values to evalu-
ate is determined. This is an iterative process that successively generates new sets of
values. Not all of these values are feasible or improve the objective, but over time this

Determine
a new set of
values for
decision
variables

Y

Stochastic Simulation

|

1

| Generate

| sample Calculate
| values of > entire

1
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t

|

|
|
|
|
|
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|
|

Al
constraints
satisfied

No

s Record
objective Yes the
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reached?
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prompt to
continue

Figure 4-23 Typical stochastic optimization process.
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process provides a highly efficient trajectory to the best solutions. The search process
continues until some termination criteria, either a limit on the amount of time, or the
number of simulations, or the accuracy of the results (Anders, 1990), is reached.

With the probability distributions of the uncertain varnables defined in the pre-
ceding sections, we can now perform stochastic optimization to obtain not only the
best values of the design parameters, but also the probability distribution of the ob-
jective function. We will illustrate the procedure in the following example.

Example 4.7

We will return to the optimization problem examined in Example 4.3. The design
variables will be the depth of backfill center, backfill width and thickness, and the
spacing between the cables. The bounds on these variables are given Table 4-1 and
the constraints are defined in Example 4.3. The maximum allowable cost is set at
$300/lin m.

The stochastic variables are the thermal resistivities of the native soil and the
backfill. Their probability distributions were established in Section 4.3.2.3, taking
into account the variability of the ambient air temperature and of the moisture con-
tent. The random selection of resistivity values could be based on the histograms in
Figure 4-16 and Figure 4-17. However, since commercial software was used for the
analysis, and this software requires input in a form of one of the standard continu-
ous distributions, the first step in the analysis was to fit standard probability distrib-
utions into resistivity histograms. The resulting density functions are shown in Fig-
ures 4-24 and 4-25.

The stochastic optimization process was run with a time limit of 2 hours. For
every selection of the design variables, 1000 stochastic simulations were run. For
C, = $300 and the mean values of the soil and backfill thermal resistivities, the
maximum current is 908 A withw=3.91m, L;=0.95m,A=1.11 m, and s, = 1.45
m, for which the cost function has the value of $300/linear m.

The results of the analysis are also yield the probability density and the cumula-
tive probability distribution functions of the cable current for the optimal backfill

4

)
0.58 0.65 0.71 0.77 0.84
Thermal resistivity (pe), Ke m/W

Probability

Figure 4-24 Gamma distribution fitted to the native soi! histogram. Parameters: location =
0.58, scale = 0.02, shape = 4.60.
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Figure 4-25 Lognormal distribution fitted to the backfill histogram. Parameters: mean =

0.69, standard deviation = 0.04.

dimensions. They are shown in Figures 4-26 and 4-27, respectively, and the corre-
sponding statistics are summarized in Table 4-8.
We can observe that the mean value of the current is equal to 909 A and is the

same as the ampacity corresponding to

the optimal trench design. However, the

graphs in Figures 4-26 and 4-27 and the data in Table 4-8 give us a substantial

amount of additional useful information.

First, we observe that the frequency chart

obtained from Monte Carlo simulations can be fitted with a logistic distribution. It

is defined by the following equation:

z
M= Sgay

where

for—-o<x<o

107 - —
B y«—— Fitted qulstlc
distribution
2080~ g
3 —
S 054f---------- T
o - Emplragal
o 027 b-—---— distribution Y\ |
.000
870 890 910 930 950
Current, A

Figure 4-26 Frequency chart of the conductor current from stochastic optimization fitted
with a logistic distribution with paramenters mean = 909 A and scale = 7.42.
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Figure 4-27 Cumulative probability distribution function of the conductor current from
stochastic optimization fitted with a logistic distribution.

and
o = scale parameter
1 = mean value

Second, we can see that the current will vary in the range 850 to 990 A. There is
about a 10% chance that the rating of this cable will greater than 925 A, and a 10%
probability that it will be lower than 893 A. This information could be very useful
in deciding when an investment should be made in new transmission facilities, as
discussed in Example 4.5. ]

4.5 CONCLUDING REMARKS

The expectation of continued moderate increases in demand for electricity, the re-
structuring of the electric power industry, and the pressure to reduce costs have pro-

Table 4-8 Results of the Monte Carlo simulation

Statistics Value
Trials 10000
Mean 909.25
Median 909.06
Mode 910
Standard deviation 13.20
Variance 174.25
Skewness 0.12
Kurtosis 3.62
Coefficient of variability 0.01
Range, minimum 848.76
Range, maximum 987.67
Range, width 138.91

Mean standard error 0.13
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vided incentive for utilities to look for measures that will increase the capability of
existing facilities and thereby defer the construction of new ones. A 10% increase in
the ampacity of a transmission circuit in a 3% growth environment, for example,
may defer the need for substantial capital expenditures for 3 years. The estimated
cost of an underground cable installation in an urban area could be $2.5 million per
km. The present value of deferring such a cable installation for a period of three
years is estimated to be at least $50,000 per km per year of deferment. To confi-
dently determine the higher cable ampacity that would permit the deferment, reli-
able, advanced thermal analysis techniques are required.

Two advanced concepts have been introduced in this Chapter to help cable engi-
neers make informed decisions on future cable system investment options. First, we
demonstrated the use of a nonlinear programming formulation, in conjunction with
trench cost evaluation and cable thermal analysis, to attain an optimal design of ca-
ble thermal backfill. Second, we showed how probabilistic analysis techniques
could be used to support decisions on cable uprating. With the advent of very fast
desktop computers, the numerical challenges involved in these types of analyses
can be easily overcome.

In the probabilistic analysis discussed in this chapter, one should remember
that the actual loading of underground plant is strongly dependent on the role that
a particular line plays within the overall system, and this role may, and often does,
change as the system evolves. For instance, in years past when generation was
often sited close to load centers, underground lines in metropolitan areas often
were installed primarily as a means for providing energy transfers in the event
of scheduled or unscheduled unit outages. Such lines were virtually never operat-
ed at more than a small fraction of their normal ratings. Even though system con-
ditions have long since changed, it is not surprising that particular underground
lines may be operating over long periods at well below their rating. However, as
system conditions evolve, the loading patterns of the individual lines will not re-
main fixed, and ratings based on loading distributions will have to be monitored
very closely.

4.6 CHAPTER SUMMARY

The mathematical developments that can be briefly summarized here pertain to the
formulation of the backfill optimization problem. Since our goal is to minimize the
cost and maximize cable ampacity, we formulated the cable rating equation in such
a way as to make it explicitly dependent on the backfill characteristics. The basic
rating equation is given by

.- [ AO— W,[0.5T, + (T, + T; + T,)] ]"5

at+b- T4 0.5
RTI + nR(l + A])Tz + nR(]. + A] + Az)(T3 + T4)

C+d'T4

with the following definitions of the constants a, b, ¢, and d and an assumption of a
unity load factor:
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a=A0- W, (0.5T, + nT, +nT;) b=-n-W,
c=R-Ty+n R-[(1+A) Th+(1+A+Ay) T3]
d=n-R-(1+A,+tA)

We adopted the above notation since only parameter T, depends on the backfill
characteristics. When the cable system is contained within an envelope of thermal
resistivity p,, the effect of thermal resistivity of the backfill envelope being differ-
ent from that of the surrounding soil p, is handled by first assuming that the thermal
resistivity of the medium is p, throughout. A correction is then added algebraically
to account for the difference in the thermal resistivities of the envelope and the na-
tive soil. Assuming that the depth of cable center is much larger than its diameter,
we have

Pe 47 N
Ty=5 - -ln(f):)‘F 27 (Pe=p) " Gy

where
N = number of loaded cables in the envelope

2L
Gy =In(u, + \/u%—l)zlnr—c
b
_Lg
ub—Tb—

L = depth of laying to the center of the backfill, mm
r, = equivalent radius of the envelope, mm

The geometric factor G, contains all the design parameters through the value of
L and the equivalent radius. The equivalent radius of the thermal envelope is equal

to
1l x(4 «x ¥ x
O e Py L U R )

where
x = min(w, h)
y = max(w, h)

The last equation is only valid for ratios of y/x less than 3 and, since we need an
analytical solution to our optimization problem, this is a restriction that will be en-
forced in all backfill designs considered here.

Finally, we obtain the following expression for the cable current as a function of
backfill parameters:

/= atbp.-InlL)+b p.tf (pe—p) Gy
C+d1 'Pc'ln(L)+d2'Pc"'fz'(Pe—Pc)'Gb
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where the constants are defined as

The last equation for / can be used as an objective function with backfill height,
width, and thermal resistivity as parameters. We could also construct an objective
function related to the backfill cost, and the equation for the current is then used as
a constraint on the minimal value of the cable rating.
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I CHAPTER S

Special Considerations for
Real-Time Rating Analysis
and Deeply Buried Cables

5.1 INTRODUCTION

Because of the difficulties in siting new lines in cities, there is great pressure for in-
creased power transfer on some older transmission lines. Recently, dynamic cable
rating systems have gained a lot of attention since they offer an opportunity to over-
come some of the design shortcomings.

Dynamic feeder rating (DFR) systems are an important alternative to analytical
approaches for determining the real-time conductor operating temperature and cor-
responding real-time cable ratings. Operations of several such systems have been
reported in the literature (U.S. Department of Energy, 1978; Nelson, 1988; Balog et
al., 2000; Pragnell et al., 2000; Douglass et al., 2000; Walldorf & Engelhardt, 1998;
Anders et al., 2003). All existing real-time rating systems utilize measured conduc-
tor and soil ambient temperatures and conductor current. Measurements of conduc-
tor current are normally available at terminating stations but the temperature mea-
surements require special hardware installation. A preferable method for cable
surface temperature measurements is the use the fiber-optic sensors. This is often
done in new installations or in retrofits for cables installed in ducts. In existing ca-
ble circuits, the only reasonable option is to install thermocouples at the selected lo-
cations and record the data in the locally installed remote terminal units (RTUs).
Because of this requirement, DFR systems are usually fairly expensive to install. In
some cases, it might be simply impossible to install thermocouples and the RTUs
because of the surrounding infrastructure, large distances, or lack of the local power
supply or communication facilities. In cases like these, a reasonable alternative
would be to estimate cable losses and the conductor temperature from the current
measurements alone.

In this chapter, a method is discussed that allows estimation of conductor tem-
perature and cable losses as a function of conductor current and some parameters
corresponding to the nominal loading conditions (Brakelmann, 2003; Brakelmann
and Anders, 2004). Such parameters include cable rating and loss factors computed

Rating of Electric Power Cables in Unfavorable Thermal Environment. By George J. Anders 211
ISBN 0-471-67909-7 © 2004 the Institute of Electrical and Electronics Engineers.
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by cable manufacturers for the laying conditions specified by the user. There are
two major applications of the proposed approach. One relates to rating of power ca-
bles with current measurements alone and the other to the computation of the exter-
nal thermal resistance with a nonunity load factor used in the Neher/McGrath ap-
proach. Both applications are examined in this chapter. We will investigate in some
detail calculation of the loss factor, particularty with the aim of exploring its appli-
cation for rating of deeply buried cables.

As already mentioned, installation of new cable lines in large metropolitan areas
in industrialized countries has become more and more difficult. Obtaining neces-
sary permissions is only one of the problems. From a technical point of view, most
of the available right-of-ways are already occupied, either by other power or com-
munication circuits or by other infrastructures such as heating, sewage, and water
pipes or underground transportation corridors.

Therefore, in spite of fairly high costs, laying of cables in deep, directly drilled
tunnels becomes attractive. Such installations have several advantages in compari-
son with directly buried cables. The most important are:

® The civil engineering work does not have to disrupt pedestrian or vehicular
traffic.

® The length of the cable route can be minimized.

® Cables can be laid independently of the structure of the buildings above the
right-of-way.

® Access to the circuits is facilitated if laid in large tunnels

¢ The influence of electromagnetic fields at the earth surface is considerably di-
minished in comparison with the standard installations.

e In the case of large tunnels, it is possible to install additional circuits without
loss of existing rating capabilities by introducing forced air circulation.

® Advantageous thermal environment permits improved heat dissipation.

The last bulleted advantage is of particular interest in the context of cable rating
calculations and will be explored in this chapter.

An advantageous thermal environment for deeply buried cables is a result of
two factors. On the one hand, the soil tends to have higher moisture content at
large depth due to the penetration of ground waters. On the other hand, daily,
weekly, and even yearly load variations have a profound effect on the ratings of
deeply buried cables. This effect is not so pronounced for cables buried at the usu-
al depths.

Thus, two applications will be discussed in this chapter. One is a prediction of
the conductor temperature and losses from the current measurements alone, dis-
cussed in Sections 5.2 to 5.5, and the other is the modification of the Neher/Mc-
Grath procedure for the calculation of the load loss factor utilizing the results ob-
tained in Section 5.5. This modification will be described in Sections 5.6 and 5.7,
where an in-depth analysis of the loss factor applications will be offered.
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5.2 PREDICTION OF CONDUCTOR TEMPERATURE FROM THE
CONDUCTOR CURRENT

5.2.1 Introduction

The losses in a cable conductor are dependent on the operating temperature. Since
in field installations this temperature is unknown, the estimation of the losses is a
difficult task and, therefore, usually not performed at all or some approximations
are used. The losses are also a function of daily load fluctuations. In the cyclic rat-
ing calculations discussed in Chapter 2 and in the Neher/McGrath method, these
fluctuations are taken into account in the calculation of the external thermal resis-
tance by considering a loss-load factor (referred to simply as a loss factor). In rat-
ing computations, the loss factor is calculated from the load shape alone, without
consideration of the conductor temperature. In reality, the definition of the loss
factor requires consideration of the conductor resistance, which is temperature de-
pendent.

The aim of this section is to propose an improvement in the accuracy of the rat-
ing calculations by an introduction of the temperature dependence of the conductor
losses in the rating formulae. Since, as mentioned above, the conductor temperature
is usually unknown, we will need some other information to account for the absence
of the real-time temperature values. The additional information comes from stan-
dard rating conditions as specified by the cable manufacturer and involves cable
rating values at nominal conditions. The subject is explored in detail in the follow-
ing subsection.

5.2.2 Mathematical Model

In this subsection, we will develop a relationship [Equation (5.18)] that allows
calculation of the conductor temperature when the conductor current and certain
values corresponding to the rated conditions are known. This relationship will take
into account variation of the conductor resistance with temperature as well as
a possibility of soil dry-out. Conductor temperature rise A@ is related to the
conductor losses W, through the following equation [see Equations (1.42) and
(1.49)]:

AO=W.T,+ A6, 6, (5.1)

where

W. = conductor losses (W/m)

T, = total thermal resistance defined in Equation (1.41) (K - m/W)
A6, = temperature rise caused by dielectric losses (°C)

A possible drying-out of the surrounding soil is taken into account in Equation
(5.1), following the two-layer-model of Cox and Coates (1965) (see Section
1.4.1.2), by means of the variables » and 6, with
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8,=(-1)-A6, and o,=22(0,=6, for AG,>A6,
P (5.2)
u,=1(6,=0) for Ad, = A6,

where

A6, = temperature rise at the cable surface (°C)

A6, = critical temperature rise of the soil (°C)

8, = correction temperature (°C)

p1, p; = thermal resistivities of the moist and dry soils, respectively (K - m/W)

The thermal resistivity of the dry soil is normally larger than that of the moist
soil by a factor of 2 to 6. An example of the standard values of these quantities is
given in Table 5-1 (IEC 287-2-1, 1994).

We will rewrite Equation (5.1) to relate conductor losses to the current as a
straightforward multiplication of the ac resistance and squared current /2R. In order
to achieve this, we will first introduce the following revised designation of the total
thermal resistance of the cable:

T, +T2'(1+)\1)
n(1+)\1+A2) 1+/\|+A2

Te= thto Li=T+5 T, (53)

and the electrical resistance representing all ohmic losses in the cable:
R0 =Ry (1 + A+ 1) (54)

R is temperature dependent. Hence, the conductor temperature 6 changes the to-
tal ohmic losses W, of the cable according to

Wi=W,—W;=Wy-[1+ar (6-20)]=n Ry I* [1+ar (0-20)] (5.5)
where W,, is the conductor loss at 20°C, (W/m) and a; is the temperature coeffi-
cient of resistance (1/°C) of the conductor material.

With these notations, Equation (5.1) can be rewritten as

AO=T,. n Rpy(ar A0+cy) P+ A0, 6,=T,,- (W,— W)+ A6,- 0, (5.6)

Table 5-1 Standard values for soil properties

Variable Unit Value
[/ °C 20
A6, °C 15

[ (K-myw 1
o (K - m)y/W 2.5

0, °C 225
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with
co=1+azy (6,,,—20) 5.7)
For the nominal load, characterized by the rated current I, and the nominal total
losses W, the cable conductor reaches its maximum stationary temperature 6,,,,.
In this case, Equation (5.6) takes the form
Abpax=Tin* Wir— W)+ Abyr—6cr (5.8)
whereas
We—Wi=n-Rpo- 13- [1 + a7 (Bpax—20)]=n-Rpo-cp - I3 5.9
and
Cn=[1+ a7 (Opax —20)] (5.10)
The values T, z, Af, ¢, and 6,  are defined above, but here they are related to the
rated load. We will compute now the value of R,,, from Equations (5.9) and (5.8)

and substitute it in Equation (5.6):

AG—A6d+ 0x= Tt'x'n'tho'Iz' (aT' A6+ Ca)

v I \2 (5.11)
T
= (Aemax - Aod.R + ex.R) IR (1_) ) (aT A6+ Ca)
Cm R
In Equation (5.11), the variable v, is given by
T
o= for A6, = Ad,, and
R (5.12)

sp=1  for  A§,>A6,

A caution is required when interpreting Equation (5.12). Three different situa-
tions may arise. If there is already drying out for current / (we assume that / <
Iz), then vy = | for both currents. In another case, we may have no drying out for
current [ but the soil dries out for the rated current. In this case, the nominator in
the first equation in (5.12) corresponds to the moist soil and the denominator to
the dried-out soil. The temperature inequality associated with the first equation
holds only for current / but not for the rated current. Finally, the third possibility
exists when no drying out occurs for the rated current. In this case, vy = 1. In the
reasoning made above we implicitly assumed that the loss factors that appear in
the definition of the total thermal resistance [Equation (5.3)] do not depend on the
current values. In reality, this is not true but the error introduced by this assump-
tion is negligible.
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Solving now Equation (5.11) for the temperature rise, we obtain

I\
U Cy (Aomax - Aed,R + 6x,R) ' (I_) - cm(ex - Aod)
R

Ab= I\ (5.13)
Cm— 07" Qr” (Aemax - AOd,R + ex,R) : (I_)
R
Making substitutions,
01 =Cq (Omax - eamb - Aed,R + Ox,R) T ur (514)
0,=c, (AG;—0) (5.15)
cr=1+ar [Opm—20+ (A0~ 0,3)] (5.16)
;= ar (Opax — Ay + 6, 8) (5.17)
Equation (5.13) takes the form
>
o (£ +a
Ag= R (5.18)

I \2
C|+C2' l—I)T' TR—

Equation (5.18) represents a crucial relationship that allows calculation of the
conductor temperature when the conductor current and certain values correspond-
ing to the rated conditions are known. The issues related to the practical application
of this formula are discussed in the next section.

From Equations (5.5), (5.9). and (5.18) we can compute the total cable losses
corresponding to current / as

I\2
12 ca aT GII—R' +02
I

Cp Cm I\
C]+C2' 1—1)7-" I_
R

Wtsz"'(W:R—Wd)'(
(5.19)
I\2
=Wyt (Wr—-Wy - 7] v
i

where the temperature coefficient v, is defined as

C3

Ug= I\
C1+C‘2'|:1_Z)1(1_R‘)]

(5.20)



5.2 PREDICTION OF CONDUCTOR TEMPERATURE FROM THE CONDUCTOR CURRENT 217
with
c3=1+ar [0,,—20+(A6,-6))] (5.21)

An important characteristic of Equation (5.19) is that it takes into account the
variation of conductor resistance with temperature as well as a possibility of the soil
dry-out via the coefficient v, defined in Equation (5.20). Up to now, for long cable
connections (e.g., submarine cables), the practice has been to compute cable losses
by obtaining the voltage and current distributions by means of the line equations,
which furnish the active power at the entry and at the end of the line and by this the
total losses of the cable, without consideration of their temperature dependence.
This means that v, =1 in Equation (5.19). Such an assumption may lead to an error
of more than 20% in estimating cable losses, as illustrated in Example 5.1.

Equation (5.19) allows calculation of the total energy losses E of the cable of
length L over a period of time in the case in which the current variations are known.
For the duration of the time interval 7, these losses can be computed from

E=W, L-1+ M ) - o) - dt (5.22)
IR =0

Factor v, as well as the values of A6, and 6, in Equations (5.18) and (5.20) will
change, depending whether drying out occurs or not; that is, whether the tempera-
ture rise at the cable surface exceeds the critical temperature rise for drying out of
the soil, A@,,, or not. This can be correlated to a critical current /., and the corre-
sponding critical total losses ., by the relation

Aecr = I/Vlcr ' T4 (523)
with
VVtcr = Wd +n- Rt20 ) Igr ' (ca + ar: Aoc,cr) (524)

where A@, , is the conductor temperature rise corresponding to the critical current.
Its value can be obtained from

Aoc,cr = Aocr + TI ' (VVtcr - Wd) + Td : Wd (525)
where

T
T,= ﬁ + T, + Ty (5.26)

From Equations (5.23) to (5.26), we can compute the critical current as

1 A6, /T,— W,
1+ ar [A8, + Opp, =20+ T, - A6 /T, — (T;—Ty) - Wyl

I

= . 5.27
cr \/n . RtZO ( )
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Example 5.1

We will consider the cable model No. 2. This is a 145 kV, three-conductor armored
cable with XLPE insulation. We will compute the conductor temperature for vari-
ous levels of loading of this cable. The parameters required for the analysis are ex-
tracted from Table A1 and shown in Table 5-2. ‘

The temperature rise caused by the dielectric losses is equal to A6, = 0.8°C for
moist soil conditions and equal to 1.73°C when the soil dries out.

The analysis involves calculation of the conductor temperature and total losses
for a range of currents from 0 to 966 A. We will show detailed calculations for the
current of 600 A and display the remaining results in graphical form.

For the nominal loading conditions, the external cable temperature reaches
56.6°C. This value gives the cable surface temperature rise of 41.6°C, which is
higher than the critical temperature rise limit of 35°C (the ampacity value in Table
5-2 reflects the drying out condition). Hence, in this example, vy # 1 and we will
start the analysis by computing the value of 6,.

From Equation (5.2), we have

_p_18
_pl _0.6_3'0

Ux

0.2=(—-1)A6,=3-1)-35=70°C

The equivalent thermal resistances corresponding to the moist and dry condi-
tions, respectively, are obtained from Equation (5.3) as

T, +T2'(1+)‘1)

T,.= tThito T,

0.754 0.04 - (1+0.123)

T3 (1+0.123+0210)  1+0.123+ 0210 +0.047 +1-0.299

=0.269 + 0.299 = 0.568 K - m/W

T +T2‘(1+A1)
n(1+)\1+A2) 1+/\.1+A.2

=0.269+3-0299=1.165K - m/W

Tr= +Ty+u T,

The temperature coefficient vy is calculated from Equation (5.12) as

T,, 0.568
T T, 1.165

=0.488

On the other hand, for the current / = 600 A, no drying out occurs and 6, = 0.
Next, we will calculate the values of the auxiliary variables. From Equations
(5.7) and (5.10), we have
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Table 5-2 Values for numerical example®

Precomputed parameters

Cable ampacity I(A) 966
Conductor resistance at 6,,,, R (ohm/km) 0.033
Sheath loss factor A 0.123
Armor loss factor A, 0.210
Thermal resistance of insulation 7, (K - m/W) 0.754
Thermal resistance of armor bedding 7, (K - m/W) 0.040
Thermal resistance of jacket 7; (K- m/W) 0.047
External thermal resistance, moist soil 7, (K - m/W) 0.299
External thermal resistance, dry soil T, (K- m/W) 0.896
Losses in the conductor W, (W/m) 30.76
Dielectric losses per core W, (W/m) 0.52
Total joule losses per conductor W; (W/m) 41.01
Total losses per cable W, (W/m) 124.58

“Some of the parameters of the 145 kV cable are different from those in Appendix A because different
laying conditions are assumed in this example.

co=1+a;-(6,,,—20°C)=1+0.00393 - (15 -20)=0.98
Cn=[1+ ar (Opa —20°C) =1+ 0.00393 - (90 — 20) = 1.275
From Equations (5.14) to (5.17) we obtain
0= o (Omax— Oump— MOy + 0, 2) - v7=0.98- (90— 15— 1.73 + 70) - 0.488 = 68.49°C
0,=c, (AG;—6)=1.275-(0.8—0)=1.02°C
ci=1+ar [0,m—20+(A0;2—6.2)]=1+0.00393-(15-20+ 1.73-70)=0.712
cy=0r (Bpax — Al + 6,2) =0.00393 - (90 — 15~ 1.73 + 70) = 0.563

We can now compute the conductor temperature rise caused by 600 A current.
From Equation (5.18), we have

2 2
01-(é) +6, 68.49-(%) +1.02

Ag= 7" oo 235°C
c e [1 — oy (K) ] 0.712 + 0.563 - [1 —0.488 - (368) ]

Hence, conductor temperature for this current is equal to 8,= A8+ 6,,,, = 23.5+ 15
=38.5°C.

Repeating the calculations for other values of the current, we obtain the results
shown in Figure 5-1. Note that for / = 0 A, the conductor temperature reaches
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Figure 5-1 Conductor temperature as a function of conductor current for the three-conduc-
tor armored cable.

15.8°C because we assumed that the cable is energized all the time and dielectric
losses are present. We can also observe a sharp temperature rise when the con-
ductor current exceeds 900 A. As will be shown below, the drying out occurs at
the current value of 952 A and this results in a steep increase in the cable surface
temperature.

The cable losses are computed next. First, we obtain the temperature coefficient
from Equations (5.21) and (5.20):

ey =1+ ay (0, —20 + (AG;— 6] = 1 +0.00393 - (15— 20 + 0.8 — 0) = 0.983

.983
vp= % Ao 09 ooy - 084!
Cl+C2'[1—Ug<K) ] 0.7124‘0563[1—0488(%) ]
From Equation (5.19), we now compute the total losses in the cable:
1\2 600 \2
W,=W,+(Wpgp-W,): (—) <0=3-]10.52 +(41.53 - 0.52) - (— -0.841
Ix 966

=41.49 W/m

The losses computed from Equation (5.19) as a function of conductor current
are shown in Figure 5-2 (dashed line). The solid line represents the joule losses
computed without consideration of temperature variation of resistance; that is, for
Vg = 1.

The line at the top of the graph shows the ratio of the losses computed without
and with the temperature correction. The maximum error in this case exceeds 20%
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Figure 5-2 Total losses for the three-conductor armored cable as a function of conductor
current.

for the currents in the usual loading range of this type of the cable; that is, between
300 and 500 A.

Assuming that the critical temperature rise at which drying out starts for this in-
stallation is 35°C, the critical loading current can be computed from Equation
(5.27). In order to perform this calculation, we need to obtain first the internal resis-
tance from Equation (5.26) and the conductor resistance at 20°C. The internal
equivalent thermal resistance was computed above as 7;=0.263 K - m/W:

T 0.754
Ty= = + T, + Ty = ———= +0.04 + 0.047 = 0213 K - m/W
2-n 3 6

poo RN TA) 0000033 (1+0.123 +0210)
207 T4 ay - (B — 20°C) 1+ 0.00393 - (90 — 20)

=0.0000345 ohm/m

The critical conductor current is equal to

L A6, IT,— W,
N Ry 1+ a7 [A8, + 6,,, — 20+ T, AO /T, — (T, - T - W,

1
V3 - 0.0000345

35/0.299 - 0.52
1+0.00393 - [35+ 1520 + 0.269 - 35/0.299 — (0.269 — 0.213) - 0.52]

=052 A |
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5.3 PRACTICAL APPLICATION OF THE TEMPERATURE
PREDICTION EQUATION

A profitable use of Equations (5.18), (5.22), and (5.27) is possible if the corre-
sponding cable data are known. In this case, for all operating conditions, the station-
ary conductor temperature as well as the cable losses can be determined by insert-
ing the actual current values into these simple analytical formulae.

One possibility is to execute a complete current-rating analysis, thus determining
all thermal resistances, loss factors, and other relevant parameters. This is normally
done by the cable manufacturer, since they have at their disposal all construction
data as well as suitable rating programs.

The extraction of the necessary coefficients 6,, 6,, c,, c,, and ¢; from the cable
data without any rating calculations is possible if the following nominal values for
full-load operation are given:

® rated current, /,
® dielectric losses, W,
® ambient soil temperature, 6,

These three parameters are easily obtained from the cable specifications. With these
values, Equation (5.18) can be used for the prediction of the conductor temperature
for a given current with an assumption that soil dry-out does not occur. Since this is
the situation most often encountered in practice, the method presented in this chap-
ter can be used as a simple alternative to the full real-time temperature-monitoring
system. If, on the other hand, there is a need for calculation of cable losses, or if soil
dry-out may occur during cable operation, we will require two additional quantities,
namely,

1. The total rated losses, W,z (W/m) of the cable system
2. The cable surface temperature, 6,, °C

From these data, the external thermal resistance 7, can be computed as

7. = e Oamp 598
4 W/R ( )

The total thermal resistances of the cable can be approximated by
Tt,.x = Td,x = T;’pp = (Bmax - Oe)/VVIR + T4 (529)

The approximation given by Equation (5.29) results in a very small error for the
cables with small dielectric losses.

As a substitute for the cable surface temperature and the total cable losses, we
can assume soil thermal resistivities for moist and dry conditions, and proceed with
the calculations accordingly.
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5.4 FIELD VERIFICATION OF THE TEMPERATURE CALCULATIONS

To verify the accuracy of the temperature prediction obtained from Equation (5.18),
data from an existing DFR system were extracted and used for comparative analysis
(Anders et al., 2003). The circuit being monitored is a 138 kV pipe-type cable in-
stalled in New York City. The cable is very similar to the standard cable described
in the Neher and McGrath (1957) paper, with only small modifications of some di-
mensions.

The design characteristics of this cable required for the temperature calculations
are as follows:

® Rated current, I = 1336 A, computed for the soil thermal resistivity of 0.7 K -
m/W

® Dielectric losses, W;=2.73 W/m
® Ambient soil temperature, 6, = 22°C

Since, in this case, we are dealing with an existing DFR installation, the ambient
temperature and soil thermal resistivity were taken from the field measurements for
a selected time, and the steady-state rating was computed by the cable rating system
for these quantities.

Figure 5-3 shows current values for one day (measurements taken every 20 min-
utes).

The results of the measurements and corresponding calculations are shown in
Figure 5-4. The measured conductor temperature is actually computed by the DFR
system from measured cable surface and ambient temperatures as well as cable cur-
rent. The x-axis shows the time measurement points that span about 24 hours (mea-
surements and calculations are reported every 20 minutes).

Several important conclusions can be drawn from the results shown in Figure 5-
4. We can observe that the computed values change in a much greater range than
the actual conductor temperatures. The reason for this is that the thermal capaci-
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Figure 5-3 Load variations for a selected day in a field installation. Measurements taken
every 20 minutes.
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Figure 5-4 Comparison of measured and predicted conductor temperatures in a field instal-
lation. Measurements taken every 20 minutes.

tances are neglected in our analysis. They cause the temperature variations inside
the cable to be much slower than the current changes alone would indicate.

It is also interesting to note that the peaks and valleys in the computed curve pre-
cede those obtained from measurements, again, due to lack of time considerations
in our equations. Finally, we can observe that the differences are rather small, most
of the time in the range of +4°C. An exception is a measurement interval between
the 30th and 40th time points. Here, our predicted temperature is about 9°C higher
than the measured value. An analysis of the recorded data showed that there was a
large surge of current at the two-hour interval at that time (see Figure 5-3). The cur-
rent, which normally hovered in the range of 300 to 500 A, suddenly increased to
over 800 A and stayed there for about one hour, dropping off as rapidly as it rose.
Since our method does not have time memory, we had predicted a high conductor
temperature but, in reality, this rise was tempered by high system capacitances and
the short duration of the high-current period.

5.5 LOSS FACTOR CALCULATIONS IN RATING STANDARDS

In the first part of this section, we will use the results obtained above to investigate
the effect of neglecting the variations of the loss factor with temperature in standard
rating calculations. Next, we will examine the effect of daily and weekly load vari-
ations on cable ratings. It will be shown in Section 5.5.2 that the common practice
of considering only the daily load cycle may lead to a substantial underestimation
of the cable current carrying capabilities.

5.5.1 Daily Load Cycle

Computation of a cyclic rating requires an evaluation of the cable capacitances and
conductor temperatures at several time points. Neher and McGrath (1957) proposed
an alternative, simple method to account for the cyclic loading of a cable. Their ap-
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proach requires a modification of the external thermal resistance of the cable. The
underlying principles are discussed below.

In order to evaluate the effect of a cyclic load upon the maximum temperature
rise of a cable system, Neher (1953) observed that one can look upon the heating ef-
fect of a cyclical load as a wave front that progresses alternately outwardly and in-
wardly in respect to the conductor during the cycle. He further assumed that with
the total joule losses generated in the cable equal to W, (W/m), the heat flow during
the loss cycle is represented by a steady component of magnitude wW; plus a tran-
sient component (1 — w)W, that operates for a period of time 7 during each cycle.
The transient component of the heat flow will penetrate the earth only to a limited
distance from the cable, thus the corresponding thermal resistance 7, will be
smaller than its counterpart T, which pertains to steady-state conditions.

Assuming that the temperature rise over the internal thermal cable resistance is
complete by the end of the transient period 7, the maximum temperature rise at the
conductor may be expressed as

AG=WplT + uTys + (1 = )Tye] + A0, — 6, (5.30)

where T is the internal thermal resistance of the cable, T, is the external thermal
resistance with constant load, and 7T, is the effective transient thermal resistance
in the earth. The effect of moisture migration is taken into account by two vari-
ables:

v=(plp;) for 6,=86,
»=1 for 6,=4, (5.31)
0x=0”' (1}— 1)

where

p. = thermal resistivity of the dry soil, K - m/W

p, = thermal resistivity of the moist soil, K - m/W

0., = critical temperature at which drying out starts, °C
8, = temperature of the cable surface, °C.

Further, Neher (1953) assumed that the last thermal resistance in Equation (5.30)
may be represented with sufficient accuracy by an expression of the general form

VET

B
Tao=Ap; In =1 (5.32)

in which constants 4 and B were evaluated empirically to best fit the temperature
rises calculated over a range of cable sizes. Using measured data, Neher (1953) ob-
tained values for the constants 4 = 1/27 and B = 61,200 when 7 is expressed in
hours and & (soil diffusivity) is expressed in m?%/s.
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Introducing the notation

D, = 61,200/ §(length of cycle in hours) (5.33)

the external thermal resistance in Equation (5.30) can be written as,’

Ps 4L D, |, Ds 4L
Ty=pli+ (A=Wl = 5 - (pIn -+ (1-p)In 5= |= 5~ lnE"'Ilenﬁ
(5.34)

where

p, = soil thermal resistivity, K - m/W

L = depth of cable center, mm

D, = external diameter of the cable or pipe, mm
1 = the loss factor

The right-hand side of Equation (5.34) can be interpreted as follows. Inside the
circle of diameter D,, the temperature changes according to the peak value of the
losses. Outside this circle, it changes with the average losses.

From Equation (5.33), we observe that the fictitious diameter D, at which the ef-
fect of loss factor commences is a function of the diffusivity of the medium & and
the length of the loss cycle. In the majority of cases, the soil diffusivity will not be
known. In such cases, a value of 0.5 - 10-¢ m%/s can be used. This value is based on
a soil thermal resistivity of 1.0 K - m/W and a moisture content of about 7% of dry
weight [see Section 5.4 of Anders (1997) for more details on this subject]. The val-
ue of D, for a load cycle lasting 24 hours and with a representative soil diffusivity
of 0.5 - 10°° m?/s is 211 mm (or 8.3 in).

Figure 5-5 shows a characteristic diameter for a cable dissipating total losses of
W, (W/m).

The loss factor is defined by

1 T
S LOW(t) dt (5.35)
This is usually approximated by
1 T
M= m . f,:()lz(t) - dt (5.36)

In engineering practice, the loss factor is approximated from the known or as-
sumed load factor LF as (Anders, 1997)

pwp=03-LF+0.7 - LF? (5.37)

'Most European standards (excluding Germany), which in the most part are based on the IEC standards,
do not introduce a notion of the loss factor. Instead, calculations involving varying loads are referred to a
separate standard using full time-dependent analysis.
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Figure 5-5 Characteristic isotherm of diameter D, for the cable dissipating W, in losses
(from Brakelmann, 1995a, with permission from Elektrizititswirtschaft).

The load factor, in turn, is defined by

1 T
LF= 71— Lol(t) - dt (5.38)

Depending on the load variations, the approximations given by Equations (5.36)
and (5.37) can introduce a significant error, as shown later in this chapter.

Example 5.2 [extracted from Anders (1997)]
We will compute the rating of the cable model No.1 using the Neher/McGrath ap-
proach. The parameters of this circuit are A{; = 0.206, A{, = 222, A{,, = 0.089, T, =
0.214K ' m/W, and T5=0.104 K - m/W. Cables are spaced two cable diameters apart.
The fictitious diameter D, is first obtained from Equation (5.33) and is equal to
211 mm. The external thermal resistance of the middle cable is obtained from Equa-
tion (5.34) with the loss factor computed in Example 2.2 equal to 0.504. In this
case, equation discussed in Section 1.6.6.5 is used for the external thermal resis-
tance and the effect of the outer cables is also taken into account:

B D, 4L 1+ 0.5(A1; T A{y) . 2L \2
T4—E<IH—D—2+}L{IH“D—:+|: T+ A In|1+ ?

_ 1, 21 | 4:1000  1+05(0.206 +0.222)
= 2x\In 358 10504 In—g—+ 1+0.089
2-1000 \2

Assuming the sheath loss factor for the middle cable, the rating is equal to

B 90 -15 0'5—79OA
1= 0.781 - 1074[0.214 + (1 + 0.09) - (0.104 + 1.11)] -
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If we use Heinhold’s Equation (5.51), the fictitious diameter D, is equal to

L 1034246 V0504
X \/T . 10‘4 = O mm

The external thermal resistance and the rating of the cable become

re L2776 o 4-1000  1+0.5(0.206+0.222)
4T 27\ 358 TV 73776 1+0.089

o (21000 el

n-|1+| 535% = 1.14K - m/W

I= 90-15 0‘5—782A
= 0781- 1090214 + (1 + 0.09) - (0.104 + 1.14)] | ~

We will continue this example later with the new developments presented in this
chapter. |

In order to include the effect of the resistance variations with temperature in loss
factor calculations, Equation (5.36) is modified as follows:

1 T
M= m : f1=0[2(t) - vedt (5.39)

where v, is obtained from Equation (5.20):

Example 5.3

We will consider the three-conductor armored cable model No. 2 analyzed in Ex-
ample 5.1. This time, we will consider a two-step load applied to this cable. The
shape of the load is shown in Figure 5-6.

The current in Figure 5-6 is characterized by 8 hours of full load (I = 1), fol-
lowed by 16 hours of a lower load (I = I,; possibly an example for an industrial
load). It is assumed, that the peak value I, of the load cycle corresponds to 60% of
the rated current I, of the cable. Under those conditions, the soil will not dry out
(see Example 5.1).

The load and loss factors calculated from the traditional Equations (5.38), (5.37),
and (5.36) are computed next:

7 — [ 10 a= LS 1=073
=77 ) JO t—l—.ﬁ;(t)— 7

1 max

r=03-LF+0.7-LF*=03-0.73+0.7 - 0.732=0.596

1 T 1 24
= — 2 . —_ 2, =
M= Lol(t) dt 1,24;1(0 0.573
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Figure 5-6 Two-step load function applied to the cable model No. 2.

In order to compute the temperature-dependent loss factor, we need to evaluate
the temperature factor from Equation (5.20). We will show the calculations for the
maximum current (1 p.u.) with the necessary constants computed in Example 5.1:

¢ 0.983
vg= =
2 2
e+ ey [1 - vT<Ii) ] 0.712 + 0.563 - [1 —0.488 - <1/1W) ]
R -

From Equation (5.39), we have

=0.836

1 T 1 &
o= LO I2(0) - vodt = {57 ; (1) - v=0.469

max

The corresponding values of the external thermal resistance and the ratings are
shown in Table 5-3.

When the temperature dependence of the loss factor is introduced, the ampacity
of the cable increases by 47 A or about 4.2%.

We will conclude this example with the analysis of the possible error that can oc-
cur when traditional loss factor computations are performed. Figure 5-7 shows the



230 SPECIAL CONSIDERATIONS FOR REAL-TIME RATING ANALYSIS

Table 5-3 Rating as a function of the applied loss factor

Loss factor T, Ampacity
HiF 0.596 0.185 1112
7 0.573 0.179 1120
T 0.469 0.150 1159

ratio of the loss factors obtained from Equations (5.36) and (5.37) to the one ob-
tained from Equation (5.39) as a function of I,/I,,, (Brakelmann and Anders,
2004).

We can observe that substantial errors can occur in the evaluation of the loss fac-
tor when the temperature dependence is neglected. For this particular load curve,
the traditional loss factor as computed from Equation (5.37) can be up to 27% larg-
er in comparison with the one obtained, which takes into account variation of the
conductor resistance with temperature. The maximum error occurs when loss factor
computed from Equation (5.37) is used with small values of the current Z,. |

It should be stressed that the above discussion pertains to a uniform load cycle,
for example, daily load variations during weekdays. In the following section, we
will explore more complex load cycle variations.

5.5.2 Consideration of Weekly Load Variations

In the majority of practical cases, the load variations will exhibit a more complex
pattern than the one described by a daily load cycle. For example, loading of cables

1.4
1.3

:? - B \—eq.(5.36)
1 .
0.9
0.8 7
07 |42
06 [
0.5
0.4

Loss factor ratios

0O 01 02 03 04 05 06 07 08 09 1
b/ | hax

Figure 5-7 Ratio of traditional loss factors to the temperature-dependent one.
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is usually much lighter during the weekend than during the weekdays. In this sec-
tion, we will take advantage of this fact and show how the cable rating can be im-
proved by considering both daily and weekly load variations [Equations (5.46) to
(5.48)]. Most of the material in this section is based on the work of Brakelmann
(1995a,b).

Figure 5-8 shows an approximation of a typical weekly load cycle. In this figure,
curve 1 represents a load cycle during which the peak conditions prevail for 10 hr
each day and for the remaining 14 hr the load is 70% of the peak value. During the
sixth and seventh days of the week, the loads are decreased by 80% in comparison
with the weekday values. Curve 2 represents corresponding loss values. This means
that (Brakelmann, 1995a)

W) =W, F\(t) - F() = Wilpa(1 - pa) - fi®] - [ + (1= ) - (O] (5.40)

where W; now represents the peak value of the losses and subscripts d and w corre-
spond to the daily and weekly load variations, respectively.

The weekly load cycle is described in Equation (5.40) by two components corre-
sponding to weekdays and weekend days. The modulating functions F(£) and Fy(?),
representing load variations during the week days and weekend days, respectively,
are calculated by taking the ratios of the current squared at a given hour to the squared
value of the maximum current. By definition, the function F,(¢) has value of 1 during
the weekends and function F,(¢) is equal to 1 during the weekdays. These functions
are then represented by the average loss factors and the modulating functions f;(¢) and
J2(#), with both functions taking always the values less or equal to one.

?2,3 71

:\

I 3
Lax 2 ./_ /1 ...
25 )i
0
-.25
0 1 2 3 4 5 6 d 7

t —

Figure 5-8 An approximation of a typical weekly load cycle (from Brakelmann, 1995a,
with permission form Elektrizititswirtschaft).
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From Equation (5.40), we obtain

WLty = Wiltatt, + (1 = ) - 1) + el — ) - o) + (1 = pa)(1 — ) - 12) “ £2(D]
(5.41)

To facilitate calculations, we will assume f,(¢) = 1 in the last term of Equation
(5.41), which leads to

WAO) = Wilpape + (1 = ) - ) + pa - (1 = ) - (D] = Wil + wi (@) + pgwa(1)]
(5.42)

Equation (5.42) represents loss variations during the week with a resultant loss
factor

oy = [hafhy, (543)

The first component
wi(®) = (1 = pfi(D) (5.44)

of the loss variations represents the daily cycle and we can associate with it a daily
characteristic diameter D, ;.

The second component w,w,(¢) represents weekly load variations reduced by the
daily load factor u, and we can associate with it a weekly characteristic diameter
D, The effect of these approximations is shown in Figure 5-8, where curve 3 rep-
resents the losses computed with Equation (5.42). We can observe that during the
weekend, the losses can be higher during the peak hours and lower (even negative)
during the low-load period. However, the average losses are the same as for curve
2. A Fourier analysis performed by Brakelmann (1989) has shown that the earth
thermal resistance computed with this approximation has an error not exceeding
2%, hence it is negligible in rating calculations.

Figure 5-9 presents the characteristic diameters for the daily and weekly load cy-
cles. When calculating the temperature rise at a reference point A, there are three
possible situations.

a. Point A is located outside the outer characteristic diameter. The temperature
rise at this point depends on the average loss factor y,; that is,

AO= Woptapin, 5 In = + MG, ~ 6, (5.45)

b. Point A is located between the two isotherms D,; and D,,,. The temperature at
this point is calculated with the Neher’s assumption that the average daily losses
W, heat this point and the maximum weekly losses will be applied, so that
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Figure 5-9 Characteristic isotherms for daily and weekly load cycles (from Brakelmann,
1995a, with permission from Elektrizitatswirtschaft).

’

Af, = le“d[(_z% In % -T. 4w> = T 4w] +A6;,- 0,
(5.46)

s

a
- W,vud[z”—; In (1 uw)nw] +20,- 6,

where T, is the thermal resistance between the weekly isotherm and the earth surface.

c. Point A is located inside the daily isotherm. The temperature at this point is
computed as if the peak losses W; were applicable in the entire region, but the loss-
es between the two isotherms are governed by the weekly load variations and the
average daily variations, and outside both isotherms by the average mixed varia-
tions. Thus, we have

S a,
A6= W,v[z”—w In - = (1= #)Tua~ 1 —uw)nw] +06,-6,  (547)

where T, denotes the thermal resistance between the daily isotherm and the earth
surface.

For rating calculations, we will need the external thermal resistance of the cable
surface. In this case, Equation (5.47) takes the form

2L
80= W3] Lin B (1 T ) - T+ 80,0, (549

5.5.2.1 Characteristic Diameter. Alternative expressions for D, (mm) are
given by Heinhold (1990):

205
D .= —\/—W for sinusoidal load variation (5.49)
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= gl or rectilinear load variation (5.
103 + 246V
Dy=—=3s— for other load variations 5.51
Vwpd4 (.51

where w = 7,/7, 7is the length of the period, and 7, =24 hr =1 day.

The weekly characteristic diameters for two values of soil resistivity utilizing
Equations (5.49) to (5.51) are shown in Figure 5-10.

Equations (5.49) to (5.51) are independent of the cable diameter. Investigations
by Brakelmann (1986, 1989) have shown that these equations are valid for cables
with diameters between 5 and 150 mm.

From Figure 5-10, we can observe that the characteristic diameter for weekly
load variations with unknown shape and moist soil varies between 0.7 and 0.9 m.
For the daily load cycle, this diameter would vary between 0.25 and 0.3 m. For dry
soil conditions, the characteristic diameter with mixed load shape varies between
0.5 and 0.65 m, whereas for the daily load cycle, the corresponding values are 0.17
t0 0.23 m.

Example 54

Let us consider again the cable model No. 1, with the daily load curve as de-
scribed in Example 5.2. In addition, let us assume a weekly load factor of 0.55,
which yields a loss factor of 0.377 and a yearly load factor of 0.4, giving a loss
factor of 0.232 [see Equation (5.37)]. Since the load shape is neither sinusoidal

p =1 K-m/W T p =2.5 K-m/W

D, 06 /=

0.4

0.2

0

0 06 07 08 089 10 0 06 07 08 09 10
h— -

Figure 5-10 Weekly characteristic diameters as a function of the loss factors for (1) rectan-
gular, (3) sinusoidal, and (2) other load variations (from Brakelmann, 1995a, with permission
from Elektrizitdtswirtschaft).
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nor rectilinear, we will use Equation (5.51) to calculate daily and weekly charac-
teristic diameters:

_ 103+246V 103 +246V0.504 —
T T Nwplt T NVIm-pee Somm

_ 103+246V 103 + 246\0.377

WP(SM = i 104 =672.0 mm

Thus, the middle cable, for which we will compute the rating, is inside the week-
ly characteristic diameter for both the outer cables.

The external resistances between the characteristic diameters and the earth are,
respectively, equal to

g P AL 4-1000 o K-om
4= "D, 2x " 2718 W

P AL 1 4-1000 K-m
T4w— 2ar In wa—ﬁan—O.ZM —W

The external thermal self-resistance of the middle cable and the mutual thermal
resistances are equal to

g 4141000 _ K-m
T22—T4_—EIHE—EIDW‘O.7SOT
I+0.5Af, + A TAY
=g = el (3]
1 1+05(0.206+0.222) 2-1000¢ ] .. K-m
=37~ 1+00890 “[ (2-38.5)+1:|_0'590 W

The external thermal resistance of the middle cable with a unity load factor is,
thus, equal to

T,=Ty +2T;,=0.750 +2-0.59 = 1.932 K - m/'W

Taking into consideration the daily characteristic diameter and remembering that
the middle cable is inside the characteristic diameter of the outer cables, we have
from Equation (5.47),

K-m
Ty=Ty+2T - (1 — u)Tyy=1.932 - (1-0.504) - 0.425=1.722 w
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and the cable rating neglecting the moisture migration in the soil is equal to

_ ( oc - Oamb 0.5
I\ R+ a+ A )T Ty

_ 90-15 0.5
= [ 0.781 - 100214 + (1 7 0.09) - (0.104  1.722)] ] =660 A

When a 100% load factor is assumed, the ampacity of this cable is 629 A. We
can observe that the ampacity computed in Example 5.2 is much higher than the one
obtained above. This is a result of an incorrect assumption often made when apply-
ing the Neher/McGrath (1957) method that the load shape is sinusoidal and that the
middle cable lies outside the characteristic isotherms of the outer cables. The sec-
ond assumption is the main reason why the ampacities are so different. Even with
the Neher/McGrath characteristic diameter of 211 mm, the middle cable is inside
the daily characteristic isotherm of the outer cables. This underscores the impor-
tance of the accurate analysis of the influence of the loss factor in cable rating cal-
culations

We will now consider the weekly load variations. Applying Equation (5.48), the
external thermal resistance of the middle cable is equal to

Ty=Ty+2T - (1 - u)Tag— mil = )Ty,
=1.932+(1-0.504) - 0.425-0.504 - (1 -0.377) - 0.284 = 1.633 K - m/W

and the cable rating is equal to

_ ( ec - eamb )0'5
IS\ R @+ a,) @ T T

_ 90-15 0.5
= [ 0.781 - 1090214 + (1 + 0.09) - (0.104 + 1.633)] ] =675 A

Inclusion of the weekly load variations increases cable ampacity by about 2.2%
in comparison with the case when only daily loss factor is considered.

We will now consider a larger cable spacing of 0.75 m. In this case, the rating with
a unity load factor is equal to 635 A. The increase in circulating current losses is com-
pensated for by a decrease in the mutual heating. The leading phase is the hottest, and
for simplicity of calculation, we will consider the rating of this cable.

The external thermal self-resistance of this cable is equal to 0.750 K - m/W. We
will compute the mutual thermal resistances neglecting the effect of sheath loss fac-
tors. We have

_ps1 2L \2 1 ! 2-1000 2+1_ ) K-m
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o, 2L \2 1 2-1000 \2 K-m
T13=27Tln _Sl— +1 =ﬁln 1500 +1 =0'0813T

When considering the daily and weekly load cycles, the leading cable is outside
both characteristic diameters of cables 2 and 3. Therefore, its external thermal resis-
tance is equal to

Ty=Ts — (1 - pa)Taa— pll = ) Tasy + paptn(T12 + Ti3)
= 0.750 — (1 — 0.504) - 0.425 ~ 0.504 - (1 - 0.377) - 0.284 + 0.504 - 0.377
K .
-(0.167 + 0.0813) = 0.498 Tm

The rating of the cable is now equal to

I= ( oc - Hamb )0'5
T\ RIT) + (T4 AT+ Tp))

_ 90-15 05 5
= | 0781 10970214 + (1 + 0.971) - (0.104 + 1494)] | ~ 8284

If we include now only the daily load variations, the external thermal resistance
of cable 1 becomes

T = Ty — (1= p)Tuy + p ATy + Ty3)
K-m

=0.750 — (1 - 0.504) - 0.425 + 0.504 - (0.167 + 0.0813) = 0.665 ——

with the resulting current equal to 745 A.
Thus, inclusion of the weekly loss factor in the calculations increases ampacity
of this cable by 11%. |

5.6 DEEPLY BURIED CABLES

When the cable circuit is located at large depths, for example, in a deeply buried tun-
nel, the heating time constant is very large and yearly load cycle variations should
also be taken into account. Applying similar reasoning as for the weekly load varia-
tions, the variable losses can be described by an equation similar to (5.40):

Wit) =W, - Fy(t) - Fy(1) - F5(9)
= Wilpa+ (1= pa) /O] - [ + A= ) O] - [, + (1= ) - )] (5.52)

where u, is the average loss factor for yearly load variations.
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Making similar simplifying assumptions to those that led to Equation (5.42), the
last equation can be written as

W D) = Wilpa py -y + (1= pa) - i + papey, - (1 - ) - f(0)
+ apty, - (1= ) (O] = Wilpa + wi(®) + pg - py, - wo(@®) + gy oy - w301 (5.53)

Since now we have three characteristic diameters, the temperature rise at the ca-
ble (or the tunnel) surface is obtained applying reasoning similar to that which led
to Equation (5.48):

AO=W; ofTy_-[1-py (1 + oy, ~ oy — )] = (1 = ) - Toy
M (1 _/'Lw) ' T4w—#‘d“'w : (1 _/'Ly) ' T4y} +A0d_ ex (554)

5.6.1 Characteristic Diameter

Brakelmann (1995b) performed an analysis of the changes in characteristic diame-
ter for cables in a deeply buried tunnel. The characteristic diameters are shown in
Figure 5-11.

As mentioned above, the validity of Equations (5.49) to (5.51) has been verified
for normal cable diameters. However, for large tunnels additional studies were re-
quired. Brakelmann (1995b) used Fourier analysis to derive the curves shown in
Figure 5-11 for tunnel diameters ranging from 2 m (the upper boundary of the re-
gion) to 5 m (lower boundary) for two shapes of the load cycle: sinusoidal (region
bounded by straight lines) and rectilinear (region bounded by curved lines).

Analysis of the results shown in Figure 5-11 reveals that, for soil resistivity of 1
K - m/W, the effect of load variations can be represented by the average values be-
yond the following distances from the tunnel surface:

® (.15 m for the daily cycle
® (0.5 m for the weekly cycle
® 3.5 m for the yearly cycle

Example 5.5

We will compute the ratings of six circuits, each in trefoil formation and located in
a horizontal tunnel as shown in. Figure 5-12. Cable model No. 1 will be used with
the following parameters (we will use the concentric neutral loss factor as in Table
Al, even though the cables are now in a triangular formation): D, = 0.0358 m, R =
0.0781 - 1073, /m, A, =0.09, T, = 0.214 K - m/W, and 75 = 0.104 K - m/W.

The tunnel has a square cross section with a height of 2.0 m, with 0.5 m concrete
walls and 18 m of soil above the roof. The thermal resistivities of concrete and soil
are 0.6 and 1.2 K - m/W, respectively. The soil ambient temperature is 15°C.

The external thermal resistances of the tunnel wall and the soil are obtained from
Equations (3.4) and (10.41) in Anders (1997), respectively, and are equal to
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Figure 5-11 Characteristic diameters for cables in a tunnel (from Brakelmann, 1995b, with
permission form Elektrizitdtswirtschaft).

a,b,c  daily load cycle
d,e,f  weekly load cycle
g, h,I  yearly load cycle

a,d,g pSZO.4Km/W
be,h  p,=1.0K m/W
c,f,i ps=25K -m/'W
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50 N5+ N 3% N .5 N

18m

Figure 5-12 Installation of cables in tunnel (see Example 5.5). (From Anders 1997, with
permission from IEEE Press.)

1 06-05
B T = 015K m/W

e _
T4—

oo P Lr)_12, 195\
4 =14 _ﬁ n3.3887 —ﬁ n3.338T =0.665 K- m/W

We will assume the following average load factors for daily, weekly, and yearly
load variations with the loss factors computed from Equation (5.37):

LF,;=085  p,;=0.761
LF,=082 p,=0.717
LF,=078  p,=0.660

Assuming undefined load shapes, curves in Figure 5-11 give the following char-
acteristic diameters:

Dy=272m, D,,=309m, D,=720m

The external thermal resistances between characteristic diameters and the earth
surface are

Tu=0.626K -m/W, T,,=0601K-m/W, T,=0440K m/W

Considering now daily, weekly, and yearly load cycles, from Equation (5.54),
we have
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Ty=To_  [1—pg (1 + pyp, = oy~ )] = (1 = ) * Tag— prapsy, - (1 — py,)
T — Paty - (1 — 1) - Ty,
=0.665 - [1—0.761 - (1 +0.717 - 0.660 — 0.717 — 0.660)] — (1 — 0.761) - 0.626
—0.761 - 0.660 - (1 —0.717) - 0.601 — 0.761 - 0.717 - (1 — 0.660) - 0.440
=0.300 K - m/W

The rating calculations for cables in a tunnel are performed in an iterative man-
ner. First, the temperature of the air inside the tunnel is assumed, from which the
thermophysical parameters of the air are computed. The next step is to formulate
the heat balance equations for the system composed of the cables with surface tem-
perature 6, internal wall of the tunnel temperature 6, and external wall tempera-
ture 6,.

The heat balance equations for this system with the unity load factor were de-
rived in Example 10.2 in Anders (1997), with an assumed air temperature of 30°C
in the first iteration. We will use the same set of equations, but this time we will uti-
lize the value of the external thermal resistance computed above. We have

+ 6, \12
5 ) +6.91- 1078(9** - g%%)

6
5.03 - 104-12=0.735(03— >

6,-6, b;+ 6, 1.25
5> =12.26- (T — ew) +6.91- 10789 — 94
ow_ 00 _ 00— 15
0.15 = 0300

2.8-10%-12=90-6,

where the quantities with an asterisk denote the absolute temperatures.
The solution of these equations yields

I1=462 A, 0, = 84°C, 0, =75°C, 8,=55°C

This can be compared with the ampacity of 365 A obtained for the case with the
unity load factor. When only the daily loss factor is considered, the external thermal
resistance is

Ty =Ty - (1 - u)Tey=0.665—(1-0.761) - 0.626 = 0.516 K - m/W

and the resulting ampacity is equal to 399 A.
Since the film temperature is higher than assumed in the computations, the it-
erations should be repeated with new air properties until convergence is achieved.
|
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5.6.2 Temperature Changes for Deeply Buried Cables

The time constants for deeply buried cables are very large. Figure 5-13 show the tem-
perature rise with time when a current jump at ¢ = 0 is applied (Brakelmann, 1989).
We can observe in Figure 5-13 the following temperature rises as a function of time:

After one month
After one year
After ten years

rise about 22%
rise about 50%
rise about 80%

After 80 years rise about 90% of the final value

The line representing temperature rise computed with a use of an exponential in-
tegral is also shown in this figure. Both lines merge after about one year of heating.
Since, in general, the differences between the two lines are not significant, a simple
method utilizing an exponential integral formula can be used for evaluation of the
temperature rise of air in a deep tunnel.

Another conclusion that can be drawn from the shapes of the curves in Figure 5-
13 is that in the initial period of tunnel operation, the cables can be heavily loaded.
At a later time, fans can be installed to increase cable ratings.

5.7 CONCLUDING REMARKS

In order to obtain accurate conductor operating temperature and corresponding
losses, temperature sensing devices are sometimes installed on a cable or pipe sur-
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Figure 5-13  Air temperature change in a deep tunnel when a current jump at £ = 0 is ap-
plied (from Brakelmann, 1995b, with permission from Elektrizitdtswirtschaft).
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face. Installation of such devices is often very costly, or outright impossible. In such
cases, an approximate method of real-time rating analysis based on the current mea-
surements alone may prove to be very beneficial. Such a method has been presented
in this chapter.

The calculation of the loss factor as a function of conductor temperature has also
been introduced. The error that is obtained in estimating the conductor temperature
will depend on the loading of the cable with reference to the nominal load. At low
load conditions, the error is the largest. It can also be quite large for the usual cable
loading conditions in the range of 40 to 80% of the rating. The effect on ampacity
will depend on the cable construction. In the case presented in this chapter, the error
was in the range of 4%. Fortunately, traditional calculation methods give conserva-
tive ratings.

The last part of this chapter examined the effect of daily, weekly, and yearly load
variations on cable rating. The last two factors are particularly important for deeply
buried tunnels for which the time constants are very large.

5.8 CHAPTER SUMMARY

In this section, several developments presented in this chapter will be summarized
for easy reference.

Prediction of Conductor Temperature from Conductor Current

Conductor temperature rise A8 is related to the conductor current / through the fol-
lowing equation:

where
01 =Cq” (Omax - oamb - Aad,R + Gx,R) tir
02 =Cpy - (Aed—' gx)
ci=1+ar [0m—20+ (A6, - 6,5)]

Cy =g (Aomax - Aod,R + ox,R)

T,
o= for A6, < A6,
Tir

or=1 for A6, > A4,
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Cm = [1 + ar: (Bmax - 20)]
Ca™ 1+ ar-: (Bamb'—zo)

In order to relate conductor losses to the current as a straightforward multiplica-
tion of the ac resistance and squared current /2R, we introduced the following re-
vised designation of the total thermal resistance of the cable:

T, T,-(1+Ay)

To= 0 @an 72y T TF A+ A,

+T3+UX'T4=TI+UX'T4

and the electrical resistance representing all ohmic losses in the cable:
Rpo =Ry (1 + A1+ 1)

For the nominal load, characterized by the rated current /, and the nominal total
losses W, the cable conductor reaches its maximum stationary temperature 6.
Subscript d relates to dielectric losses.

A possible drying out of the surrounding soil is taken into account by means of
the variables and 8,, with

6,=(,—1)-Af, and vxz%(ofoxr) for AG, > A6,
1

5,=1(6,=0) for A9, < A9,

where

A@, = temperature rise at the cable surface (°C)

A#6,, = critical temperature rise of the soil (°C)

0. = correction temperature (°C)

P1, po = thermal resistivities of the moist and dry soils, respectively (K - m/W)

The total cable losses corresponding to current / are computed from

I\
Wi=Wat(Wig—Wy) (E) Z

where

C3

Ug= 7\
Cy +CZ ° I:l _I)T('——) :|
Ip

c3= 1+ ar [0y —20+(A6,- 6]

Loss Factor in Rating Standards

The dependence of the conductor load-loss factor on its temperature can be ex-
pressed as
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1 T
Bo= 7 'Lolz(t)'vo'dt

max

Loss Factors for Deeply Buried Cables

For deeply buried cables, the weekly and yearly load variations could be taken into
account to significantly increase cable rating. The conductor temperature rise is
then computed from

A0=W; o{Ty_ 1 —pg (1 + pypty — poy — )] = (1 = ) * Tag— ptaps, - (1 - ,,)
: T4w_/~l’d/"w' (1 _,"‘y) ' T4y} +A0d_ gx

where T, denotes the external thermal resistance of the cable subjected to a load
with a unity load factor. Subscripts d, w, and y represent daily, weekly, and yearly
quantities, respectively. When we want to consider only the daily and weekly load
variations, all quantities with a subscript y are set to zero.

When we consider load cycles, we need to evaluate characteristic diameters for
each cable beyond which the loss factors are considered. The following formulae
give various definitions of this diameter.

Neher/McGrath expression:

D, = 61,200V 8(length of cycle in hours)

where 8 is the thermal diffusivity of the soil.
Heinhold expressions:

205

D,= W for sinusoidal load variation
493Vu - o
D.= Nwpdt for rectilinear load variation
103 + 246V .
D, = TP(}A for other load variations

where w = 7y/7, Tis the length of the period and 7, =24 hr = 1 day.
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I CHAPTER 6

Installations Involving Multiple
Cables in Air

6.1 INTRODUCTION

Rating methods for common cable installations are well established. In addition to
the vast literature on the subject, there are international and national standards con-
taining computational methods and tabulated ratings for a wide range of cable sizes
and laying conditions. However, in practice we often encounter situations that can-
not be treated by the traditional approaches. In particular, tabulated ratings pertain
to either a single three-core cable or a single circuit composed of three single-core
cables. Occasionally, two- or even three-circuit installations are considered. In all
the cases, the cables are assumed to be identical and equally loaded.

The cable rating standards, in particular IEC Publication 60287 (IEC Standard
60287, 1994), provide computational algorithms for unequally loaded buried cable
circuits. However, the laying conditions are restricted to cables either buried in a
uniform soil or in a thermal backfill. For cables installed in free air, either on lad-
ders, on cleats, or attached to a wall, identical loading conditions are assumed. A
limited number of cables are usually considered in this case. The basic formulae for
rating of cables laid underground and in air are reviewed in Chapter 1.

In order to deal with unusual cable laying conditions, derating factors are some-
times proposed. Such factors are most often developed under many simplifying as-
sumptions (Jong, 2003), or, in many instances, are arbitrarily selected by cable en-
gineers. In this chapter, we will consider two approaches to deal with multiple cable
installations. First, we will develop rating equations for multicore cables installed in
air, and then we will present tables with derating factors that were developed
through many years of experience by cable engineers.

6.2 CURRENT RATING OF MULTICORE CABLES

In this section, we present an algorithm to calculate the current-carrying capability of
multicore cables (Brakelmann et al., 2004). The method takes into account the pres-
ence of air gaps and metallic conductors in the cable bundle. Under an assumption of
a uniform loss density, analytical expressions that take into account conduction in-
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side the bundle and convection and radiation outside it are presented. The uniform
loss density assumption is then relaxed, and two-zone heating models are considered.
The method is illustrated with a numerical example of a telecommunication cable
with 96 stranded cores. Experimental results are also reported for the same cable.

6.2.1 Introduction

The need for bundle rating arises from the fact that modern telecommunication cables
or cables installed in aircraft are grouped together for a portion of the cable run, and
even with a small current flowing in each cable, the heat generated in the entire bun-
dle can be significant. An example of such a cable is shown in Figure 6-1. In this fig-
ure, a bundle of N separate cores (here, N = 96) is held together by means of an alu-
minum band (static shield) and a steel-wire conductor, and enclosed by a PVC sheath.
Each two cores are twisted into a couple and, additionally, four couples can be strand-
ed into a bundle. These bundles of eight cores are again stranded layer by layer. Such
cables are used in large-scale power plants or chemical plants for the supply of sole-
noid valves or in an aircraft from a distribution bus to individual load devices.

The thermal analysis of such cable constructions is difficult, since the separate
cores contact each other only in small, not-well-defined areas. The gaps between the

Figure 6-1 Telecommunication cable. Top: cross-section. Bottom: stranding of a bundle
with eight cores (four twisted pairs).
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cores are air filled, so that the thermal fluxes in the cores are not radially symmetrical.
Thus, the complex bundle geometry gives rise to elaborate boundary conditions for
conduction, convection, and radiation. Therefore, as was the case with cable bundles
in the trays discussed in the literature, we will need several simplifying assumptions
in order to derive an analytical expression for cable rating calculations. The simplify-
ing assumptions and the resulting analytical model are presented below following a
brief review of earlier work and some background information on this subject in the
next section. In Example 6.1, we will show a comparison of the calculated ratings
with the experimental results for the communication cable bundle in Figure 6-1.

6.2.2 Background

The first attempt to address the ampacity calculations of bundled cables was report-
ed by Schach and Kidwell (1952). Their study was conducted under the following
simplifying assumptions:

1. Cables were bound at intervals not exceeding 24 inches so as to form a cylin-
drical bundle.

2. The relative positions of the component cables were maintained throughout
the bundle length.

3. Bundles were suspended horizontally in still air.

4. Each loaded cable carried the same current.

With these restrictions, current rating becomes a function of the dimensions, re-
sistance, and thermal properties of the component cables, the total number of cables
in the bundle, the number of cables loaded simultaneously, the position of the
loaded cables in the bundle, and the spacing between adjacent cables.

The rating of the cables in the bundle is obtained by considering a standard rela-
tion between the maximum allowable conductor temperature rise A6, = 6. — 6,5
and the losses W, (W/m) generated in the cable bundle [see Equation (1.42)]:

Abpax =W, (T + T3+ To) 6.1)

where Ty, T3, and T, (K - m/W) are insulation, jacket and external thermal resis-
tances, respectively. Calculation of 75 and T, follows a standard procedure, briefly
reviewed below. Evaluation of T; is discussed in Section 1.6.6.1.

6.22.1 Evaluation of the Jacket Thermal Resistance. The jacket ther-
mal resistance is calculated from a standard formula:

T = p; - In[DJ(D, —2t))]
3T 27

(6.2)

where ¢, (mm) is the jacket thickness, p, (K - m/W) is its thermal resistivity, and D,
(mm) is the cable outside diameter.
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6.2.2.2 Rating Equations. The permissible current in each core I, is obtained
from

I= (6.3)

(6.4)

where N is the number of loaded conductors and R (ohm/m) is the ac resistance of a
single conductor at the operating temperature.

In the following, the factors in Equation (6.3) will be evaluated.

When computing the value of R, the increase of the conductor resistance because
of the stranding of the cores should be taken into account. In our example, the
stranding factor is not included in the resistance calculations because the resistance
at 20°C is specified by the manufacturer and the area of the conductor is selected
such that the desired resistance is obtained. Therefore, for the conductor tempera-
ture 6,,,,,, the conductor resistance becomes

[1 + ar - (Bmax — 20°C)] - pao

R - Acore (6.5)

where
ay = temperature coefficient of the conductor resistance, 1/K
A, = a single conductor area, m?

To evaluate W,, we first observe that since cables put in bundles have negligible
dielectric losses, the energy balance equation at the surface of the cable bundle can
be written as

I/Vt = Wconv + Wrad (66)

where W,_,,, and W,,, are the heat losses due to convection and radiation, respec-
tively. Since the cables are located indoors, the effect of solar radiation is neglected.
Computation of the losses generated inside the cable bundle is discussed in the next
section. Substituting appropriate formulas for the convective and radiative heat
losses, and neglecting the effect of solar radiation, the following form of the heat
balance equation is obtained from Equation (1.13):

W, = aD¥h(0% — 63,) + mDXeoy(0% — 037, (6.7)

where

h, = the convection coefficient at the surface of the cable, W/K - m?
6* = cable surface temperature, K

o = Stefan—Boltzmann constant, equal to 5.67 - 108 W/m? - K*
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& = emissivity of the cable outer covering
D* = cable bundle external diameter, m
0%, = ambient temperature, K

This equation is usually solved iteratively. In steady-state rating computations,
the effect of heat loss caused by convection is taken into account by suitably modi-
fying the value of the external thermal resistance of the cable.

Evaluation of the convection coefficient can become quite involved. Over the
years, cable engineers have developed several simple formulae to account for the
convective and radiative heat transfer outside the cable surface. Some of these
methods will be reviewed below.

6.2.2.3 Evaluation of the External Thermal Resistance. To obtain an ex-
pression for the external thermal resistance of a cable in air, we first rewrite Equa-
tion (6.7) as

W,= mD*h,A8, (6.8)

where A6, = 0% — 0%,, is the cable surface temperature rise above ambient and 4, is
the total heat transfer coefficient. From Equation (6.8), the external thermal resis-
tance, T, (K - m/W) of the cable is given by

A6, 1

=W, = =Dth,

(6.9)

Before the external thermal resistance is computed from Equation (6.9), the val-
ue of the heat transfer coefficient 4, has to be determined. From a large number of
tests on various cables in various configurations, carried out in the United Kingdom
in the 1930s, Whitehead and Hutchings (1939) deduced that the total thermal dissi-
pation from the surface of a cable in air might conveniently be expressed as (see
Section 1.6.6.5 for a discussion of this topic)

W,= aD*h(A,)%" (6.10)

where A (W/m? K*4) is the heat transfer coefficient embodying convection, radia-
tion, conduction, and mutual heating [see Anders (1997) for an explanation how the
mutual heating is taken into account]. From Equation (6.10), the following expres-
sion for the external thermal resistance of cables in free air is obtained:

1

(6.11)
The values of the heat transfer coefficient 2 were obtained experimentally and
plotted as a function of the cable diameter for various cable arrangements (IEC

60287, 1994; Whitehead & Hutchings, 1939). The curves of Whitehead & Hutch-
ings were later fitted with the following analytical expression:
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h (6.12)

~ e tE

where for a cable installed in free air, Z=0.21, E = 3.94, and g = 0.6 can be select-
ed (see Table 1-7).

Equation (6.11) was developed under the assumption that the cable is subjected
to natural cooling only and that 4 is constant for a fixed value of D¥. Cables in-
stalled outdoors or in ventilated rooms may be subjected to wind, resulting in forced
convective cooling. With low wind speed, natural convective cooling and forced
convective cooling may occur at the same time. We will briefly review the issues
involved in computation of the heat transfer coefficient when both modes of cool-
ing are present.

Neglecting conductive heat transfer, which is very small in free air, the heat
transfer coefficient is given by

ht = hconv + hrad (6]3)

The radiative heat transfer coefficient 4,,, can be computed from Equation (6.7),
and can then be approximated by (Black and Rehberg, 1985)

8, +273) - (6,,,, 273)*
ool )Ao Camo 237 (138 108+ 139 - 106,.,) (6.14)

Another approximation was given by Neher and McGrath (1957)
hoa=42 - (1+0.0167-6,) 6.15)

The convective heat transfer 4,,,, will be composed of two parts, 4, , and 4, ,,
corresponding to the natural and forced convective heat transfer, respectively. The
value of 4,,,, can be computed from Equation (6.10) as

h,,=hAOY (6.16)

This coefficient is defined by the following relationships (Incropera & de Witt,
1990):

ha,n =Nu- kair/D:
Nu=0.48 - (Gr - Pr)®25 6.17)
GR=g- B- A6,  D*3/?

where
k,;, = thermal conductivity of air, which can be computed from the relations given

air

in Appendix D of (Anders, 1997), W/K - m
B = volumetric thermal expansion coefficient, K™
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g = acceleration due to gravity m/s?
v = air viscosity, m?/s
Pr = Prandtl number (approximately equal to 0.71)

Morgan (1993) proposed another approximation for the natural convection coef-
ficient. In the temperature ranges —10°C < 6,,., = 40°C and 10°C = 6, = 100°C, and
for 10* <(Gr - Pr) = 107, the following approximation may be made (Morgan, 1993):

Bg Pr o
0.48k,,, —7 = 1.23(+ 4%) (6.18)
Thus,
A, \o2s
ho,=~123- D (6.19)

Other possible approximations are summarized in Table 6-1 (Dorison et al.,
2003).

In Winkler’s formulas, £’ and k'’ are corrective factors to deal with the variable
characteristics of air with respect to the temperature:

0,+8,,,+ 546 0, + 0, + 546

k'=0919 + 738 k'=1.033- 1818

(6.20)

Table 6-1 Convection models used for cables installed in air

Model Convection coefficient 4, ,
Ag, oa2s
McAdams (Neher & McGrath, 1957) 1.32 D*
AG, \os
Morgan (1993) 1.23 D*
10-2 AL
Lauriat (1996) D +1.2A6,2 +0.217 D,;,,Z
A, \o2s
Neher and McGrath (1957) 1.05 D*
. , 0.185 . AQ, \oa2s
Winkler 1 (1963) k DF +k'"-1.342 D*
. ,0.0185 . AG, \oazs
Winkler 2 (1963) k —DF +k'" - 1.08 D*

)o 25

. 0 02
Slaninka (1969) +1 08(
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The forced convection coefficient is given by

kqib(Re)?
ho S T’:— (6.2 1)
where Re is the Reynolds number, which is defined by
w-D¥
Re= —— (6.22)

v

with

w = wind velocity, m/s

b, p = constants depending on the value of the Reynolds number and defined, for
example in Anders (1997)

An approximate value for the forced convection coefficient can be obtained from
Neher and McGrath (1957):

w

h0/:287 D:

(6.23)

Morgan (1992) has shown that for cables with an outside surface temperature rise
above ambient not exceeding 20 K, as is often the case in outdoor cable installations,
the natural convective cooling can be ignored when the wind velocity exceeds 1 m/s.

6.2.3 Heat Conduction Inside the Cable Bundie

Inside the cable bundle, the heat is transferred by conduction. In the following in-
vestigations, we will consider two situations of cable loading. In the first case, we
will assume a homogeneous loss density and a homogeneous insulation anywhere
in the bundle. In order to take into account the presence of the air gaps, the effective
thermal resistivity, p,g; of the bundle will be defined by means of special filling fac-
tors. In the second case, we will consider a partial loading of the cable with either
an inner or the outer part loaded and the other part unloaded.

6.2.3.1 Uniform Loss Density

Thermal Resistance of the Bundle of Cores. Schach and Kidwell (1952) found
the effective thermal conductivity &, by treating the bundle as a cylinder and mea-
suring the quantities required by the heat conduction relation

I’R - 1n(D,/Dy)
kr =m0, 6y (6.24)
when / current was flowing through the center cable only, and where
D,, D, = diameters of the bundle and the center conductor, respectively, mm
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0,, 6, = temperatures of bundle surface and the center conductor, respectively, °C
R = conductor resistance at operating temperature, ohm/m

They performed temperature measurements for a single cable and bundles of
18 and 8 cables. The calculated thermal conductivity values were 0.7, 0.4 and 0.5
W/K -+ m, respectively.

Equation (6.24) does not take into account the presence of the air gaps and the
metallic conductors. In order to consider these, we will assume that the conductor
areas in the cross section can be considered as thermal short circuits and the air
gaps, which have negligible thermal conductivities, are considered to be homoge-
neously distributed over the total cross section. Then, for the bundle composed of N
cables, the filling factor for the air gaps can be obtained from

N - Dcz'are
ﬁ = D2 'f:vtrand (625)
1

where D,,,, (mm) is the diameter over one cable and the stranding factor is defined by

D 2
g = | 1+ | e strand (6.26)
-and

Lstrand

D, ..a = mean diameter of the stranding, mm

L 0nqa = stranding length, mm

The filling factor for the conductor areas is equal to

_ A N-Aoe
fe=7prp o Jowana (6.27)

with 4,,,, (mm?) being the conductor cross section of each core and f.,,, takes into
account the compaction of a single conductor.
The effective thermal resistivity is equal to

1-
Aﬂzp(ﬁk) 629)

where p is the thermal resistivity of the insulating material.

Temperature of the Hottest Conductor. We will now assume that the same cur-
rent I, flows in every cable. Since the separate cores are approximately regularly
distributed over the cross section and, on the other hand, they change their positions
in the cross section along the cable axis, following the stranding, a homogeneously
distributed loss density ¢ is assumed:

W, _4-N-RI?
9~ 7 D¥4 - 7 D

(6.29)
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In order to calculate the temperature distribution in the cable bundle, we will
modify the procedure proposed by Schach and Kidwell (1952). In their approach,
they looked at three layers of cables surrounding a centrally located core. In our ap-
proach, the insulation is divided in coaxial layers of thickness Ar. Considering a
point in the distance r, from the axis, we have to multiply the losses in each layer
between r, and the bundle surface [r, < r < R, (R, = D,/2)] by the thermal resis-
tance between this layer and the bundle surface. Superimposing all these tempera-
ture rises leads to the total temperature rise of the point at the distance r, with re-
spect to the temperature of the bundle surface:

R
Ab(r,) = Alggo{z g-2m A 5L m(r—:)} (6.30)

This sum converges to the integral

AB()——M f ( ) 2w-r-dr=gq- pe/ff r: ln(R )dr (6.31)

By inserting the power losses from Equation (6.29), Equation (6.31) leads to

Ae()—pe” Wi {(RL]) [2 ln(Rl) 1]+1} (6.32)

The center conductor is the hottest and its temperature is obtained by letting r —
0 in Equation (6.32). Thus, we have

Pr . T, (6.33)

AB(0) = Al = 7, GL

Therefore, Equation (6.32) can also be rewritten as

e B m

Figure 6-2 shows the temperature distribution resulting from Equation (6.34).

Temperature Rise for Cables in Free Air. From Equation (6.11), for the cable is
installed in free air, the temperature rise of the cable surface is given by

W,
A=W, T,= m (6.35)
From Equation (6.35), we obtain
W4/5 1
AOs (,n. D h)4/5 = m (7,. D h- W1/4)4/5 (6~36)
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Figure 6-2 Radial temperature distribution in the multicore bundle (from Brakelmann et
al., 2004, with permission from IEEE Press).

The highest temperature rise in the axis of the cable can be derived from Equa-
tions (6.33), (6.2), and (6.36) as

Peg . Py In[DJ(D,—21))] 1
4_,,{ + = > =+ [7-D¥ k- WA (6.37)

Aomaxszl'{

Given A6, the power losses W, are calculated from Equation (6.37) by itera-
tions. The procedure converges quite quickly, and after less than five iteration steps
the error is smaller than 0.1%.

An alternative approach is to replace the last term in Equation (6.37) by Equa-
tion (6.9) with A, defined in Equation (6.13), as illustrated in Example 6.1.

Temperature Rise for Cables in Moving Air. Taking into account Equations
(6.33), (6.2), and (6.15), the temperature rise in the axis of the cable can here be
written as

AO =W, [% P 1"[De2/(De - 21)]
max 7T a
(6.38)
N 1
T D* [Pogn, + 42 &5+ (1 +0.0167 - §)]
Bs = VVI ’ T4 + eamb (639)

Again, given A6,,,, the power losses W, are calculated from Equations (6.38)
and (6.39) by iterations. The convergence of the iterations is comparably quick, as
discussed above.

On the other hand, if we use Black’s approximation (Black and Rehberg, 1985)
Equation (6.38) takes the form
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Pey  In[D /D, —2t)]
+ —_—
47 2w ky

_—
' (6.40)
I

S DF [ho + 05e.(1.38 - 105 + 1.39 - 10°6,,,)]

The last equation can be solved directly for ¥,

Example 6.1
We will illustrate the algorithm presented above with a numerical example involv-
ing a telecommunication cable with 96 cores. Each core is composed of a copper
conductor enclosed in PVC insulation. The outer jacket is also made of PVC. The
dimensions required for the calculations are as follows (the external diameter in-
cludes the thickness of the static shield equal to 0.75 mm): 4,,,. = 0.5 mm?, D, = 19
mm, ¢;,= 1.8 mm, D, =24.1 mm, D,,,,= 10 mm, L, ., = 130 mm.

We will show the calculations for 6,,,,, = 73°C, the measured conductor tempera-
ture at w = 0 m/s, and 8,,,,, = 20°C. The stranding factor is obtained from Equation

(6.26) as
f - 1+ W'Dstrand 2= 1+ 710 2=]03
strand Lstrand 130 .

and the resistance of a single conductor is equal to

g [LF 27 (B —20°C)] - pyp _ [1+0.00393 - (73 —20)] - 1.72E-8
= A, = 0.5E-6

=(.0417 ohm/m

We will start by evaluating the effective thermal conductivity of the insulation
inside the bundle from Equations (6.25) to (6.28). The air gaps and conductor-fill-
ing factors are obtained first. The air-filling factor is equal to [Equation (6.25)]

_ N'frtrand : Dc?ore _ 96-13- 162

For the conductor-filling factor, we will assume f;,,; = 0.55 in Equation (6.27):

AN S Aere 4796710305
fe=—m bt - a1 055 0317

With the resistivity of the PVC equal to 5.0 K - m/W, the effective thermal resis-
tivity of the insulation is equal to

(-fo) _ . (1-0317)

Peyr=p 7, 070 =49K -m/W
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Natural Convection. The convection coefficient is obtained from Equation (6.19).
We will start the iterations by assuming that the cable surface temperature is 10 de-
grees higher than the ambient:

B Af, \o2s B 10 \ozs _ )
ho.n =123 Dt =1.23- m =5.55W/m?-K
The radiation heat transfer coefficient will be computed from Equation (6.14):

Py = 0564(1.38 - 108+ 1.39 - 10%6,,,,) = 5.67- 108- 0.9 - (1.38 - 108+ 1.39 - 106 - 20)
=8.46 Wim? - K

The total losses generated in this cable are computed from Equation (6.40):

Py Py In[DJ(D, — 21,)]
47 27

1
T T DF Thoyy + 05e,(138 - 10° 1 1.39 - 1050,,,)] }

(49 s-hu@41-2-18)] 1
R e 2 7 0.0241 - (5.55 + 8.46)
resulting in
W,=36.3 W/m

This value is used to recompute the cable surface temperature and the convection
coefficient. The process converges after four iterations with losses of 39.4 W/m.
The permissible current in each conductor is now computed from Equation (6.3):

1= Wi _ 394 =3.14A
¢y N-R +/96-0.0413

and the total current in the cable is equal to

I=N-1.=96-3.14=302 A

Forced Convection. In this case, we need to compute the heat transfer coefficient
for forced convection in addition to the natural convection and radiation heat trans-
fer coefficients obtained earlier. Again, we will start the iterations by assuming that
the cable surface temperature is 10 degrees higher than the ambient.

For wind velocity of 0.2 m/s, the Neher/McGrath approximation [Equation
(6.23)] of the forced convection coefficient becomes

b =2 w _y 0.2 B 2
o =2.87 DE" .87 m—8.27Wm -K
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The convective heat transfer coefficient is obtained by combining the natural and
forced convection coefficients. The external thermal resistance is now obtained
from Equation (6.9):

S L _o7p XM
mD¥h,  7-0.0241-(8.46 + V5552 +8273) w

T,

The total losses are equal to

Abp 73 -20
T, + T3+ T, 0416 +0312+0.717

W, = =429 W/m

and the corresponding cable surface temperature is
0,=0,,+W, T,=20+429-0.717 =50.8°C

This temperature is now used to recompute the heat transfer coefficients. After
four iterations, we obtain W, = 44.4 W/m, which results in the conductor current of
3.33 A and the total cable current of 320 A. The total cable current is given for com-
parison with the test results that follow, rather than being of practical use in normal
installations where the current per conductor is usually of interest.

Experimental Results. The same cable was installed in free air in a high-current lab-
oratory (Brakelmann et al., 2004). The cable was heated by current transformers.
The uniform distribution of the total current onto the separate cores was screened
by means of clamp-on current probes.

Following the procedure for cables in still air, the permissible current of the ca-
ble was calculated for a range of ambient air temperatures. The results are shown in
Figure 6-3. Sample calculations for ambient temperature of 20°C are shown above.
Additionally, the experimental results are shown on the line with wind velocity of 0
m/s for the same ambient temperature (311 A at 20°C).

Calculations were also performed to examine the influence of air flows with dif-
ferent flow velocities (w = 0.20 m/s and w = 0.50 m/s). The results are also shown
in Figure 6-3. We can observe that even small air velocities may have a remarkable,
beneficial influence on the current rating.

There is a possibility that a very small movement of air existed in the laboratory
during the measurements. The measured current of about 311 A could be achieved
with air velocity of about 0.09 m/s, which could not be measured with the instru-
ments used in the experiment.

Figure 6-4 shows the calculated and the measured conductor temperatures of the
hottest cable as well as bundled cables outside surface temperature as functions of
the total current / in still air. An excellent correspondence between calculations and
measurements can be observed for all three operating states.

In this example, the conductor resistance is taken as the resistance at maximum
operating temperature. This is a slight overestimate, as only the conductors near the
center of the cable will be at maximum temperature. It might be worth calculating
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the temperature of the outer layer of conductors using a conductor resistance based
on the average of the outer conductor temperature and the maximum temperature.
This approach will bring the calculated values slightly closer to the test results
shown above. |

6.2.3.2 Unequally Loaded Bundie. We will consider two situations with a non-
uniform loss density in the bundle. In one case, the cables in the center of the bundle
will be loaded, and in the other, the current will flow in the outer cables. As a special
case of the second scenario, we will consider a cable constructed with a center duct.

In both cases, we will consider the heat dissipated in the inner and the outer parts
of the cable bundle. Figure 6-5 will serve as an illustration of the developments pre-
sented below.

The temperature rise in the cable bundle is now composed of two components:
one corresponding to the inner part of the bundle and the other to the outer part.
Calculation of these temperature rises is examined in the following sections and is
based on the ideas of Mark Coates, Convener of Working Group 19 of the IEC.

Cables Loaded in the Central Part. We will consider a situation illustrated in
Figure 6-6. If the center part of the cable bundle with effective diameter R, (R, <
R)) is loaded, the loss density in Equation (6.29) becomes

q= 7 R3

(6.41)

Changing the integration limits in Equation (6.31), to the new limits from 0 to R,
and substituting the loss density from Equation (6.41), we obtain the temperature

rise A6, at the distance R, from the cable center as
s

Figure 6-5 Heat dissipation in the inner and outer parts of the cable bundle. R, and R, are
the effective radii of the composite mass of the cables.
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Cables A (loaded)
Cables F (unloaded)

Figure 6-6 Center part of the cable bundle loaded.

o W,
Ag, = PL L (6.42)

To obtain the temperature difference A6, between R, and R,, we will use an ex-
pression for the thermal resistance of a concentric layer with the inner and outer
radii R, and R,, respectively. We have

:qu‘Wzl R,

A01 2’7T n R_2

(6.43)

The highest temperature rise in the axis of the cable is now obtained by substitut-
ing Equations (6.42) and (6.43) for the first term in the brackets in Equation (6.37):

R\, pIDJD-21)] 1
R2 2 [7T . D=el= -h- thl/4]4/5
(6.44)

AGmax: VV/ ' { Zeﬁ(l +21In
o

Alternatively, we can use Equation (6.38) to obtain

3 R In[DJD, -2t
A0m3x=Wr'{%ff(l+2ln R—I)+ 2y - Inf ’32/57 2l
2 (6.45)
s 1

7D} [hepsy +427 £ (1+0.0167 - 6,)]

With given Af,,,,, the power losses W, are calculated from Equation (6.44) or
(6.45) by iterations. The procedure converges quite quickly, and after less than five
iteration steps the error is smaller than 0.1%.

An alternative approach is the replace the last term in Equation (6.44) by Equa-
tion (6.9), with A, defined in Equation (6.13).

Cables Loaded in the Outer Part. The situation considered in this section is il-
lustrated in Figure 6-7.

If the cables located between R, and R, are loaded, the loss density in Equation
(6.29) becomes

W,

T ®R (©49)
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Cables F (unloaded)
Cables A (loaded)

Figure 6-7 Outer part of the cable bundle loaded.

This yields the temperature distribution
__ Py W eyl L 2

with the highest temperature rise in the axis (# = R,):

o fonf2) ]
R,

AB(R) = peg~ W, - 4m-(Rf-R3) (6.48)
R2 R2
. (R_l).[z.ln(R_l)—l]+l
= Pegr We- R, \2
4“'[“(‘1?:)]

If the cable construction has a central duct with the radius R,, the highest temper-
ature rise is also obtained from Equation (6.48).

From Equations (6.48) and (6.33), the relation between the thermal resistance of
a multicore bundle with and without a central duct becomes

—_— . . = — +
Te,f_<R.) [2 “‘(Rl) 1] !

Te/ﬁZ B 1 Rz)z
AR,

(6.49)

Example 6.2
We will consider the communication cable examined in Example 6.1. Let us as-
sume that half, that is, 48 cables are loaded. Similarly to Example 6.1, we will show
the calculations for 6,,,,, = 73°C, the measured conductor temperature at w = 0 m/s,
and 6,,,, = 20°C. We will start the iterations by assuming that the cable surface tem-
perature is 10 degrees higher than the ambient.

With half of the cables loaded, we first need to determine the radius R,. Denot-
ing by N, the number of loaded cables and including the air-filling factor f; comput-
ed in Example 6.1, we have

Ry = Y(D2,. - Ni/fi)"2 = Y(1.6% - 48/0.7)"2 = 6.62 mm
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Center of the Bundle Loaded. With the partial results taken from Example 6.1,
Equation (6.45) becomes

_ o | Py R\ psIn[DJS(D, —2t))]
53=w, {4W(1+21nR2)+ —

1
o D* [ho + 0pe1.38 - 108+ 1.39 - 10°8,,,)] }

(49 9.5\ 5-In[24.1/24.1-2 1.8)]
‘W"{_(”zm 6.62) 2

41

1
T 700241 - (3.55 + 8.46) }
resulting in
W,=33.1 W/m

This value is used to recompute the cable surface temperature and the convection
coefficients. The process converges after four iterations with losses of 35.7 W/m.
The permissible current in each conductor is now computed from Equation (6.3):

L= |-l PT 423
<“JN,R~{®-00143 *

and the total current in the cable is equal to

I=N,-1,=48-423=203 A

Outer Part of the Bundle Loaded. In this case, the first tem in the right-hand side of
Equation (6.44) or (6.45) is replaced by the right-hand side of Equation (6.48). The
ratio R,/R; = 0.70. Thus, we have

ARV g B2
o () 2 nle) 1) , P/IDJD.~21)]

L

* o DF Thoyp + 05e(1.38 - 105+ 1.39 - 10°6,,,)]

_p lag 9T 2BOD-1]+1 5 In[24.1/24.1-2-1.8)]
RN Ar-(1-0.7) 27

1
T 00241 - (555 + 8,46)}
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resulting in
W,=222 W/m

The process converges after four iterations with losses of 23.3 W/m. The permis-
sible current in each conductor is now computed from Equation (6.3):

L= | - B _341A
¢\ N-R 4 48-0.0413

and the total current in the cable is equal to

I=N;-1.=48-341 =164 A |

6.3 EXAMPLES OF DERATING FACTORS

In this section, we will consider groups of identical low- or medium-voltage cables
installed in air. In many practical installations, such cables are either touching or
placed in a very close proximity to each other. The circuits are often attached to
walls or ceilings or laid on floors or ladders. The traditional rating methods cannot
be applied in these situations directly. In practice, ampacity of a single circuit is cal-
culated first, using standard procedures, and a suitable derating factor is then ap-
plied. The magnitude of this derating depends on the cable construction and on the
installation conditions. In this section, we will present current rating factors for ca-
bles having extruded insulation and a rated voltage from 3.6/6 kV up to 18/30 kV,
installed under a range of conditions.! In the majority of cases, the deratig factors
are based on engineering experience or on laboratory experiments. In such cases,
we will simply state their values. On some occasions, the derating factors can be
computed. In these cases, we will point out the methods used.

The guidance provided in this section is intended to complement the current rat-
ings given in several IEC and IEEE standards and other sources on cable ratings.
The factors given in this chapter are intended to be indicative only, they are aver-
ages over a range of conductor sizes and cable types. For particular cases, the cor-
rection factor should be calculated using the methods in IEC 60287-2-2 (1995)? or
obtained from the cable supplier. The method given in IEC 60287-2-2 for groups in
air was derived from test work carried out by ERA in the 1970s (Parr, 1974). This
report describes tests carried out to determine the 4 values in Equation (6.10) for ca-
bles under a range of installation conditions. The results from this work were also
used to slightly modify the 4 curves given in IEC 60287-2-1. The 4 values for ca-
bles fixed to a wall came from this work.

!This section is based on the document being prepared for the IEC by Working Group 19 of Technical
Committee 20.
2All diagrams in this section come from IEC Standard 60364-5-52 (2001) with permission from IEC.
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Tests were carried out using PVC-covered aluminium tubes of four different di-
ameters to represent cables. The diameters were 76.5 mm, 38.4 mm, 19.4 mm, and
13 mm. Tests were carried out with the following arrangements of tubes:

1. A single tube spaced at various distances from a vertical wall

2. A single trefoil group at various distances from a vertical wall

3. Up to 6 cables and trefoil groups, side by side with various spacings

4. Up to 6 cables and trefoil groups, above each other with various spacings

The results for the horizontal and vertical single-layer groups were combined to
derive factors for the grid arrangements covered by the IEC Standard.

6.3.1 Rating Factors

The rating factors given in the following sections are based on the assumption that
the nominal current rating of the cable is given for the following conditions:

® Maximum conductor temperature 90°C
® Ambient air temperature 30°C

The rating factors given in this chapter should be applied as multipliers to the
nominal current rating of the cable to obtain the current rating of the cable under the
particular installation conditions that are applicable. Rating factors are given to take
account of the following conditions:

Laying in a single layer on walls, floors, or in cable trays

. Laying in a single layer under ceilings

. Laying in a single layer in ventilated cable trays

. Laying in a single layer on cable ladders, brackets, or wire mesh
Laying in several layers

SR I ST

Multiple cables per phase

Where one circuit consists of a number of single-core cables in parallel, the
number of circuits should be taken as the number of cables per phase.

6.3.1.1 Laying in a Single Layer on Walls, Floors, or in Cable Trays.
The factors given in Table 6-2 apply to touching cables installed in a single layer in

Table 6-2 Single layer of touching cables installed on a floor

Number of circuits or 3-core cables _
1 2 3 4 5 6 7 8 9
1.00 0.85 0.79 0.75 0.73 0.72 0.72 0.71 0.70
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Figure 6-8 Cables laid on a floor.

ventilated cable channels on floors or in unperforated cable trays (see Figure 6-8).
Where the clearance between adjacent cables exceeds twice their overall diameter
D,, no reduction factor need be applied.

The factors given above have been taken from IEC 60364-5-52 (2001). These
factors were generated by ERA in the early 1970s from test work carried out to de-
rive the k factors for cables in trays.

6.3.1.2 Laying in a Single Layer Under Ceilings. The factors given in
Table 6-3 apply to touching cables installed in a single layer on the underside of a
ceiling (see Figure 6-9). Where the clearance between adjacent cables exceeds
twice their overall diameter D,, no reduction factor need be applied.

6.3.1.3 Laying in a Single Layer on Venlilated Cable Trays. The factors
given in Table 6-4 apply to touching cables installed in a single layer on a perforat-

Table 6-3 Single layer of touching cables under a ceiling*

Number of circuits or three-core cables
1 2 3 4 5 6 7 8 9

0.95 0.81 0.72 0.68 0.66 0.64 0.63 0.62 0.61
*Factors taken from IEC 60364-5-52 (2001).

N

Figure 6-9 Cables installed on brackets under a ceiling.
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Table 6-4 Single layer of touching cables under a ceiling*

Number of circuits or three-core cables
1 2 3 4 5 6 7 8 9

1.00 0.88 0.82 0.77 0.75 0.73 0.73 0.72 0.72
*Taken from IEC 60364-5-52 (2001).

Figure 6-10 Single layer on perforated trays.

ed cable tray, as illustrated in Figure 6-10. Where the clearance between adjacent
cables exceeds twice their overall diameter, D,, no reduction factor need be applied.

6.3.1.4 Laying in a Single Layer on Cable Ladders, Brackets, or Wire
Mesh. The factors given in Table 6-5 apply to touching cables installed in a man-
ner that allows free air circulation around the group. Where the clearance between
adjacent cables exceeds twice their overall diameter (see Figure 6-11), no reduction
factor need be applied.

Table 6-5 Single layer of touching cables in free air*

Number of circuits or three-core cables
1 2 3 4 5 6 7 8 9

1.00 0.87 0.82 0.80 0.80 0.79 0.79 0.78 0.78
*Taken from IEC 60364-5-52 (2001).

Figure 6-11 Cables in single layer installed on ladders.
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6.3.1.5 Laying in Several Layers. When cables are laid in several layers, the
ampacity of cables is usually lower than computed with the formulas given in the IEC
Standard 60287, because of the very strong mutual heating effects. Such arrangements
occur for cables laid in trays. Since 1975, the accepted technique in North America for
calculating the ampacity of power cables in trays has been the use of tables provided
by ICEA/NEMA Standard P54-440 (ICEA/NEMA, 1986). These tables are based
upon a thermal model originally proposed by Stolpe (1970) that assumes that every
cable in the cable tray carries the maximum current producing the maximum cable
bundle temperature. The ICEA standard also assumes that the heat generated in the ca-
bles is uniformly distributed throughout the cross section of the cable mass.

In order to remove the conservatism in the thermal model based on the above as-
sumptions, Harshe and Black (1994) proposed a simple thermal model that can be
used to determine the maximum temperature of a mass of cables in a single, open-
top horizontal cable tray. The model accounts for load diversity within the tray by
providing two different loading options. The thermal model has been verified by
comparing predicted cable bundle temperatures with temperatures measured at an
actual installation. The derivation of the model is described in Anders (1997).

6.3.1.6 Several Cables Connected in Parallel. Where cables are connect-
ed in parallel, they should be made to the same specification, have the same cross
section, the same earthing system, the same length, and should not have branches
along their route.

In general, it is recommended that the number of cables in parallel should be
limited to a minimum. If more than four feeders are needed to carry the assigned
power, the design of the network should be reconsidered. When many feeders are
connected in parallel, the current sharing between them is poor, and there is a risk
of abnormal heating.

A method for calculating the current sharing between parallel cables in any
arrangement is given in IEC 60287-1-3 (1994) and in Anders (1997).

It should be noted that if there are n cables in parallel per phase, the grouping
factor appropriate to » circuits should be applied to the nominal single circuit rating
of the cables. An additionnal derating factor, f;, is recommended to account for the
unequal current sharing that is expected for certain cable arrangements. The value
of this factor was computed using the methods described in IEC Standard 60287-1-
3 (1994) and Anders (1997).

Figure 6-12 (a) and (b) and Figure 6-13 (a) and (b) show the symmetrical arrange-
ments of cables recommended by the IEC. The reduction factor is £, = 1 in these cases.

Figure 6-14 (a) to (d) shows nonsymmetrical arrangements of cables. The reduc-
tion factor is f; = 0.8 in these cases. Parallel cables should not be arranged so that all
the cables of one phase are grouped together.

6.4 CONCLUDING REMARKS

Multicore cables are used in large-scale power plants or chemical plants, primarily
for the supply of magnetic valves with a nominal voltage of 24 V (dc), the nominal
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Figure 6-12 Two cores per phase with or without a neutral conductor. (a) Triangular and
(b) flat formation.

power of which is presently limited to 30 W. If all circuits of the cable are used in
this way, a total current of 125 A will result. Figure 6-3 shows that this continuous
current can be transmitted by this cable, installed in still air, even for the highest
possible ambient temperatures of 50°C.

From Figure 6-3, for standard conditions (cables in still air; ambient temperature
30°C) the current rating of the multicore cable is approximately equal to. 270 A.
This multicore cable has 96 cores spaced at 0.5 mm?, giving a total cross-sectional
conductor area of 48 mm?. The VDE standard gives a rating of 214 A for a single-
core, 1 kV cable with a 50 mm? copper conductor (VDE 0298 T2; Heinhold, 1999).
IEC 60364-5-52 gives a current rating of 275 A for a single-core, unarmored, 1 kV,
XLPE-insulated 50 mm? cable installed spaced from other cables in free air at
30°C. This is a similar installation condition to that for which the rating for the mul-

Triangular formation

Flat formation

00000600000000000
b

)

Figure 6-13 Four cores per phase and possible neutral conductor. (a) Triangular and (b)
flat formation.
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Figure 6-14 (a) Nonsymmetrical arrangements for two cores per phase in trefoil formation.
Also applicable for two multi-core cables laid in parallel. (b) Nonsymmetrical arrangements
for two cores per phase in flat formation. (c) Three cores per phase and possible neutral con-
ductor. (d) Nonsymmetrical arrangements for four cores per phase in flat formation.

ticore cable was calculated. For three cables flat touching, the rating in IEC 6034-5-
52 is given as 216 A, and for three cables in a trefoil pattern the rating is 207 A. In
spite of the slightly larger cross section, these are a much smaller currents than the
one computed above. Of course, the cable construction and dimensions are differ-
ent, but these results give a good indication of the rating capabilities of multicore
cables.

The derating factors are intended to take account of the fact that the current may
not be shared equally between parallel cables, irrespective of the earthing and bond-
ing arrangements. Occasionally, there is confusion between the designers and in-
stallers over the difference between the terms “earthing” and “bonding.” Earthing is
connecting to earth and bonding is joining together. If the armor is bonded at both
ends but only earthed at one end, there will be circulating currents. Screens and ar-
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mor are almost always earthed at one end but may or may not be bonded or earthed
at the other end. In LV installations, it is common to bond and earth at both ends. In
higher-voltage installations, single-point bonding and cross bonding are more likely
to be used. Calculation methods for parallel cables outlined in Anders (1997) could
be applied for different bonding arrangements. When a circuit is single-point bond-
ed, the length of the cable should be limited so that the standing voltages that will
develop at the ungrounded end do not exceed the prescribed standard value. This
length should usually not exceed about 200 m.

6.5 CHAPTER SUMMARY
The most important topic discussed in this chapter is the calculation of current rat-

ings of multicore communication cables installed in air. The permissible current in
each core I, is obtained from

_ |
L=\ ~R
and the total current rating of the cable is
I=N-1I,

where N is the number of loaded conductors and R (ohm/m) is the ac resistance of a
single conductor at the operating temperature. The total losses W, are evaluated as
shown below for two distinct external conditions.

6.5.1 Cables in Free Air

The total losses are computed from the following equation by iterations:

_ ) Py Py I[DJD, —2t))] 1
Abpoy = W, {47., + T + [7 Dr k- W5

where

A8, is the maximum permissible conductor temperature rise (°C)
D, is the cable external diameter (mm)

t, is the thickness of the jacket (mm)

p, is its thermal resistivity (K - m/W)

The effective thermal resistivity of the insulating material inside the bundle is
obtained from

_ (A-£)
pejf— P .fl
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where p is the thermal resistivity of the insulating material and

_ N-D2

core

h= D% *fstrand

D.,. (mm) is the diameter over one cable, and the stranding factor is defined

by
_ 7D strand \?
f.;trand - \/ 1 + ( thrand )
where

D, .nq 15 @ mean diameter of the stranding, (mm)
L4y ana 18 the stranding length (mm)
D, is the diameter of the bundle (just below the external jacket) (mm)

The filling factor for the conductor areas is equal to

4-N-4,

core

fC - T D% 'f;'ond fs‘trand

where 4, (mm?) is the conductor cross section of each core and f,,,,,, takes into ac-
count the compaction of a single conductor.

The heat transfer coefficient, 4, can be computed using one of several published
approaches. For example, using an IEC approach, its value is given by

0.21
h= W +3.94

where the asterisk denotes dimensions in meters.

6.5.2 Cables in Moving Air

In this case, forced convection needs to be considered and the total losses are evalu-
ated iteratively from the following equation:

Peg , PI- In[D/(D, - 2t,)]
4ar 2

Aamax: VV/[

1
D Tha, 42 55 (1+0.0167 - ex)]}

eszWr'T4+0amb
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Alternatively, we can use Black’s approximation:

In[D /(D, -2t
AomaXZVVI'{&E-'- n[D/(D, D]
47T 27TkJ

1
+
1+ DX [hopp, + 058,(1.38 - 108+ 1.39 - 10%6,,,)] }

from which we can obtain W, directly.
An approximate value for the forced convection coefficient can be obtained from
(Neher & McGrath, 1957)

w
Reom, = 2.87 DF

where w (m/s) is the wind velocity and the natural convection is ignored.

6.5.3 Unequally Loaded Bundle

We will consider two situations with a nonuniform loss density in the bundle. In
one case, the cables in the center of the bundle will be loaded, and in the other, the
current will flow in the outer cables. The above equations are slightly modified as
shown below.

6.5.3.1 Central Part Loaded. If the center part of the cable bundle with effec-
tive diameter R, (R,< R)) is loaded, the temperature rise equation for free convec-
tion becomes

ar\! T2 R, T [ D* h- W™

pe,y( R, ) L PoInDJD.=2t)] 1 }
R,

Abpo =W,- {

and for forced convection,

Pef Ri\ | psIn[DJD, - 21))]
477(1+2ln R2)+ 27

Agmax = W’ : {

]
+
7w D* [h,+42 & (1+0.0167 - 0'5)]}

6.5.3.2 Outer Part Loaded. The highest temperature rise is obtained, in this

case, from
R, \2 Rz) ]
< . . R +
<R1> [2 ’“(Rl !

TG

AOmalxzpeﬁ"‘ VV!
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I CHAPTER 7

Rating of Pipe-Type Cables
with Slow Oil Circulation
of Dielectric Fluid

This chapter presents a rigorous approach to calculation of current ratings in pipe-
type cables with slow circulation of fluid. Detailed mathematical analysis is pre-
sented for the calculation of the hot-spot oil temperature as a function of the cable
geometry and the oil-inlet temperature. The emphasis is placed on the real-time ap-
plications in which the pipe surface temperature is measured. A comparison with
the commonly applied method based on Burrell’s model is offered.

7.1 NOMENCLATURE

The notation used in this chapter is listed below.

D diameter (m)

P oil pressure (Pa)

M rate of oil flow (m?/s)

S, [ISH| oil filled cross section and its area, respectively (m?)

Tt amp external thermal resistance between oil and ambient
earth (K - m/W)

Toray thermal resistance corresponding to the free convec-
tion/radiation/conduction heat flow (K - m/W)

Ty, T, oil thermal resistance at the surface of the cables and

the pipe walls, respectively (K - m - W1)

z length of the hot-spot section (m)

0 temperature (°C)

Ag, ultimate oil temperature rise over ambient with no
circulation (°C)

w. conductor losses (W/m)

W, dielectric losses (W/m)

w, total losses seen by the fluid=n - [W,- (1 + A)) + W]

Cof oil specific heat at constant pressure (J - kg™! - K1)

d, hydraulic diameter (m)

Rating of Electric Power Cables in Unfavorable Thermal Environment. By George J. Anders 279
ISBN 0-471-67909-7 © 2004 the Institute of Electrical and Electronics Engineers.
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n
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,
w
a6)
B

BA6)
Ay
AA6)
My
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Dimensionless numbers

(Gr)say

(Pe)y, = (Pr)f' (Re)fd;,
(Pr),

(Ra);4,

(Re)ﬁdh

Subscripts and superscripts

Qe

amb
in
out

7.2 INTRODUCTION

number of conductors in the pipe

internal heat source (W/m)

radial distance from the pipe center (m)

oil velocity along pipe axis (m/s)

oil thermal diffusivity for specific temperature (m?/s)

ratio of the equivalent cable diameter to the inner
diameter of the pipe

oil expansion coefficient for specific temperature (K-')

skid wire/reinforcing tape loss factor

oil thermal conductivity for given temperature (W - K~
. m—l)

dynamic viscosity (N - s/m?)

thermal resistivity, (K - m/W)

oil density for specific temperature (kg/m>)

1

Grashoff number for hydraulic diameter d,,
the Peclet number

Prandt] number;

Rayleigh number for hydraulic diameter d,
Reynolds number for hydraulic diameter d,,

conductor

cable surface or cable-oil film

fluid

internal pipe surface or oil-pipe film
coating

outside pipe coating

ambient

fluid at inlet (x = 0)

fluid at outlet (x = Z)

fluid parameter in infinity (x — +)
bar above a symbol represents an average value

Artificial cooling of pipe-type cable circuits has been used since early 1950s. Two
distinctly different approaches have found application in practice. On the one hand,
oil is slowly circulated along the cable route and, on the other, forced cooling plants
are employed. The cooling of long cable lines by artificial means can be difficult
and expensive. However, it is often possible to improve a difficult hot-spot situation
by artificial cooling without undue expense, especially in or near a generating sta-

tion or substation.

In the case of an underground cable, it is possible to mitigate hot-spot conditions
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by saturating the soil with water, thereby improving its conductivity. While this prac-
tice has been considered, it turned out that with time the water lines laid along the ca-
ble route can become irreparably damaged. In the case of a pipe-type cable, the pres-
sure medium (oil or gas) can be circulated and cooled. In forced-cooled installations,
the fluid is cooled by means of a heat exchanger and returned to the cable pipe for fur-
ther circulation. A diagram of such an installation is shown in Figure 7-1.

Slow movement of the oil has been used as a means of averaging out tempera-
ture variations along the cable route. There are three methods by which this move-
ment is implemented in practice. One method is to circulate the oil via a return pipe
installed parallel to the pipe-type cable circuit. Another method is to circulate the
oil around a loop consisting of two parallel circuits that carry approximately the
same load. This approach is illustrated schematically in Figure 7-2. The third ap-
proach is to oscillate the oil between two tanks at the ends of the circuit. The theo-
retical calculations (Buller, 1952) supported by some experimental evidence, re-
ported by Burrell (1965), indicate that with a slow oil circulation of up to 10 gallons
per minute (gpm), a substantial reduction in the conductor and pipe temperatures
can be achieved, as illustrated in Figure 7-3.

The mathematical foundations for the analysis of the thermal considerations in-
volved in the cooling of cable circuits have been extensively treated in the literature
(Buller et al., 1951; Buller, 1952; Giaro, 1956; Ralstone and West, 1960; Oudin et
al., 1960; Kitogawa, 1964; CIGRE, 1979; Chato, 1977; Glicksman et al., 1978;
Chato and Crowley, 1980; Purnhagen, 1984; CIGRE, 1985). The last reference
gives an extensive overview of the calculation of pipe-type cable ratings when
forced cooling is involved. Therefore, in this chapter, we will focus our attention on
pipe-type cables with slow fluid circulation.

The calculations routinely performed in North America for cables with slow oil
circulation are based on the equations developed by Buller (1952). These equations,
developed over 50 years ago, give reasonably good approximations of the heat
transfer phenomena involved in slow circulation cooling of pipe-type cables. How-
ever, some simplifications embedded in these equations, justified at the time when

h Al

1
Pressurizing Oil
Plant Circulation
Plant

Figure 7-1 Diagram of artificial cooling connections (from Burrell, 1965, with permission
from IEEE).
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Pump on Automatic valve
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Qil Tank Q)
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-— ﬂ)— Feeder
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Figure 7-2 Piping schematic for slow oil-circulation connections (from Burrell, 1965, with
permission from [EEE).

there were no computers, are no longer necessary today. The advent of fast compu-
tational techniques as well as more recent developments in heat transfer theory per-
mit application of more accurate models.

Availability of more accurate methods does not justify a revision of the compu-
tational techniques that served the industry well for many years. However, a de-
tailed analysis of the Buller’s model revealed that the simplifying assumptions that
were made to make the approach amenable to hand calculations limit the applicabil-
ity of the models. This prompted the author, assisted by Dr. M. Zubert from the
Technical University of Lodz, to perform detailed analysis of the heat transfer phe-

o

2 95

3]

a

0

2 90

©

3 Length
g of Hot-Spot
85| Section
Q

g 500
o 400’
o - 300°
G 80 200’
g /100’
E

275 L . I ——— !
= 0 2 4 6 8 10

Oil Flow Rate - GPM

Figure 7-3  Effect of oil-flow rate on hot-spot temperature reduction (from Burrell 1965,
with permission from IEEE).
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nomenon in the case of slow oil circulation in a pipe-type cable. An additional in-
centive for a development of new rating equations was an increase in real-time ca-
ble rating applications. In such installations, the temperatures of the pipe covering
and the ambient earth, as well as conductor current, are measured. Therefore, there
is an opportunity to develop calculation techniques with these quantities as the in-
put parameters. The results of these developments are reported in this chapter. A
comparison with the Buller’s results is also offered.

7.3 THERMAL EFFECTS OF DIELECTRIC FLUID CIRCULATION

The mathematical model for pipe and conductor temperature calculations in the
presence of oil circulation will be developed in this chapter. When dielectric fluid
circulates in a pipe, the premise is that its temperature, and hence the thermal resis-
tance, will be smaller than in the static case. This, in turn, will lead to an increased
current rating. We recall that in the static case, the thermal resistance of oil is given
by the following equation, as discussed in Sections 1.6.6.4 and 1.6.6.5:

0.26
T4= T+ 0.000266,DF 7.1

where 6,(°C) is the average oil temperature and D¥= 2.15D, (m) is a diameter of a
circle circumscribing the three cores. This resistance includes the effects of conduc-
tion, radiation, and free convection.

When oil circulates in the pipe, we will consider two separate thermal resistances,
denoted by Tj; and T}, They correspond to the oil film between the cables and the
bulk oil and between the pipe surface and the oil, respectively. Occasionally, we may
want to consider a third thermal resistance, in parallel with the film resistances that
represents, for example, additional terms for free convection, radiation, and conduc-
tion. In that case, we could use Equation (7.1); however, for clarity of presentation,
in the developments presented below we will concentrate on the film resistances
only. The parallel resistance could be easily included in a computer implementation
of the procedure presented below.

The thermal resistance between the oil and ambient earth will, therefore, be com-
puted from

Ty ams = Tpp+ T4 + T4 (72)

The last two terms in Equation (7.2) represent the thermal resistance of the pipe
covering and the external thermal resistance of the pipe, respectively. Calculation
of these quantities is discussed in Section 1.6.6.5 (Anders, 1997) and, assuming a
unity load factor, is given by the following equation:

D, p. . AL
T=1y+Ty =22 .1 P

D, " 1D,

pe

(7.3)
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With a nonunity load factor, the last term in Equation (7.3) is replaced by T,
defined in Section 1.6.6.5. In the following sections, we will develop equations for
the calculation of the oil temperature and the oil film resistances in the case of fluid
circulation. We will start with some preliminary information about fluid mechanics,
followed by a review of the Buller’s equations, and conclude with the new model
development.

7.3.1 Background Information

Rating calculations for high-pressure fluid-filled, pipe-type cables with slow fluid
circulation are divided into two basic parts.

1. Calculation of coolant parameters based on the fluid velocity, the physical
characteristics of the cable, and the geometry of the cable system

2. The solution of the temperature distribution in the system based on the selec-
tion of certain boundary conditions

These are briefly discussed below.

7.3.1.1 Calculation of Coolant Parameters. Calculation of film resistances
requires the determination of a dimensionless group of variables: Reynolds number
(Re), Prandtl number (Pr), Grashoff number (Gr), Nusselt number (Nu) and Peclet
number (Pe).

The Reynolds number characterizes the flow conditions in the pipe. For the case
of slow fluid circulation, laminar flow will exist when the Reynolds number is
smaller than 800. The Prandtl number is a ratio of the kinematic viscosity (which
affects velocity distribution) and the thermal diffusivity (which affects the tempera-
ture profile). The Grashoff number is used for natural convection heat transfer cor-
relations and is the ratio of buoyant forces to friction forces. The Nusselt number is
used to calculate the heat transfer coefficient of the fluid due to convection. The
Peclet number is the ratio of the product of the Prandtl and Renolds numbers. Cal-
culation of these numbers is discussed in more detail in the text.

Another significant geometric parameter for thermal hydraulic correlations that
will often appear in the discussion below is a hydraulic diameter. The classical def-
mition 1s

free hydraulic cross-sectional area
wetted perimiter of the surface within pipe

d,=4 (7.4)

For a clear, round pipe, the hydraulic diameter is equal to the pipe inside diame-
ter. This definition has proven helpful is establishing geometric similarities between

'In cable design practice, the computation of the pressure drop in the cable system based on oil flow and
temperature distribution may be performed (CIGRE, 1985). However, for rating calculations, we do not
require this step.
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systems with simple cross sections such as square ducts or annuli. All the dimen-
sionless numbers listed above will be defined for a specific value of d;,.

In the case of HPFF cables, the classical definition of hydraulic diameter does
not provide an adequate translation between one cable and pipe geometry and an-
other, especially when snaking occurs.? The definition recommended by CIGRE
(1985) is given by the following formula:

. _D3-3D}
=D, —3D, (73)

where subscripts p and s refer to pipe and cable shield diameters. Another approxi-
mation that is sufficient in engineering practice is given by

d,=D,-2.15D,=D,— D} (1.6)

7.3.1.2 Thermal Calculations. The thermal analysis is performed in radial
and axial directions. The following heat sources can be identified in a typical pipe
type cable:

® (able conductors
® (able shields

® Steel pipe

® Dielectric losses
® Pipe oil coolant

The first four sources are mentioned in many parts of this book. The last source of
losses is due to friction, lack of uniformity of loss distribution between phases, pos-
sible lack of isothermality of the cable shields and a potential growth of a boundary
layer. These may play sometimes a significant role in forced-cooled cable installa-
tions (CIGRE, 1985) but will be ignored for the slow flow of coolant.

For the axial analysis, all three cable conductors in a given pipe are assumed to
be at the same temperature at a given cross section along the pipe. Similarly, all
three cable shields will be at the same temperature at a given cross section.

The temperature calculations are performed in two steps. First, the average oil
temperature at a given location is computed, and then the temperature rise between
the oil and the conductor is obtained.

7.3.2 Buller's Model

This model is characterized by its stark simplicity and minimal use of the fluid me-
chanics theory. These undoubtedly determines its popularity with cable designers
and, as will be shown later, the model gives reasonably accurate results.

2Cable snaking inside the pipe can result in additional heat generation in the coolant due to increased
friction. However, for slow oil circulation, we can ignore this phenomenon.
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Slow oil circulation is used to smooth out oil temperature in a hot-spot section of
the cable route. Assuming steady-state conditions of loading and oil flow rate, oil
flowing in a pipe with a normal environment moves into a hot-spot section of length
Z at an initial temperature designated by 6/". When passing through, the oil temper-
ature rises at an exponential rate to a maximum value [designated by 6(Z)] at the
outlet end of the hot-spot section. As oil moves again into a long section with a nor-
mal environment, the temperature decreases at an exponential rate toward an as-
ymptotic value of 6/7. Figure 7-4 illustrates the meaning of the symbols used below
in the development of the rating equations.

Heat generated by the cable in length dx is W, dx. The heat rate ¥, includes the
losses in the conductor, insulation, and metallic tapes/skid wires. Heat dissipated to
earth in length dx is [(0, — 6,,,,)/ Ty ampldx. Heat removed by moving fluid in length
dx is Mc,, ;p,d0,. The heat balance equation will then take the form

. Ox — eamb

Wodx = dx + Mcpfpfdﬂx (77)

Tf—amb
which leads to the following differential equation:

dox Bx Wo oamb

& My Tram  Meppy " Mopplyam 79)
The solution of this equation is
0, = (WoTramp + Oomp) + Ce™Mep. fofTf-amb (7.9
Atx=0, 6= 6%, so that
C =0~ W,Ttgmp+ Opmp) (7.10)
Substituting Equation (7.10) into Equation (7.9), we obtain forx = Z
0(2)=6r + (07 — 6/ - {1 —exp[-3Z/(Mc,, 1pTs amp)]} (7.11)

where 07 = W, T s, + O,y is 0il temperature rise with the assumption of no circu-
lation.

Temperature Temperature Temperature
Ot ex ez
Direction
of Flow —||*Px
1 |
1 X ' |

i Z

Figure 7-4 [Illustration of oil flow through the cable pipe.
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Buller (1952) proposed two different approaches to the calculation of the oil film
resistances. In the case of a turbulent flow, following the technique described by
McAdams (1942) for annular spaces, and substituting the constants for petroleum
oils at 50°C (where these vary slightly with temperature) and using the SI system of
units, he obtained

9.512- 1073 - (u)*4 D*\2]o2

y/ (D* W)O.S 1= Fp (7.12)
9.512-1073- ([.Lf)0'4 D, \2 0.2

Tfs = (Df W)O.S : FI}} -1 (7.13)

For a laminar flow, Buller argued that there is little to be gained by using the rel-
atively complex expressions available and it is better to neglect flow altogether and
use the technique based on natural convection and conduction developed by Buller
and Neher (1950). For approximate work, the following simple equations can be
used:

0.0057 0.0057
— T =

Tfs - D* ps Dp

(7.14)

Denoting by T§7 = (1 + A, + A;)Ty,,, where the subscript u signifies the possibil-
ity of a nonunity load factor, the current rating is computed from

I= 05"“ — Yamb (0;’1 - oamb)eaz B od 0.5 715
" | RT3+ AT, 3+ AT, + TN - )] (7-13)
where
- __3___ (7.16)
T My Trams '
The temperature rise caused by dielectric losses is obtained as
0a= Wl5T) + 3T + 3(Tp, + T)(1 — e*9)] (7.17)

We can observe that when M = 0, exp(aZ) = 0 and Equation (7.15) reduces to
Equation (1.40).

Temperature rise of the conductors at any point is obtained in the standard man-
ner by adding to the oil stream temperature at that point the temperature rise prod-
uct of the heat losses, including dielectric losses, and the appropriate thermal resis-
tances from conductor to oil stream.

7.3.2.1 Effective Cooling Distance. In order to determine the applicability
of the model, we need to find out the distance from the oil inlet at which the ini-
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tial colder fluid ceases to have any cooling effect. The effective cooling distance
can be obtained by considering, for example, a distance from the inlet to a posi-
tion where [0(Z,o01ing) — 67°] = 95% - (67 — 6/7). Solving this equation for Z, we
obtain

Zcooling = 7 = Mcpjpfj}—amb (7 1 8)

Example 7.1

We will use model cable model No. 3 to analyze the effect of slow oil circulation on
cable rating. This is a 2000 kcmil pipe-type cable with the following parameters re-
quired in the analysis: D, = 67.59 mm, D, = 206.38 mm, D, = 219.08 mm, and D,
=244 48 mm. The computed parameters of this cable are given in Appendix A and
summarized in Table 7-1. The length of the hot-spot section is Z= 10 m.

When oil is not circulated, the rating of this cable is 902 A, with the thermal re-
sistance of the oil equal to 0.082 Km/W. The rating calculations can proceed in sev-
eral directions. In the simplest, but approximate, approach, we could use Equations
(7.14) to substitute for 7, = 7", in rating Equation (1.40). Applicability of this ap-
proach requires checking whether the flow is laminar or turbulent. We will consider
two cases.

a) Slow oil circulation. We will assume oil velocity of 10 gallons per minute
(gpm), which in metric units gives M = 0.00063 m*/s and w = 0.037 m/s. Before
calculating the Reynolds number (see Appendix D), we will need the density and
dynamic viscosity of the oil. Let us assume that at the hot-spot section, oil tempera-
ture is equal to 60°C. From Appendix D, we have

py(6) = 164.25 - 60720072 = 0,043 N - s/m?

p(6) = 903.6 — 0.566 - 60 = 869.6 kg/m>

Table 7-1 Pipe-type cable parameters

Computed parameters

Cable ampacity I1(A) 902
Conductor resistance at 0,,,, R (ohm/km) 0.0246
Concentric/skid wires loss factor A 0.010
Pipe loss factor A, 0.311
Thermal resistance of insulation 7 (K- m/W) 0.422
Thermal resistance of oil T, (K- m/W) 0.082
Thermal resistance of jacket/pipe covering T3 (K- m/W) 0.017
External thermal resistance, 100% LF T, (K- m/W) 0.343
External thermal resistance nonunity LF T, (K- m/W) 0.289
Losses in the conductor W, (W/m) 19.93

Dielectric losses W, (W/m) 4.83
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The Reynolds number is equal to
(Re);p, =w D, - p(6)/uf6) = 0.037 - 0.206 - 0.0443 - 869.6 = 151

For a flow inside a circular tube, the turbulent flow is usually observed for Re >
2300. However, this critical value is strongly dependent on the surface roughness,
the inlet conditions, and the fluctuations in the flow. In general, the transition may
occur in the range of 2000 < Re < 4000. In our case, the flow is laminar and we will
use Equation (7.14) to compute the oil film resistances:

_0.0057 _ 0.0057

To=—p& = 5145~ = 00393 K- m/W
;00057 00057 _
»= "D, ~ 0206 00276K-m/W

P

Substituting for T, = T; = Ty + Tj;, = 0.067 in Equation (1.40), we obtain / = 915
A.

We will now use the same film resistances but apply Equation (7.15) to compute
the current rating. The thermal resistance between oil and ambient earth for dielec-
tric losses is obtained from Equation (7.2) as

T8 omp =T+ T4 + T4 =0.0276 +0.017 + 0.343 = 0.388 K - m/W

Similarly, for the joule losses, we obtain T ,,,, = 0.334 K - m/W, and from Equa-
tion (7.16),

-3 -3
& Mc, /Ty om,  0.00063 - 1931 - 869.6 - 0.388

=-0.00730

Similarly, for the joule losses, we obtain o = —0.00848. The temperature rise
caused by dielectric losses is computed next from Equation (7.17):

64= WAAT, + 3T+ 3TF (1 — €°9)] = 4.83
-[0.5-0.422+3 - 0.039 + 3 - 0.388 - (1 — ¢0:9073)] = 1.99°C

From Equation (7.15), we have

_ o?ux - 9umb - (0/"" - oamb)eaz — od 0.5
T2 | R+ 30+ AT+ 31+ M)T, + T(1 - )]
70 = 25 — (50 — 25)e093 _ .99 ]
B 0.0000246[0.422 + 3 - 1.01 - 0.0393 + 3 - [1.01 - 0.0278 + 1.312 - (0.017 + 0.289)](1 — £700848)]

=956 A
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With this current, the total losses dissipated by the cable are equal to

W,=3[I%R,(1 + A, + Ap) + W,] = 3[956 - 0.0000246 - (1 +0.01 + 0.311) + 4.83]
=103.4 W/m

out of which 20.9 W/m is generated in the pipe.
The oil temperature rise in infinity is equal to

9;0 = 312Rac(1 + /\I)Tf—amb +3 WdT}i—amb + Bamb
=3-(955%2-2.46-1075-2.46-1075-1.01 - 0.334 + 4.83 - 0.388) + 25 = 53.3°C

This temperature is lower than the initially assumed value of 60°C, hence, the
parameters of the oil should be recalculated and the analysis repeated. At the end of
the hot-spot section, the temperature is computed from Equation (7.11):

8,/(2) = 6i + (07 — 617 - [1 — exp(aZ)] = 50 + 53.3 - 50)
- [1 - exp(=0.00848 - 10)] = 50.3°C

We can observe that, in this case, the temperature is about three degrees cooler
compared to the static case, and at Z = 10 m the oil is warmed up only slightly.
Since the main purpose of slow oil circulation is to smooth out the oil temperature
differences along the cable route, one may argue that the steady-state Equation
(1.40) could be used for rating calculations with the value of T, = Ty, + T, = 0.0672
K - m/W. As already indicated above, the current rating is equal to 915 A in this
case. We can observe a substantial difference in the computed rating between these
two approaches. The approach based on Equation (7.15) is most commonly used
and it results in about a 6% improvement in cable rating in this case.

Finally, we can compute the effective cooling distance for this example. From
Equation (7.18), we obtain

Zeooting =M Cy, 1 r* T amp = 0.00063 - 1931 - 869.6 - 0.334 =354 m

b) Forced Cooling. Even though the theory presented above pertains to slow oil
circulation, for illustrative purposes we will consider a forced cooling application
with oil inlet temperature equal to 10°C and oil velocity of about 1 fps (foot per sec-
ond). In metric units, this gives w = 0.3048 m/s and M = 0.00517 m3/s.

The bulk oil temperature will now be reduced, but for the first iteration we will
assume the same values of viscosity and density as in the case of slow circulation.
The Reynolds number is equal to

(Re)p, = W D, - p(6/p,(6) = 0.3048 - 0.206 - 869.6/0.0443 = 1235

The flow is still laminar, but this time we will use Equations (7.12) and (7.13)
for illustration purposes. Note that since the oil temperature is now expected to be
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lower, the viscosity of the oil will increase, resulting in a decrease of the Reynolds
number. The oil density will increase slightly. The film resistances are equal to

o 9.512- 1073 - (u)°* : D*\2}o2
)/ (D;k.w)o.s - Fp

_ 9.512- 1073 - (0.0443)°4 i 0.145 \2|o2 W
= 1503048 |1 {0206 | TOOBIK

Similarly, T = 0.0288 K - m/W is obtained from Equation (7.13). We can ob-
serve that these values are very similar to those obtained with the approximate
equations. The oil ambient thermal resistance for dielectric losses becomes

Tpamp =T+ T4 + T4 =0.0331 +0.017 + 0.343 = 0.393 K - m/W

and similarly, for joule losses T, = 0.339 K - m/W. The value of exponent « is
computed for dielectric and joule losses from Equation (7.16). The corresponding
values are equal to —9.0 - 10~ and -1.0 - 1073, respectively. The temperature rise
caused by dielectric losses is computed next from Equation (7.17):
0,= W AT, + 3T + 3T yy(1 — €°9)]
=4.83-[0.5-0.422 +3-0.0288 +3 - 0.393 - (1 — ¢ 0:000910)] = 1 55°C

From Equation (7.15), we have

0 ~ 0,y — (OF — Oymp)e™> = 0, o.5
I= R [T+ 3(1 + )T+ 3[(1 + ATy + TA(1 - e°3)]

[ 70 — 25 — (10 - 25)e™ 0001 —1.55 ]
~| 0.0000246[0.422 + 3 - 1.01 - 0.0288 + 3 - [1.01 - 0.0331 + 1.312 - (0.017 + 0.289)](1 — e 201}
=2131A

Thus, forced circulation doubles the rating of the circuit in comparison with the
case in which the oil is slowly circulated.

If we used Equations (7.14) for film resistance, the ampacity of the cable would
have been 2010 A, hence, not much different from the one obtained above.

The effective cooling distance is, in this case, equal to

Zeooting=M - ¢y p* D7 Tramp=0.0051 - 1931 - 869.6-0.339=2919m W

7.3.3 Model for Real-Time Rating Computations

The model presented here was developed for applications in real-time cable moni-
toring installations. In such systems, the temperatures of the pipe surface 6, and am-
bient soil temperatures are measured and constitute the input parameters in the
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computations. Therefore, the oil outlet temperature and oil film thermal resistances
are expressed as a function of these parameters.® The developments will lead to
Equation (7.26), representing the temperature distribution along the cable route, and
Equation (7.32) to compute the oil film thermal resistances.

The oil flow and temperature changes inside the pipe can be described with the
Fourier—Kirchoff, Navier—Stokes, and fluid continuity equations:

0 dp
b +(wV)o= m b {V[AfVB] +—+ (wV)p} (7.19)
ow Vp ) My
5 +(wV)w=K - 7 + /.LfV W+ TV(WV) (7.20)
dpy
dl‘ + prw 0 (7.21)

where the temperature and oil velocity are functions of space and time coordinates
(x, y, z, ©) and K is an external force operating on individual oil unit (e.g., gravita-
tional force).

In the approach presented below, the following assumptions have been made:

Stationary state
Absence of an internal heat source (g, = 0)

Low oil speed (the nonlinear terms can be omitted)

Incompressible fluid Ap =0

® Laminar flow [(Re),,, < 1800], dominant forced convection over free convec-
tion, and, consequently, oil flow parallel to the pipe axis

® Cylindrical symmetry is assumed; that is, the cables are located in the center
of the pipe

® The radiation heat transfer can be neglected in comparison with other heat

transfer phenomena

7.3.3.1 Qil Velocity Profile. The oil velocity profile can be Evaluated from
Equations (7.20) and (7.21), assuming, additionally, invariable pressure drop per
unit pipe length:

14 ow(r)\ 1 dp
ro\" o )T wdx

forr € (D¥2, D,/2); x>0

(7.22)
w(r )|r=Dg/2 =0 w(r )|r=Dp/2 =0

3The temperature of the pipe coating is measured, but in the analysis presented here the pipe tempera-
ture, also denoted by 6, is used. In the computer implementation, the pipe temperature is computed
properly and is somewhat higher than the temperature of the coating.
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Figure 7-5 (a) Temperature profile in the pipe. (b) Oil velocity profile.

The physical interpretation of this equation is shown in Figure 7-5. The un-
known part (1/u) - (dp/dx) in Equation (7.22) can be eliminated using the average
mass velocity of the oil:

- 1 8 D2
v WJLW(')“'S ~DI-D¥ wa wiry rdr (7.23)

where S and ||S|| are the oil filled cross section and its area, respectively, and w =
M/{- [D3 - (DH)/4}.

7.3.3.2 Oil Temperature Distribution. The oil temperature distribution can
be computed from Equation (7.19), which is quite complicated. Calculations can be
considerably simplified by assuming constant pipe temperature* 6, and given fluid
velocity profile. As mentioned earlier, in real-time applications the boundary condi-

4The pipe temperature will change along the cable route, but for the relatively short distances for which
the cooling analysis is performed, this assumption holds true.
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tions are those imposed by the measured quantities; that is, the oil inlet and pipe
temperatures. Therefore, we have

U M =T v A

(7.24)
R - D¥

Olio= 0/ Olrep,= 6y

where W,=n(W (1 + A,)+ W,) is the total power dissipated by the cables seen by oil.
The solution of Equation (7.24), obtained with the help of a numerical program
(Zubert et al., 2000), is given by

B-W,

0f°° = Op +0.1535 - m (7.25)
0,(Z) = 01" + (67 — 0") - [1 — exp(a2)] (7.26)
where
_ 2-ag(6)
a= b (7.27)
W,

and denoting by ¢, = 27 A (6) 2 @70, parameter ¢ can be approximated by

~31.76 - exp(0.463 - ¢,) — 60.2 for ¢, < 0
b=1256¢,—88.7 for0 =¢, <20  (7.28)
26.82 - exp(-0.140 - (¢, —20)) — 582  for20 < ¢,

The above function was obtained numerically with the help of the program RES-
CUER (Zubert et al., 2000). 6/ is a hypothetical temperature at Z = ©, assuming
that the hot-spot section has an infinite length. We can observe that Equation (7.26)
is identical to Equation (7.11) with the exponent « taking the form given by Equa-
tion (7.27). However, there is a difference in the interpretation of 6/°. In Buller’s
development, this is the oil temperature in the case in which there is no circulation.
In Equation (7.25), this is the temperature at Z = oo; that is, at the place where there
is no longitudinal temperature gradient but under an assumption that oil is moving.

The rating Equation (7.15) is used again with the revised thermal resistances and
new coefficient c.

7.3.3.3 Thermal Resistances of the Oil Film. The proposed thermal model
will be similar to the one discussed in Section 7.3.1. The major difference is in cal-
culation of the oil-film thermal resistances as described below.
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A general expression of the thermal resistance of the oil in a pipe can be written
as (Anders, 1997)

(7.29)

where £, is a heat transfer coefficient with the diameter D taking the value of D} or
D, depending on which thermal resistance we are computing. The heat transfer co-
efficient can be computed using the definition of a Nusselt number:

hd

N = 7.30
uﬁd;, Af( 0/) ( )
Thus, from Equations (7.29) and (7.30), we obtain
Ty = ay 7.31
5= 7 DF A(6) - (Nu),g, (7.31)
d
T, (7.32)

aEE Dy - A(8) - (N,

Performing analysis using the RESCUER software (Zubert et al., 2000), the fol-
lowing expressions were obtained for the Nusselt numbers:

(1239 forZ=193-10%- ag'
422 - (apZ)™? for 19.3 - 1078 - a’
(Nu); p, = 9 =Z=0001" " (7.33)
65.074
-1
L 14.8 + (@2 % exp(116.87 - ag2) for 0.001 - ap' = Z
(48.9 forZ=<18.9- 10—8 . a5'
1.57 - (a2 for 189 - 1078 -
(Nu), p, = 3 =7Z=0. 001 o' (71.34)
0.9671
-1
{ 15.07 + (@2 exp(d02.27 - aoZ) for 0.001 - ay' =2

where (Nu)} D, and (Nu)}, Dy, are the Nusselt numbers for the cable and pipe surface,
respectively, derlved analytlcally with the characteristic diameter D,, and

2

%= ®eyp, D,

The average Peclet number is computed from

(Pe);y, = (Pr),- (Re)sy, (7.35)
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and the average Reynolds number for the equivalent hydraulic diameter d,, is given
by

wdypr

P (7.36)

(Re)ﬁdh =

The Nusselt numbers have been calculated for D, characteristic dimension and
the assumed value of B8 = (D¥D,) = 0.7. This can be extrapolated for others cases as
follows (Pietruchow and Krasnosczekow, 1959):

d,
() g, = (N}, 5‘; - (g ) (7.37)
+ dy 1/8
(N = (Nl * 5 (/i) (7.38)

where dj, denotes the hydraulic characteristic diameter dj, = D, — D

Temperature rise of the conductors is computed using a lump-sum representation
of the oil thermal resistance as shown in Figure 7-6.

In order to evaluate various parameters of the oil, we need to first estimate its
temperature. Based on numerical approximations with 8 = 0.7, the following ex-
pression was obtained:

6,(x) = 0.451 - 6,(x) + 0.549 - 6,(x) (7.39)

Example 7.2

We will continue our analysis of the system examined in Example 7.1, but this time
the thermal model described in this section will be used. We will show one iteration
of the calculations for the case of slow oil circulation.

The initial conditions are assumed to be the same as in Example 7.1; however,
we will need, additionally, the temperatures at the cable and pipe surfaces. Let us
assume initially that these temperatures are the same as in the case with no circula-
tion, as computed in Example 7.1 with 60°C bulk oil temperature. Thus, using
Equation (7.39), we obtain

O

—5f—| Tfs Tfp |—>
S

Wcon @

Figure 7-6 Equivalent model of heat transfer between cable, oil, and pipe.
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6,=0.451-6,+0.549 - 6,=0.451 - 60.9 +0.549 - 5.55=57.9°C
The properties of oil at this temperature are as follows (see Appendix D):
b= (0 = 164.25 - 57.9729972 = 0,0475 N - s/m?
ps = pr(6,) = 164.25 - 60.9729072 = 0.0430 N - s/m?
M, = pr(6,) = 164.25 - 55.5729072 = ,0518 N - s/m?
pr= ps(6) =903.6 — 0.566 - 57.9 = 870.8 kg/m?
(69 = (89 pr(6) = 0.475/870.8 = 0.0000546 m*/s
a(60) =—-1.696 - 101°-57.9 + 1.67 - 1077 = 1.068 - 10~7 m%/s
(Pr),= v(8)/as(6) = 0.0000546/(1.068 - 1077) = 510.9
A(6) =-1.5855-107*- .+ 0.2095 =—1.5855 - 10*- 57.9 + 0.2095
= 0.2003 W/K - m)

We can now compute the oil temperatures using Equations (7.25) and (7.26):

B W, 0.7-82.5

° — =555+0.1535 -

27 A (6) 2702003 > 0°C

67 =6,+0.1535 -

Since 6" < 8, the first condition from Equation (7.28) applies and

. ( 0.463 - W,
¢=3176 exp\ 30 @) (67 6,)

0.463 - 82.5
2m-0.129 - (50 — 55.5)

) -60.20

=-31.76 - exp( ) -60.2 =-60.3

2-a/(8) 2-1.068 - 10”7

3" 0.0375 -0.2064 - 0.0608 00274

8/2) = 0" + (67 — 67) - [1 — exp(a2)]
= 50 + (57 — 50) - [1- exp(~0.0274 - 10)] = 51.7°C

Hence, the temperature at Z = 10 m is about two degrees warmer than at the oil
inlet. This implies that, in the proposed approach, the cooling distance is shorter
than the one computed by Buller’s model, where, as we can recall from Example
7.1, the temperature at this distance was only 50.3°C.

In order to evaluate the oil film resistances, we will need the Nusselt numbers.
We will start by computing the Reynolds and Peclet numbers from Equations (7.36)
and (7.35), respectively:
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w-dy-p; 00375 (0.2064 - 0.1456) - 870.8
T 0.0475 =417

(Pe),, = (Pr);- (Re)y,, = 511.4 - 41.7 = 21341

Since 0.001 - (Pe),, - D,/2 = 2.20 < Z = 10, from Equations (7.33), (7.34),
(7.37), and (7.38), we have

(Vi) = (148 + —— 00398665-074 - .%.(%)"8
(-——) exp(116.87- ) P

(Pe)sq, - D, (Pe)y, - D,

—[1a8+ 65.074

2-10 0.03986 116.87 - 2-10
21341 - 0.2064 exXp\110-81 " 21341 - 0.2064

- 0.2064 - 0.1456 ( 0.0475 )1/8 _

0.2064 00430 /] —
0.9671 d 1/8
(Nu), 4, = [15.07 + L [ Pr
Poh 2Z 03049 2Z D, \
— exp| 40227 - ————— k v
(Pe)sp, - D, ' (Pe)p, D,
~ {1507+ 0.9671

2-10  \o3049 2-10
(21341 ~0.2064) e"p(4°2'27' 21341 ~O.2064)

- 0.2064 —0.1456 ( 0.0475 )1/8 .

0.2064 0.0518

The oil film thermal resistances are obtained from Equations (7.31) and (7.32):

~ d, __ 02064-0.1456 .
s~ 7 DF A(6)- (Nu),,, _ 7 0.1456 02003 - 186 - m/W

. d, __ 02064-0.1456
£~ 7D, A{6) (Nu),, _ - 02064 0.2003 463 m/W

The thermal resistance between oil and ambient earth is equal to

Tamp =T+ T4 + T4 =0.101 +0.017 +0.343 = 0.461 K - m/W

Similarly, for joule losses Ty, = 0.407 K - m/W.
Substituting these resistance in Equations (7.17) and (7.15), we obtain
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0, = W AT, + 3T + 3T, (1 — °9)]
~4.83-[0.5-0.422+3 0.0357 +3 - 0461 - (1 — e-0274)] = 3.14°C

- 07 — 0, — (0 — B, )2 — 6, 0.5
T RAATL+ 301 + AT + 3[(1 + ANT + TIY(1 - e92)]
[ 70 - 25 — (50 — 25)e02™ _3.14
~ | 0.0000246[0.422 + 3 - 1.01 - 0.0357 + 3 - [1.01 - 0.101 + 1.312 - (0.017 + 0.289)](1 — €024)]

=1019 A

Thus, the proposed method for real-time rating calculations gives, in this case,
only slightly higher ampacity than Buller’s model.

We will conclude this example by calculating the effective cooling distance from
Equation (7.18):

o= = =109
cooling — a - :m— - m

The cooling distance is thus about 30% of the value computed with Buller’s
model. ]

7.4 CONCLUDING REMARKS

This chapter presented detailed mathematical models for analysis of the tempera-
ture distribution along a pipe-type cable cooled by means of fluid circulation. The
work in this area started over 50 years ago. A new rigorous model presented here
was compared with some of the early developments. The major limitation of
Buller’s model is related to the calculation method of the thermal resistances of the
oil film. These values clearly depend on the distance of the calculation point from
the oil inlet point. In Buller’s model, this relationship is neglected. However, re-
markably close results were obtained with both models, suggesting that the original
model by Buller (1952) can still safely be used.

The new model presented in this chapter is somewhat more complex than
Buller’s approach, and the main difference comes from the calculation of the oil-
film resistances, with the proposed model using rigorously developed Nusselt num-
bers. These numbers depend not only on the oil velocity, but also on the distance
from the oil inlet point.

7.5 CHAPTER SUMMARY

In the case of slow oil circulation, the cable rating is computed from

I= l: ognax _ oamb _ (0;!' _ amb)eaz - od ]0'5
"L RIT 300+ AT+ 311+ AT, + TE(1 - &)
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where
Tramp=Tp+ T4 + T4
In Buller’s model,

-3
a= —
M cpf pf Tf -amb

and in the model proposed in this chapter,

o= . 2- af(ﬁf)
w - Dp y dh
with
3176 - exp(0.463 - $,) — 60.2 for ¢, = 0
$=19256-¢,—88.7 for0 = ¢, =20
26.82 - exp(-0.140 - (¢, — 20)) — 582  for20 < ¢,
and

f— Wo
¢o_ 2@ ’\f(of) . (O}n_ p)

The temperature rise caused by dielectric losses is obtained as
0= W 3T, + 3T + 3(Tp, + T)(1 - e*9)]
The variables are defined at the beginning of this chapter.

The cable-oil and oil-pipe film resistance can be computed in several different
ways. Buller proposed the following expressions:

9512107 - (up)™ D¥\2]o2
Tfp - (D*- w)o.s 1= Fp
9.512- 1073 - (up** D, o2
L= —worwrs |\pf) 7

For a laminar flow, Buller argued that there is little to be gained by using the rela-
tively complex expressions available, and it is better to neglect flow altogether and use
the technique based on natural convection and conduction developed by Buller and
Neher (1950). For approximate work, the following simple equations can be used:

0.0057 0.0057
Li=—Dps  Tw=7p,
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In the model developed for real-time applications, the following expressions are
proposed for the calculation of the film resistances:

d

D6 T D A8 (N,
d,

Tf h

»~ 7w D, A(8) - (Nu),,,

with the Nusselt numbers defined by

123.9 forZ=<193-10%-

4.22 - (apZ) for 19.3 - 108 - @yt
(Nu); p, = =Z=0.001"a;"

14.8 + 6>.074 for 0.001 - o, < Z

T (apZ)"%%6 exp(116.87 - apZ) oro.olra, = =

48.9 for Z=18.9-10%8- oy

1.57 - (ap2)™' for 18.9 - 1078 - ay™!
(Nu)y,p, = =Z=0.001" o’

0.9671
15.07 + for 0.001 - o' = Z

(0p2)03%% exp(402.27 - ayZ)

where (Nu)] Dy (Nu);, n, are the Nusselt numbers for the cable and pipe surface, re-
spectively, derived analytically with the characteristic diameter D, and

2
%~ ®e)p, D

P

The average Peclet number is computed from

(Pe)rq, = (Pr),* (Re)rq,

and the average Reynolds number for the equivalent hydraulic diameter d, is given by

W'dh'Pf

(Re)ﬁdh = 1y

The Nusselt numbers have been calculated for D, characteristic dimension and
the assumed value of 8 = (D¥D,) = 0.7. This can be extrapolated for others cases as

follows:

+ dy 1/8
(Nu)p.dh = (Nu)p,Dp ' D_p : (/“‘f//'l'p)

(Nu)s,dh = (Nu);-,Dp . D_p : (/“"f/l’l‘s)”8
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where d,, denotes the hydraulic characteristic diameter dj, = D, — D¥
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EEN APPENDIX A

Model Cables

Six model cables are described in this appendix. The cables are used throughout the
book to illustrate various concepts as they are developed. Design and computed pa-
rameters for the model cables are summarized in Table Al.

The installation conditions of the model cables are also described below. How-
ever, the installation information may vary in the examples to show the sensitivity
of cable rating to variations in various laying parameters.

MODEL CABLE NO. 1

This is a 10 kV single-conductor XLPE cable. Conductor resistance at 20°C is tak-
en from IEC 60228 (1978). The cable has copper screen wires with a given initial
electrical resistance (at 20°C) and a PVC jacket. All thermal and electrical parame-
ters are as specified in IEC 60287 (1994), and these values are given in the various
tables in (Anders, 1997). The cable cross section is shown in Figure Al.

The laying conditions are assumed as follows. Cables are located 1 m below the
ground in a flat configuration. Uniform soil properties are assumed throughout.
Spacing between cables is equal to one cable diameter (spacing between centers is
equal to two cable diameters). Ambient soil temperature is 15°C. The thermal resis-
tivity of the soil is equal to 1.0 K-m/W. The cables are solidly bonded and not trans-
posed.

MODEL CABLE NO. 2

This is a 145 kV, three-core, XLPE cable. The cable has a lead sheath, steel wire ar-
mor, jute bedding, and a PVC serving with the thermal resistivity of 4 K - m/W. The
dielectric losses are very small but included in the analysis. The cable cross section
is shown in Figure A2.

The installation conditions are assumed as follows: the cable is located under-
ground in the soil with thermal resistivity 0.6 K - m/W: the ambient air temperature
is 25°C.
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MODEL CABLES

Voltage = 10.0 kv
Cond. Area = 300.000 mm?2

e Conductor, custom
stranded D=20.50 mm

Conductor shield
Th=0.60, D=21.70 mm

Insulation, XLPE (filled)
Th=3.40, D=28.50 mm

Insu. screen, semi-conducting
Th=0.80, D=30.10 mm

Concentric wires, custom
Th=0.65, D=31.40 mm, Wires=76

Jacket, PvC
Th=2.20, D=35.80 mm

e Qverall Cable Diameter
35.80 mm

Figure A1 Cross section of the model cable No. 1.

Voltage = 145.0 kV
Cond. Area = 800.000 mm?

Conductor, copper
stranded D=33.80mm

Conductor shield
Th=1.80, D=37.40mm

Insulation, XLPE (unfilled)
Th=15.00 mm

Insu. screen, semi-conducting
Th=1.00 mm

Armor bedding, compound jute
Th=3.30, D=161.14 mm

Armotr, steel (wire touching)
Th=3.00, D=167.14 mm, Wires=50
Armor serving, compound jute
Th=4.00, D=175.14 mm

Sheath, /ead
Th=2.50, D=154.54 mm

® QOverall Cable Diameter
175.13 mm

® 1 =40.07, R=69.40 mm

Figure A2 Cross section of the model cable No. 2.



MODEL CABLENO.3 305

MODEL CABLE NO. 3

This is a 138 kV, high-pressure, liquid-filled (HPLF) cable. All parameters are the
same as in the Neher and McGrath (1957) paper (see Table Al). The cable shield
consists of an intercalated 7/8 (0.003) in bronze tape, one | in a lay; and a single 0.1
(0.2) in, D-shaped, bronze skid wire, 1.5 in a lay. The cables lie in a cradle configu-
ration and operate at 85% load-loss factor. Several parameters are different from
those used in IEC 60287 (1994). The ones that are different are given as follows:

Thermal resistivity of insulation 55K m/W
thermal resistivity of pipe coating 1.0K - m/W
dielectric constant 35

tan & 0.005

The cable cross section is shown in Figure A3.

The laying conditions are assumed as follows. The cables are located in a steel
pipe of 8.625 in outside diameter. The pipe is covered with an asphalt mastic cover-
ing 0.5 in thick. The center of the pipe is located 3 ft below the ground. The soil is
uniform throughout. The ambient soil temperature is 25°C. The thermal resistivity
of the soil is equal to 0.8 K - m/W.

MODEL CABLE NO. 4

This is a 230 kV, low-pressure, oil-filled cable with 1250 kemil (633 mm?) copper,
hollow-core conductor. The cable has paper insulation with an insulation screen
composed of four layers of carbon tapes. On top of insulation screen is
a lead sheath reinforced with three layers of copper tapes with 50% overlap. The
tapes are 25 mm wide and 1.3 mm thick. The lay of tapes is equal to 115.2 mm. Ar-
mor is composed of 51, #4 AWG copper wires with a lay length of 121.8 mm. The
armor bedding is saturated jute and a layer of polyethylene with the equivalent ther-
mal resistivity 4.27 K - m/W. The armor serving is a saturated jute. All remaining
thermal and electrical parameters are as specified in IEC 60287 (1994).

The cable cross section is shown in Figure A4. Three cables are laid in a thermal
backfill as shown in Figure AS.

Soil ambient temperature is 15°C. Thermal resistivities of the soil and backfill
are shown in Figure A5. Cable sheaths are two-point bonded.

MODEL CABLE NO. 5

This is a 400 kV, paper—polypropylene—paper cable with 2000 mm? copper seg-
mental conductor and aluminum corrugated sheath. The outer covering is a PE jack-
et. The cable cross section is shown in Figure A6.
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Conductor, copper
4 segments D=41.45mm

Insulation, paper
Th=12.83, D=67.11 mm

Skid wires, brass/bronze
Th=0.05, D=67.68 mm, Wires=1

Tape over insu. screen
brass/bronze
Th=0.08, D=67.59 mm Tapes=1

Voltage = 138.0kv  Cond. Area = 800.000 mm?

Figure A3 Cross section of the model cable No. 3.

Conductor, copper, hollow core
d;j=12.70, D=33.80 mm

Conductor shield
Th=0.45, D=34.70 mm

Sheath, lead with reinf. tape
Th=3.20, D=75.40 mm

Sheath reinf. material, copper
Th=1.30, D=78.00 mm Tapes=3

Armor bedding, custom
Th=5.00, D=88.00 mm

Armor, copper wires

Th=5.19, D=98.38 mm Wires=51
Armor serving, compound jute
Th=3.30, D=104.98 mm

Insulation, LPOF
Th=16.55 mm, D=67.80 mm

Insu. screen, semi-conducting
Th=0.60, D=69.00 mm

® Qverall Cable Diameter
Voltage = 230.0 kV 104.98 mm

Cond. Area = 633.000 mm?

Figure A4 Cross section of the model cable No. 4.
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m Soil p = 1 Kem/W

Backfill p = 0.6 T

S o0 I

<«—>— 0.5m

le——1.56m —

Figure A5 Laying conditions for model cable No. 4.

Conductor, copper
6 segments D=58.00 mm

Conductor shield
Th=0.30, D=58.60 mm

Insulation, paper
Th=18.00, D=94.60 mm

Jacket, PE
Th=6.00, D=126.00 mm

Corrugated sheath, aluminum
Th=9.40, D=114.00 mm

Insu. screen, semi-conducting
Th=0.30, D=95.20 mm

Overall cable diameter
Voltage = 145.0 kv 126.00 mm
Cond. Area = 800.000 mm2

Figure A6 Cross section of the model cable No. 5.
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The cables are laid in a flat formation without transposition, directly in the soil,
with thermal resistivity of 1 K - m/W and ambient temperature equal to 25°C. The
sheaths are cross bonded with unknown minor section lengths. The centers of the
cables are 1.8 m below the ground and phases are 0.5 m apart.

CABLE MODEL NO. 6

This is a 110 kV cable with a Milliken copper conductor of 1000 mm?, an insulation
thickness of 18 mm, and a copper screen of 100 mm? cross section under the cable
jacket. The outer diameter of the cable core is 90 mm. The copper screens are sin-
gle-point bonded, so that there are no losses caused by circulating currents. The ca-
ble cross section is shown in Figure A7.

The circuit is laid 1 m underground with an axial distance of 0.4 m. For a ther-
mal resistivity of moist soil of 1.0 K - m/W and for dry soil of 2.5 K - m/W, respec-
tively, as well as an ambient soil temperature of 20°C, the cable has a rating of 1098
A with 100% load factor.

Laying the cables in a bundled formation yields a rating of 932 A, if the copper
screens are single-point bonded; and 791 A, if the copper screens are solidly bond-
ed. If the cables are bundled and laid into a nonmetallic pipe with an inner diameter
of 300 mm, the rating becomes 978 A, whereas the losses of a magnetic pipe with
the same dimensions will reduce the rating to 835 A.

The symbols used in this table and the quantities they represent are given in the
following list. Following the practice adopted in the IEC Standard 60287, all cable
component diameters are given in millimeters.

D, = external diameter of armor, mm

D, = internal diameter of a duct or pipe, mm

D, = external diameter of cable, or equivalent diameter of a group of cores in pipe-
type cable, mm

D, = diameter over insulation, mm

D, = external diameter of metal sheath, mm

D, = the diameter of the imaginary coaxial cylinder that just touches the crests of a
corrugated sheath, mm

D, = diameter over core screen, mm

D,, = the diameter of the imaginary cylinder that just touches the inside surface of
the troughs of a corrugated sheath, mm

D, = external diameter of duct or pipe, mm

D, = external diameter of metal sheath, mm

I'= current in one conductor (r.m.s. value), A

R = alternating current resistance of conductor at its maximum operating tempera-
ture, {)/m

R = distance between conductor centers of a three-core cable, mm

R, = resistance of sheath at 20°C, (/m

R, = dc resistance of conductor at 20°C, {}/m
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e Conductor, copper
4 segments D=35.86 mm

———e Conductor shield
Th=0.76, D=37.38 mm

Insulation, XLPE (unfilled)
Th=18.00, D=73.38 mm

Insu. screen, semi-conducting
Th=2.16 , D=77.70 mm

Concentric wires, copper
Th=3.85, D=85.40 mm, Wires=9

—e Jacket, PVC
Th=2.30, D=90.00 mm

Voltage = 110.0 kv o Overall Cable Diameter
Cond. Area = 1000.000 mm?2 90.80 mm

Figure A7 Cross section of the model cable No. 6.

Table A1 Parameters of model cables

Cable Cable Cable Cable Cable Cable
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Construction
Cu Cu Cu Cu Cu Cu
stranded stranded  segmental hollow core segmental segmental
Conductor
S (mm?) 300 800 1010 633 2000 1000
d. (mm) 20.5 33.8 4145 338 58.0 35.86
d (mm) 21.7 374 41.45 34.7 58.6 3748
d; (mm) 17.5
¢ (mm) 40.07
s (mm) 69.4 67.59
Insulation XLPE XLPE Paper Paper PPLP XLPE
D; (mm) 285 67.4 67.11 67.8 94.6 73.38
D, (mm) 30.1 69.4 67.26 69.0 95.2 77.70
t; (mm) 15.0
t (mm) 320
t; (mm) 16.0
Screen/sheath Cuwires  Lead Tape and Lead with Corrugated 9 Cu
1 skid wire 3Cutapes aluminum  wires
D, (mm) 314 154.4 67.59 75.4 854

D, (mm) 102.0



310  MODEL CABLES
Table A1 Continued
Cable Cable Cable Cable Cable Cable
No. 1 No.2 No. 3 No. 4 No.5 No. 6
Given cable parameters
Cu Cu Cu Cu Cu Cu
stranded stranded  segmental hollow core segmental segmental
D;, (mm) 113.0
d (mm) 152.04 73.8
d, (mm) 76.0 (78
over tape)
¢, (mm) 25 32 6.0 3.85
Armor Steel wires Copper
touching—
50 wires
D/ (mm) 167.14 98.4
8o (mm) 3.0 5.189
Jacket-bedding PVC Jute Somastic Jute— PE PVC
pipe coating  polyethylene—
jute
t, (mm) 33 5.0
t; (mm) 4.0 33
t; (mm) 22 6.0 2.30
D, (mm) 35.8 175.13 244.48 105 125.2 90.0
Duct or pipe Steel
D, (mm) 206.38
Dy (mm) 219.08
Given cable parameters
0(°C) 90 90 70 85 85 90
f(Hz) 50 50 60 50 60 50
£ 35 35 2.8 2.5
tan & 0.005 0.0033 0.001 0.001
R, (ohm/km)  0.0601
R, (ohm/km)  0.759
Computed parameters (hottest cable)
I(A) 629 942 902 771 1365 1098
R (ohm/km) 0.0781 0.033 0.0245 0.0356 0.0126 0.02312
Vs 0.014 0.097 0.050 0.031 0.132 0.03
Vp 0.0047 0.075 0.054 0.001 0.005 0.001
X (ohm/km) 0.096 0.052 0.154 0.168 0.141
X; (ohm/km) 0.102 0.170 0.186
X, (ohm/km)  0.044 0.044 0.052 0.044
Al 0.090 0.123 0.010 0.229 0.150 0
Ay 0.210 0.311 0.990 0
7, (K-m/W) 0214 0.754 0.422 0.568 0.579 0431
7, (K-m/W) 0.040 0.082 0.082 0.05
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Table Al Continued

Cable Cable Cable Cable Cable Cable
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Given cable parameters
Cu Cu Cu Cu Cu Cu
stranded stranded  segmental hollow core segmental segmental
T;(K-m/W) 0.104 0.047 0.017 0.066 0.056 0
7, (K - m/W) 1.933 0.288 0.343 0.814 1.276 2.8062
(0.289)!
W_.(W/m) 30.85 29.16 19.93 22.11 23.40 27.90
W, (W/m) 0 0.58 4.83 5.46 6.53 0.26
W, (W/m) 33.59 38.86 26.32 49.08 26.92 27.90
W, (W/m) 33.59 118.32 31.15 54.53 33.45 28.16

IThe second T value corresponds to the Neher/McGrath method with load-loss factor u = 0.85.
The external thermal resistance of this cable includes the mutual heating effect.

S = cross-sectional area of conductor, mm?

T = thermal resistance per core between conductor and sheath, K - m/W

T, = thermal resistance between sheet and armor, K - m/W

T; = thermal resistance of external serving, K - m/W

T, = thermal resistance of surrounding medium (ratio of cable surface temperature
rise above ambient to the losses per unit length), K - m/W

W, = losses in conductor per unit length, W/m

W, = total I2R power loss of each cable, W/m

W, = dielectric losses per unit length per phase, W/m

W, = total power dissipated in the cable per unit length, W/m

X = reactance of sheath (two-core cables and three-core cables in trefoil arrange-
ment), W/m

X, = reactance of sheath (cables in flat formation), {}/m

X,, = mutual reactance between the sheath of one cable and the conductors of the
other two when cables are in flat formation, {}/m

¢ = distance between the axes of conductors and the axis of the cable for three-core
cables (= 0.55 r, + 0.29 ¢ for sector-shaped conductors), mm

d = mean diameter of sheath or screen, mm

d, = mean diameter of reinforcement, mm

d, = external diameter of conductor, mm

d,; = external diameter of conductor shield, mm

d; = internal diameter of hollow conductor, mm

Jf=system frequency, Hz

r= distance between a conductor center and the cable center in a three-core cable, mm

s = axial separation of conductors, mm
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t = insulation thickness between conductors, mm

t; = insulation thickness between conductors and sheath, mm

t, = thickness of the bedding, mm

t; = thickness of the serving, mm

t; = thickness of core insulation, including screening tapes plus half the thickness of
any nonmetallic tapes over the laid-up cores, mm

t, = thickness of the jacket, mm

t, = thickness of the sheath, mm

¥, = proximity-effect factor

y, = skin-effect factor

8 = equivalent thickness of armor or reinforcement, mm

tan & = loss factor of insulation

£ = relative permittivity of insulation

6 = maximum operating temperature of conductor, °C

A1, A, = ratio of the total losses in metallic sheaths and armor, respectively, to the total
conductor losses (or losses in one sheath or armor to the losses in one conductor)
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IEN APPENDIX B

Computations of the Mean Moisture
Contents in Media Surrounding
Underground Power Cables

INTRODUCTION

The soils used in underground cable installations are composed of granulated min-
erals, water, air, and organic materials. The thermal resistivities of these compo-
nents range from 0.11 K-m/W for quartz to 0.165 K-m/W for water and 40.0 K-/W
for air. To obtain the minimum thermal resistivity, the soil should contain the maxi-
mum amount of rock particles and the minimum amount of air.

As it is impossible to pack the solid particles without interstices, it is better to
have them filled with water than with air. Water also acts as a binder helping to
compact the soil.

In general, the factors appearing to affect the thermal resistivity of most soils are:

. Soil density

. Moisture content

. The volume of air voids in relation to the volume of water
. Particle surface area per unit volume

VoA W =

Mineral composition of solids

Moisture content, in particular, is not constant but varies according to climatic con-
ditions, and may vary because of the thermal gradients caused by the heat dissipated by
buried power cables. The method of evaluating moisture content in the soil discussed
here deals with moisture fluctuations in the soil caused by climatic conditions only.

Formulas developed by Thomthwaite for agricultural purposes are adopted in
the case of cable backfills and, in the Toronto area, climate (Vassallo, 1969; Anders
and Radhakrishna, 1988).

SOIL-WATER BALANCE
Water precipitates in the form of snow, rain, or dew. Part of it is lost as surface
runoff, part of it percolates through the soil layers, and the remainder is retained in
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the soil. The precipitation fraction that is retained depends on the type of soil and its
previous moisture content. The maximum moisture content that a soil can sustain
for any extended period is defined as the field capacity, usually expressed as a per-
centage by weight of dry soil or as “inches of water” (per foot of depth of soil). Wa-
ter returns to the atmosphere by evaporation from ground surfaces and by transpira-
tion from vegetation.

The interest here is limited to evaporation from soil surfaces and transpiration
from plants; these two effects combined are called “evapotranspiration.” There is a
distinction between the amount of water that actually evapotranspirates and the
amount that would transpire and evaporate if it were available.

If enough water is available, evapotranspiration rises to a maximum that depends
only on the climate. This may be called “potential evapotranspiration.” Thus, the
potential evapotranspiration does not represent the actual transfer of water to the at-
mosphere but the transfer that would take place under ideal conditions of moisture
content and vegetation. Nevertheless, the research reported Thornthwaite (1948)
and Vassello (1969) indicate that the results obtained considering the potential
evapotranspiration as a basic element are consistent with those obtained with inde-
pendent investigations.

DETERMINATION OF POTENTIAL EVAPOTRANSPIRATION

In each area, the relation between mean weekly temperature and potential evapo-
transpiration can be expressed by an equation of the form

PE=0.145 -[50 - (TW - 32)/(9 - D} (B1)

where:

PE = weekly potential evapotranspiration (inches of water)
TW = mean temperature for the past week in degrees F

I = heat index for the current year

A = a constant function of /

The constant / is given as a sum of 12 monthly heat indexes, each given by the
equation

i = [(TM — 32)/9]1-514 (B2)

where TM is the mean monthly temperature.
Thus,

12
1=>i (B3)
i=]
The relationship between 7 and 4 is closely approximated by the expression

A=675-107-P-771-107 - P+ 107 - I +0.49239 (B4)
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Equation (B1) gives unadjusted values of potential evapotranspiration, as this
equation was first developed for a standard month of 30 days, each day having 12
hours of possible sunshine. It is necessary to apply a correction factor because the
number of sunlight hours, when evapotranspiration is higher, varies with the season
and latitude, and the month length ranges from 28 to 31 days.

The correction factors C, according to Thornthwaite (1948), for the Toronto area
are 0.81, 0.82, 1.02, 1.12, 1.26, 1.28, 1.29, 1.20, 1.04, 10.95, 0.81, and 0.77 for Jan-
uary to December. The adjusted potential evapotranspiration, PEC, is now given by

PEC=PE -C (B5)

WEEKLY SOIL-WATER BALANCE CALCULATIONS

The computations of weekly water balance in the soil start in the month in which
frost leaves the ground. It is assumed that at this point the soil is saturated with wa-
ter; that is, its moisture content is at field capacity. The starting and ending dates in
a year for water balance computation have been established by examining the mean
soil temperatures provided by the Weather Service Bureau, in this case, by Environ-
ment Canada for the 66-year period.

The total moisture content in a given week is obtained by summing the soil
moisture content of the previous week and the weekly total precipitation. The actu-
al evapotranspiration, AE, is assumed to be proportional to potential evapotranspi-
ration, PEC. In fact, when the soil moisture content falls below the field capacity,
the rate of evapotranspiration falls too; thus

_ Previous balance PEC B6
" Field capacity (B6)

The water balance is obtained by subtracting the actual evapotranspiration from
the total moisture content.
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Estimation of Backfill
Thermal Resistivity

For the purpose of Monte Carlo analysis discussed in Chapter 4, the following pro-
cedure has been developed for modification of the thermal resistance of the backfill
to take into account the moisture migration problem due to thermal gradients.

First, we need to create the curves that relate the effect of the cable heat rate on
the moisture content in the soil surrounding the cables. Examples of such curves for
the cable system described in Chapter 4 have been established for several represen-
tative initial moisture conditions ¢, in the soil and are shown in Figure C1.

The information contained in the curves in Figure Cl is used in the analysis in
the following way. At the beginning of each Monte Carlo simulation, values of W
and ¢, are selected at random from the respective histograms. Next, the initial mois-
ture content ¢; is used to select the appropriate “graph” and the vatue of W is used to
select the appropriate “curve” in the chosen graph. The moisture content at the ca-
ble surface read from this curve is recorded and the thermal resistivity computed
form the curves in Figure 4-13. This resistivity is used for the entire backfill zone.
We also need to establish whether drying out can possibly occur. It is reasonable to
assume that if it occurs, the entire backfill will be affected. The detailed analysis of
the moisture migration in the vicinity of the cables considered in Chapter 4 has
shown that low moisture content prevails in the entire backfill zone (see Figure C2)
and the moisture content increases quite rapidly above this zone (see Figure C1).

One way to create the curves shown in Figure C2 would be to conduct laborato-
ry experiments for the sand under consideration as described, for instance, in
Groeneveld et al. (1984). Another possibility is to use available analytical tools to
determine the steady-state moisture distribution around the cable for different val-
ues of W.

In the example described in Chapter 4, the heat-rate values, W, range from 9.6
W/m to 25.6 W/m with all circuits in service and from 15.0 W/m to 33.0 W/m with
one circuit out of service. These losses were established for the study years based
on the given total peak demand at stations A and B. Curves similar to those shown
in Figure C1 could be developed for values of losses varying by 1 W/m in the de-
fined range.

Analysis of the results of moisture content computations in downtown Toronto,
performed with the aid of the Thornthwaite method for the 66-year period, revealed
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Figure C1 Effect of the heat rate W on the moisture distribution in the sand.
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Figure C2 Moisture content profile in the immediate vicinity of the cables.

that the moisture content in the sandy backfill varies between 32 and 95% of field
capacity in the month of August. Ten families of curves shown in Figure C1 have
been developed for the initial moisture content in the range of 32-95% of field ca-
pacity.

The following considerations were taken into account when computer runs were
performed to obtain the graphs shown in Figure C1. Since the Thornthwaite method
already takes into account the loss of moisture in the soil due to evapotranspiration,
the computer results should reflect the migration of the moisture due to the thermal
gradients alone. This has been achieved by specifying constant moisture boundaries
at the ground surface and at the bottom of the study region (5 m), with the moisture
values equal to the initial moisture content. Another boundary consideration that
should be taken into account is the value of the ambient air and soil temperatures. In
the computer runs performed here, these values were kept constant at 20°C and
15°C, respectively. Sensitivity studies that were performed have shown that the
variations in the boundary temperatures have a very small effect on the computed
moisture content.
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Equations for Dielectric
Fluid Parameters

The following equations represent the dependence of oil parameters on tempera-
ture. These relations were used in sample calculations in Chapter 7. All equations
are valid for 6 € (0°C, 110°C) with an exception of the kinematic viscosity, which
is valid for 8 € (20°C, 110°C).
Thermal diffusivity:
ar(0) =—1.696 - 107'%- 0+ 1.67 - 107 [m%/s]
Kinematic viscosity:
u(6) = 164.25 - 29072 [N - s/m?]
Density:
pr(6) =903.6 — 0.566 - 6 [kg/m*]

Thermal conductivity:

A(6) =—1.5855 - 104 - 6+ 0.2095 [W/K - m)]
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remedial actions
screen longitudinal heat flow
simulatneous heating effects
soil dryout
transient rating 145
utility practices
cable earthing
cable materia properties E
cable reactance
cablesin air P4
external thermal resistance @
multi-layer installation D70
on floors or trays @
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cablesinair (Cont.)
on ladders
on ventilated trays
several cables per phase
under ceiling
cablesin pipes
characteristic diameter
arbitrary load
sinusoidal load
rectilinear load
circulating current losses
conductor electrical resistance
conductor joule losses
conductor losses

convection coefficient

ﬂm
D

critical current
critical isotherm
critical temperature
cross-bonded systems
cycle length

cyclic load
cyclicrating
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cyclic rating factor

D

daily load cycle
Neher-McGrath approach

daily load factor

NN

D
@)

daily loss factor
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Index Terms

decision analysis

il

decision tree. See decision analysis
deeply buried cables
derating factors

cable crossing

groups of cablesin air
dielectric constant
dielectric fluid

density

=R R & E]

kinematic viscosity
dielectric fluid circulation
thermal effects
dielectric loss factor
dielectric losses
directly drilled tunnels
dry zone
dynamic feeder rating. See real time rating

B E=E
=]
N

E

eddy current losses

effective cooling distance

effective thermal resistivity

electrical and thermal networks analogy
electrical capacitance of insulation

emissivity

IS
(=]
B

energy balance equation

energy losses

L] —— 1 1 s

expected monetary value. See decision
analysis
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Index Terms

exponential integral

external heat source

external thermal resistance
between oil and ambient
buried cables
cablesinair
cables in backfill
cablesin ducts
cablesin tunnel
correction factor

]

groups of cablesin air
Neher-McGrath approach
unequally loaded cables
with load variations

R = B e EE e B e B =

F

fictitious diameter. See characteristic
diameter

field capacity. See soil moisture content

fluid continuity equation

fluidized thermal backfill

forced convection coefficient

forced cooling

Fourier-Kirchoff equation

Fourier's law

friction coefficient of the air flow
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G

geometric factor
Grashoff number
groups of cables

&l

H
heat conduction

&

heat convection
forced
heat transfer coefficient
natural
heat isolating plate
heat transfer coefficient
heat transfer equations
heat transfer rate

hydraulic diameter

insulation thermal resistance. See thermal
resistance
SL-type cables
three-core shielded cables

internal thermal capacitance

=l E & &

internal thermal resistance

See thermal resistance

K
Kennelly’s principle @
kinematic viscosity of air @
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L
|adder network

long-duration transients
short-duration transients
two-loop equivalent

law of conservation of energy

line heat source

load factor

load-loss factor

longitudinal heat flow

longitudinal thermal resistance

loss factor. See also load loss factor
armor
daily
sheath
weekly
yearly

loss factor approximations

lump parameter network. See ladder

network

M
magnetic field reduction

magnetic induction

moisture migration
two-zone model

Monte Carlo simulation

multicore cables
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multicore cables

multiple cables per phase

EIEE]

mutual thermal resistance

See also thermal resistance
N

natural convection

Navier-Stokes equation

[ o B [F]

Newton's law E

Nusselt number @ @
P

parametric analysis 170

Peclet number P84  pog

pipe loss factor @

potential evapotranspiration. See soil
moisture content
Prandtl number

principle of superposition

El=E

probabilistic thermal analysis
probability distributions
ambient temperature
load
soil and backfill
properties of insulating oil

proximity effect

fEpElElEE

proximity effect factor
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R
radial heat flow
radiation
radiative heat transfer rate

radiation heat transfer coefficient

Black’s approximation

Neher-McGrath approximation

rated current

rating equations
steady-state

real time rating

reinforcing tape
length of lay

remote terminal unit

Reynolds number

RTU. See remote terminal unit

S

screening factor

sector-shaped conductors
proximity effect factor
skin effect factor

sheath bonding arrangements

sheath |oss factor

bonded both ends-flat configuration

bonded both ends-triangular configuration

cross bonded system

[S]
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N
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Index Terms

sheath loss factor (Cont.)
large segmental conductors
pipe-type cables
single-point bonded system
three-conductor cables
sheath reactance
flat transposed formation
trefoil formation
sheath resistance
single-point-bonded system
skin effect
slow oil circulation
real time ratings
soil diffusivity

soil dryout

]

soil moisture content
field capacity
potential evapotranspiration
weekly soil-water balance
solar absorption coefficient
solar radiation
solidly-bonded systems
specific heat of cable materials
Stefan-Boltzmann constant
Stefan-Boltzmann law
stochastic optimization
assumption variables
decision variables

forecast variables
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stochastic optimization (Cont.)
logistic distribution

stranding factor

strength probability distribution

e

superposition principle

T
telecommunication cables
thermal backfill
geometric factor
Neher-McGrath approach

R = E

thermal backfill design
constraints
parameters
sensitivity measures
tornado chart
thermal capacitance
armor
concentric layers
conductor
insulation
oil in pipe-type cables
oil in the conductor
reinforcing tape
thermal conductivity of air
thermal probe technique
thermal property analyzer
thermal radiation
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Index Terms

thermal resistance
between sheath and armor
cylindrical layer
equivalent

X

external
internal
jacket
longitudinal

multicore cables

lal

mutual
of insulation

of ail film

= B = &

of outer covering
pipe-type cables
three-conductor cables
three-core cables with fillers
total
thermal resistances
thermal resistivities of cable materials
thermal resistivity
measurements
of backfill
of sail

thermal sands

E]

Thornthwaite model
three-core cable

equivalent representation
tornado chart
total heat transfer coefficient

wRE BEEEER b sl B R R S w5 o
N

This page has been reformatted by Knovel to provide easier navigation.



—
>
=
(7))

Index Terms

transfer function

= X

poles and zeros

U
unfavorable region
cyclic rating

Rl [E]

derating factor
\%

Van Wormer theory
coefficient
coefficient for dielectric losses
coefficient for short duration transients
ventilated pipes
forced convection
magnetic field reduction

ventilated routes

=EEIEER mERE

volumetric specific heat

W

weekly load cycle
withstand probability distribution
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