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Foreword to the First
Edition, 1999

Electrical cable might be considered to be just a conductor, overlying insulation, and,
often times, an exterior shield or jacket. Perhaps this naive, simplistic concept is part
of the reason that cable engineering, especially for power cable, has been largely
neglected by recent electrical engineering education in the United States with its
emphasis on computers, electronics, and communication. But power cable does elec-
trically connect the world! The history, so interestingly presented, shows how the
subject evolved with both great success and, sometimes, unexpected failure.

As this book emphasizes, cable engineering is technically very complex. Certainly,
electrical, mechanical, and, even to some extent, civil engineering are involved in
interrelated ways. Many other disciplines—physics, inorganic chemistry, organic
(primarily polymer) chemistry, physical chemistry, metallurgy, corrosion with tests
and standards in all of these areas—are of concern. Of course, it is impossible in one
book to deal with all of these aspects in a completely comprehensive way. However,
the various components of power cables are considered with sufficient detail to pro-
vide an understanding of the basic considerations in each area. Reference to detailed
sources provides a means for those with greater interest to pursue specific subjects.

The importance of factors involved in different types of cable installation is
stressed. Long vertical cable runs have special problems. Installation in ducts may
lead to problems with joints, terminations, elbows, and pulling stresses. At first, cables
with extruded insulation were buried directly in trenches without recognizing the then
unknown problem of “water treeing” in polyethylene, which was originally thought to
be unaffected by moisture. After massive field failures, well over a thousand papers
have been written on water treeing! Field failures can involve many factors, i.e., light-
ning, switching surges, repeated mechanical stressing, and swelling of voltage grading
shields in contact with organic solvents such as oil and gasoline. It is important to
recognize how such diverse factors can affect the performance of cables in the field.

Electrical Power Cable Engineering meets a need to consider its complex subject
in a readable fashion, especially for those with limited background and experience.
Yet, sufficient detail is provided for those with greater needs in evaluating different
cables for specific applications. Most of all, the supplier of materials for cables can
obtain a better understanding of overall problems. On the other side, an experienced
cable engineer may come to recognize some of the parameters in materials with
which he or she previously may not have had sufficient knowledge.

Kenneth N. Mathes
Consulting Engineer, Schenectady, New York

[Editor’s Note: Even though Ken passed away many years ago, his words are still
appropriate today, at the publication time of the Third Edition.]
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Preface

The authors would like to acknowledge the almost 40 years of dedicated work by
Professor Willis F. Long of the Department of Engineering Professional Development
at the University of Wisconsin—Madison, which has made this book possible. It was
because of his efforts that the first course of a series, Power Cable Engineering
Clinic, was presented in the early 1970s, where Dr. Eugene Greenfield gave all his
lectures for 8 hours a day during the 5 days of the course. He later added a few lectur-
ers to share the work load.

The course was reorganized in 1999 and called “How to Design, Install, Operate,
and Maintain Reliable Power Cable Systems.” It was also divided into two sessions:
“Understanding Power Cable Characteristics and Applications” and “Assessing and
Extending the Life of Shielded Power Cable Systems.” The present course is known
as “Understanding Power Cable Characteristics and Applications.” Over the years,
numerous lecturers have produced copious class notes that form the basis for much
of the materials, which has been rearranged into a book format. The contributors
hope that their team effort will be a useful addition to the library of all dedicated
cable engineers.

The dynamics of the cable industry produces many new materials, products, and
concepts, which are incorporated into new editions. New chapters have been pre-
pared (Low Voltage Cables and Thermal Resistivity of Soils) while others have been
updated and expanded (Conductors now includes metric designations and Acronyms
have been added to the Glossary) for this Third Edition.

Emphasis of this book remains on low and medium voltages since they comprise
the majority of cables in service throughout the world. Transmission cables have the
greater sophistication from an engineering standpoint, but all the basic principles
that apply to transmission cables also apply to the lower voltage cables.

The audience that will benefit from the highly knowledgeable writings and diver-
sity of the backgrounds of the contributors to this book include:

» Cable engineers and technicians employed by investor-owned utilities, rural
electric cooperatives, industrial users, and power production personnel

» Universities that offer electrical power courses

e Cable manufacturers who would like to provide their employees with an
oversight and understanding of power cables

* Professionals seeking information to provide an understanding of the termi-
nology, engineering characteristics, and background information of power
cables to assist in making sound decisions for specification, purchase, instal-
lation, maintenance, and operation of electrical power cables

William A. Thue
Editor

xi
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Historical Perspective
of Electrical Cables

Bruce S. Bernstein and William A. Thue
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1.1 DEVELOPMENT OF UNDERGROUND CABLES

In order to trace the history of underground cable systems, it is necessary to exam-
ine the early days of the telegraph [1,2]. The telegraph was the first device utiliz-
ing electrical energy to become of any commercial importance and its development
necessarily required the use of underground construction. Accordingly, experimen-
tation with underground cables was carried on contemporaneously with the develop-
ment of the apparatus for sending and receiving signals. Underground construction
was planned for most of the earliest commercial lines. A number of these early
installations are of considerable interest as marking steps in the development of the
extensive underground power systems in operation around the world.

1.2 EARLY TELEGRAPH LINES

In 1812, Baron Schilling detonated a mine under the Neva River at St. Petersburg,
Russia, by using an electrical pulse sent through a cable insulated with strips of
India rubber. This is probably the earliest use of a continuously insulated conductor
on record. One of the earliest experiments with an underground cable was carried
out by Francis Ronalds in 1816. This work was in conjunction with a system of
telegraphy consisting of 500 feet of bare copper conductor drawn into glass tubes,
joined together with sleeve joints, and sealed with wax. The tubes were placed in a
creosoted wooden trough buried in the ground. Ronalds was very enthusiastic over
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the success of this line, predicting that underground conductors would be widely
used for electrical purposes and outlining many of the essential characteristics of a
modern distribution system.

The conductor in this case was first insulated with cotton saturated with shellac
before being drawn into the tubes. Later, strips of India rubber were used. This
installation had many insulation failures and was abandoned. No serious attempt
was made to develop the idea commercially.

In 1837, W. R. Cooke and Charles Wheatstone laid an underground line along the
railroad right-of-way between London’s Euston and Camden stations for their five-
wire system of telegraphy. The wires were insulated with cotton saturated in rosin and
were installed in separate grooves in a piece of timber coated with pitch. This line
operated satisfactorily for a short time, but a number of insulation failures due to the
absorption of moisture led to its abandonment. The next year, Cooke and Wheatstone
installed a line between Paddington and Drayton stations in London, but iron pipe
was substituted for timber to give better protection from moisture. Insulation failures
also occurred on this line after a short time, and it was also abandoned.

In 1842, S. F. B. Morse laid a cable insulated with jute, saturated in pitch, and
covered with strips of India rubber, between Governor’s Island and Castle Garden in
New York harbor. The next year, a similar line was laid across a canal in Washington,
DC. The success of these experiments induced Morse to write to the Secretary of the
Treasury that he believed “telegraphic communications on the electro-magnetic plan
can with a certainty be established across the Atlantic Ocean.”

In 1844, Morse obtained an appropriation from the U.S. Congress for a telegraph
line between Washington and Baltimore. An underground conductor was planned
and several miles were actually laid before the insulation was proved to be defec-
tive. The underground project was abandoned and an overhead line erected. The
conductor was originally planned to be a #16 gage copper insulated with cotton and
saturated in shellac. Four insulated wires were drawn into a close-fitting lead pipe,
which was then passed between rollers and drawn down into close contact with the
conductors. The cable was coiled on drums in 300-foot lengths and laid by means of
a specially designed plow.

Thus, the first attempts at underground construction were unsuccessful, and over-
head construction was necessary to ensure satisfactory performance of the lines.
After the failure of Morse’s line, no additional attempts were made to utilize under-
ground construction in the United States until Thomas A. Edison’s time.

Gutta-percha—a natural, thermoplastic rubber—was introduced in Europe in
1842 by Dr. W. Montgomery, and in 1846 was adopted upon the recommendation
of Dr. Werner Siemens for the telegraph line that the Prussian government was
installing. Approximately 3,000 miles of such wire were laid from 1847 to 1852.
Unfortunately, the perishable nature of the material was not known at the time and
no adequate means of protecting it from oxidation was provided. Insulation troubles
soon began to develop and eventually became so serious that the entire installation
was abandoned.

However, gutta-percha provided a very satisfactory material for insulating tele-
graph cables when properly protected from oxidation. It was used extensively for
both underground and submarine installations.
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In 1860, vulcanized rubber was used for the first time as insulation for wires.
Unvulcanized rubber had been used on several of the very early lines in strips
applied over fibrous insulation for moisture protection. This system had generally
been unsatisfactory because of difficulties in closing the seam. Vulcanized rubber
proved to be a much better insulating material, but did not become a serious competi-
tor of gutta-percha until some years later.

1.3 ELECTRIC LIGHTING

While early telegraph systems were being developed, other experimenters were
solving the problems related to the commercial development of electric lighting. An
electric light required a steady flow of a considerable amount of energy, and was
consequently dependent upon the development of the dynamo. The first lamps were
designed to utilize the electric arc that had been demonstrated by Sir Humphry Davy
as early as 1810. Arc lights were brought to a high state of development by Paul
Jablochkoff in 1876 and by C. R. Brush in 1879. Both men developed systems for
lighting the streets with arc lamps connected in series supplied from a single gener-
ating station.

Lighting by incandescence was principally the result of the work of Thomas
A. Edison, who developed a complete system of such lighting in 1879. His lights
were designed to operate in parallel instead of in series, as had been the case
with the previously developed arc-lighting systems. This radical departure from
precedent permitted the use of low voltage and greatly simplified the distribution
problems.

1.4 DISTRIBUTION OF ENERGY FOR LIGHTING

Edison planned his first installation in a densely populated area of lower Manhattan
in New York City, and decided that an underground system of distribution would
be necessary. This took the form of a network supplied by feeders radiating from a
centrally located direct current (DC)-generating station to various feed points in the
network. Pilot wires were taken back to the generating station from the feed points
to give the operator an indication of voltage conditions on the system. Regulation
was controlled by cutting feeders in, or out, as needed. At a later date, a battery was
connected in parallel with the generator to guard against a station outage (Figures
1.1 and 1.2).

Gutta-percha, which had proved to be a satisfactory material for insulating the
telegraph cables, was not suitable for the lighting feeders because of the softening
of the material (a natural thermoplastic) at relatively high operating temperature.
Experience with other types of insulation had not been sufficient to provide any
degree of satisfaction with their use. The development of a cable sufficiently flex-
ible to be drawn into ducts was accordingly considered a rather remote possibility.
Therefore, Edison designed a rigid, buried system consisting of copper rods insu-
lated with a wrapping of jute. Two or three insulated rods were drawn into iron pipes
and a heavy bituminous compound was forced in and around them. They were then
laid in 20-foot sections and joined together with specially designed tube joints from
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FIGURE 1.1 Early Edison cable. Photos courtesy of Robert Lobenstein/IEEE Power & Energy.

which taps could be taken if desired. The Edison tube gave a remarkably satisfactory
performance for this class of low voltage service.

The low voltage and heavy current characteristics of DC distribution were limited
to the area capable of being supplied from one source if the regulation was to be kept
within reasonable bounds. The high first cost and heavy losses made such systems
uneconomical for general distribution. Accordingly, they were developed in limited
areas of high-load density such as the business districts of large cities.

In the outlying districts, alternating current (AC) distribution was universally
employed. This type of distribution was developed largely as a result of the work
in 1882 of Lucien Gaulard and J. D. Gibbs, who designed a crude AC system using
induction coils as transformers. The coils were first connected in series, but satis-
factory performance could not be obtained. However, they were able to distribute
electrical energy at a voltage considerably higher than that required for lighting and
demonstrate the economics of the AC system. This system was introduced in the
United States in 1885 by George Westinghouse, and served as the basis for the devel-
opment of workable systems. An experimental installation went into service at Great
Barrington, Massachusetts, early in 1886. The first large-scale commercial installa-
tion was built in Buffalo, New York, the same year.

The early installations operated at 1,000 volts. Overhead construction was con-
sidered essential for their satisfactory performance and almost universally employed.
This was also true of the street-lighting feeders, that operated at about 2,000 volts.
In Washington and Chicago, overhead wires were prohibited, so a number of under-
ground lines were installed. Many different types of insulation and methods of instal-
lation were tried with little success. Experiments with underground conductors were

www.EngineeringEBooksPdf.com
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FIGURE 1.2 Splice box. Photos courtesy of Robert Lobenstein/IEEE Power & Energy.

also carried out in Philadelphia. The 1884 enactment of a law forcing the removal of
all overhead wires from the streets of New York City mandated the development of a
type of construction that could withstand such voltages. It was some time, however,
before the overhead high-voltage wires disappeared. In 1888, the situation was sum-
marized in a paper before the National Electric Light Association [1] as follows:

No arc wires had been placed underground in either New York or Brooklyn. The expe-
rience in Washington led to the statement that no insulation could be found that would
operate two years at 2,000 volts. In Chicago, all installations failed with the exception
of lead covered cables which appeared to be operating successfully. In Milwaukee,
three different systems had been tried and abandoned. In Detroit, a cable had been
installed in Dorsett conduit, but later abandoned. In many of the larger cities, low
voltage cables were operating satisfactorily and in Pittsburgh, Denver and Springfield,
Mass., some 1,000 volt circuits were in operation. (Underground Systems Reference
Book 1931, 2).

1.5 PAPER INSULATED CABLES

The first important line insulated with paper was installed by Sebastian de Ferranti
in 1890 between Deptford (on the south side of the River Thames) and the City of
London, for single-phase operation at 10,000 volts [3]. Some of these mains were
still in use at the original voltage after more than 50 years. The cables consisted
of two concentric copper conductors insulated with wide strips of paper applied

www.EngineeringEBooksPdf.com
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helically around the conductor and saturated with a rosin-based oil. The insulated
conductors were forced into an iron pipe filled with bitumen and installed in 20-foot
lengths inside train tunnels under the river. This system operated successfully for 43
years and may be the source of the “40 year life” of power cables [4].

In the period between 1885 and 1887, cables insulated with helically applied nar-
row paper strips saturated with paraffin and later in a rosin compound and cov-
ered with a lead sheath (very similar in design to those used at the present time)
were manufactured in the United States by the Norwich Wire Company. These were
the first flexible paper-insulated cables, and all subsequent progress has been made
through improvements in the general design.

Paper-insulated cables were improved through the following years by:

1. The introduction of the shielded design of multiple conductor cables by
Martin Hochstadter in 1914. This cable is still known as Type H.

2. Luigi Emanueli’s demonstration in 1920 that voids due to expansion and
contraction could be controlled by the use of a thin oil impregnating fluid
and reservoirs. This permitted the voltages to be raised to 69 kV and higher.

3. The 1927 patent by H. W. Fisher and R. W. Atkinson revealed that the
dielectric strength of impregnated paper-insulated cable could be greatly
increased by maintaining the insulating system under pressure. This system
was not used commercially until the 1932 installation of a 200 psi pressur-
ized cable in London.

Impregnated paper became the most common form of insulation for cables used
for bulk transmission and distribution of electrical power, particularly for operating
voltages of 12.5 kV and above, where low dielectric loss, low dissipation factor, and
high ionization level are important factors in determining the cable life.

Impregnated paper insulation consists of multiple layers of paper tapes, each tape from
2.5 to 7.5 mils in thickness, wrapped helically around the conductor to be insulated. The
entire wall of paper tapes is then heated, vacuum dried, and impregnated with an insulat-
ing fluid. The quality of the impregnated paper insulation depends not only on the proper-
ties and characteristics of the paper and impregnating fluid, but also on the mechanical
application of the paper tapes over the conductor, the thoroughness of the vacuum drying,
and the control of the saturating and cooling cycles during the manufacturing.

Originally, most of the paper used was made from Manila-rope fiber. This was
erratic in its physical properties and not always susceptible to adequate oil penetra-
tion. Increased knowledge of the chemical treatment of the wood (in order to obtain
pure cellulose by the adjustment of the fiber content and removal of lignin), the con-
trol of tear resistance, and the availability of long fiber stock resulted in the almost
universal use of wood pulp paper in cables after 1900.

The impregnating compound was changed from a rosin-based compound to a
pure mineral oil circa 1925, or oil blended to obtain higher viscosity, until polybu-
tene replaced oil circa 1983.

Paper-insulated, lead-covered cables were the predominant power cables of all
the large, metropolitan transmission and distribution systems in the United States,
and the rest of the world, throughout the twentieth century. Their reliability was
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excellent. It was, however, necessary to have a high degree of skill for proper splic-
ing and terminating. A shift toward extruded dielectric cables began about 1975 in
those metropolitan areas, but the majority of the distribution cables of the large cities
remained paper-insulated, lead-covered cables as the century ended.

Considerable research has been carried out by the utilities, technical organizations,
and manufacturers of cables to obtain improved paper and laminated polypropylene-
paper-polypropylene (PPP, now used in transmission cables) tapes and insulating fluids
that are able to withstand high, continuous operating temperatures.

Impregnated paper insulation has excellent electrical properties, such as high
dielectric strength, low dissipation factor, and dielectric loss. Because of these prop-
erties, the thickness of impregnated paper insulation was considerably less than for
rubber or varnished cambric insulations for the same working voltages. Polyethylene
and cross-linked polyethylene cables in the distribution classes are frequently made
with the same wall thickness as today’s impregnated paper cables.

1.6 UNDERGROUND RESIDENTIAL DISTRIBUTION SYSTEMS

The development of modern underground residential distribution (URD) systems may
be viewed as the result of drastically lowering first costs through technology. Post-war
URD systems were basically the same as the earlier systems except that there were
two directions of feed (the loop system.) System voltages rose from 2,400/4,160 to
7,620/13,200 volts. The pre-1950 systems were very expensive because they utilized
items such as paper insulated cables, vaults, switches, and submersible transformers.
Those systems had an installation cost of $1,000 to $1,500. Expressed in terms of buy-
ing power at that time, you could buy a luxury car for the same price! Underground
service was, therefore, limited to the most exclusive housing developments.

But for three developments in the 1960s, the underground distribution systems
that exist today might not be in place. First, in 1958-1959, a large Midwestern util-
ity inspired the development of the pad-mounted transformer; the vault was no lon-
ger necessary, nor was the submersible transformer. Second, the polyethylene cable
with its bare concentric neutral did not require cable splicers, and the cable could be
directly buried. While possibly not as revolutionary, the load-break elbow (separable
connector) allowed the transformer to be built with a lower, more pleasing appearance.

The booming American economy and the environmental concerns of the nation
made underground utility systems for new residential subdivisions the watchword of
the Great Society. In a decade, URD had changed from a luxury to a necessity. The
goal for the utility engineer was to design a URD system at about the same cost as
the equivalent overhead system. There was little or no concern about costs over the
system’s life because the polyethylene cable was expected to last 100 years!

1.7 EXTRUDED DIELECTRIC POWER CABLES

The use of natural and synthetic polymers for industrial applications (during and after
World War II) led to this technology being applied for cable insulation; in contrast to
paper-insulated cables, these polymers could be extruded. Natural rubber was used
first and synthetic rubber followed; as developments continued, butyl rubber became a
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material of choice for cable insulation for a while. Further developments led to newer
synthetic elastomeric (rubbery) polymers, such as Neoprene (1931), chloroprene, and
Hypalon (1951). The newer polymers, as they were developed, facilitated improve-
ments in processing or properties (e.g., longer term reliability on aging, or flame
resistance) and all were used concurrently depending on the application. Ethylene-
propylene polymers (EPR) were employed in the 1960s as replacement for butyl
rubber, but their usage, while steady, did not increase until the 1980s. It is to be noted
that improvement in the insulation properties of elastomers was related not only to the
polymer itself but also to the nature of the additives used.

High molecular weight polyethylene (HMWPE), which is not an elastomer, was
extrudable and its development (starting in 1941) triggered a dramatic change in
the insulation of cables for the transmission and distribution of electrical energy.
Thermoplastic polyethylene was actually introduced during World War II for high-
frequency cable insulation. By 1947, HMWPE was furnished as 15 kV cable insula-
tion. Wide usage began with the advent of URD systems in the early 1960s. In the
mid-1960s, conventional HMWPE was the material of choice for the rapidly expand-
ing URD systems in the United States. It was superior to butyl rubber for electrical
properties and moisture resistance. These cables were used as loop circuits for #2
and #1/0 AWG cables. The domination of polyethylene lasted until the mid-1970s.

Further discussion of the more modern insulation materials such as HMWPE,
cross-linked polyethylene (XLPE), and EPR is in Chapter 5, “Electrical Insulation
Materials.”

1.8 TROUBLE IN PARADISE

During the mid-1970s, reports of early cable failures in extruded dielectric systems
began to be documented in many parts of the world. “Treeing” was reintroduced to
the cable engineer’s vocabulary. This time it did not have the same meaning as with
paper-insulated cables. See Chapter 17 for additional information on treeing.

By 1976, reports from utilities [4] and results of Electric Power Research Institute
(EPRI) research [5] confirmed the fact that some thermoplastic polyethylene insu-
lated cables (HMWPE) were failing in service in less than 5 years and failures
were occurring at a rapidly increasing rate. By 1980, production of medium voltage
HMWPE ceased in North America.

XLPE exhibited a much lower failure rate which was not escalating nearly as rap-
idly. Data from Europe confirmed the same facts in a report prepared by UNIPEDE-
DISCAB. XLPE had been commercially available since 1963, but its slightly higher
first cost had confined its use to the heavier loaded feeder cables. XLPE became the
medium voltage insulation of choice by 1977.

The realization of the magnitude and significance of the problem led to a series of
changes and improvements to the primary voltage cables:

¢ Research work was initiated to concentrate on solutions to the problem
 Utilities began replacing the poorest performing cables

e Suppliers of component materials improved their products

e Cable manufacturers improved their handling and processing techniques
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1.9 MEDIUM VOLTAGE CABLE DEVELOPMENT

In the mid-1960s, conventional polyethylene became the material of choice for the
rapidly expanding URD systems in the United States [6]. It was known to be superior
to butyl rubber for moisture resistance, and could be readily extruded. It was used with
cloth taped conductor and insulation shields, which achieved their semiconducting
properties because of carbon black. By 1968, virtually all of the URD installations con-
sisted of polyethylene-insulated medium voltage cables. The polyethylene was referred
to as “high molecular weight” (HMWPE); this simply meant that the insulation used
had a high “average” molecular weight. The higher the molecular weight, the better the
electrical properties. The highest molecular weight polyethylene that could be readily
extruded was adopted. Jacketed construction was seldom employed at that time.

Extruded thermoplastic shields were introduced between 1965 and 1975, leading
to both easier processing and better reliability of the cable.

XLPE was first patented in 1959 for a carbon filled compound and in 1963 as
unfilled by Dr. Frank Percopio. It was not widely used because of the tremendous
pressure to keep the cost of URD down near the cost of an overhead system. This
higher cost was caused by the need for additives (cross-linking agents) and the cost
of manufacturing based on the need for massive, continuous vulcanizing (CV) tubes.
EPR was introduced at about the same time. The significantly higher initial cost of
these cables slowed their acceptance for utility purposes until the 1980s.

The superior operating and allowable emergency temperatures of XLPE and EPR
made them the choice for feeder cables in commercial and industrial applications.
These materials did not melt and flow as did the HMWPE material.

In order to facilitate removal for splicing and terminating, those early 1970-era
XLPE cables were manufactured with thermoplastic insulation shields as had been
used over the HMWPE cables. A reduction in ampacity was required until deforma-
tion resistant and then cross-linkable insulation shields became available during the
later part of the 1970s.

A two-pass extrusion process was also used where the conductor shield and the
insulation were extruded in one pass. The unfinished cable was taken up on a reel
and then sent through another extruder to install the insulation shield layer. This
resulted in possible contamination in a very critical zone. When cross-linked insula-
tion shield materials became available, cables could be made in one pass utilizing
“triple” extrusion of those three layers. “True triple” soon followed, where all layers
were extruded in a single head fed by three extruders.

In the mid-1970s, a grade of tree-retardant polyethylene (TR-HMWPE) was intro-
duced. This had limited commercial application and never became a major factor in
the market.

Around 1976, another option became available—suppliers provided a grade of
“deformation resistant” thermoplastic insulation shield material. This was an attempt
to provide a material with “thermoset properties” and thus elevate the allowable tem-
perature rating of the cable. This approach was abandoned when a true thermoset-
ting shield material became available.

By 1976, the market consisted of approximately 45% XLPE, 30% HMWPE, 20%
TR-HMWPE, and 5% EPR.
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In the late 1970s, a strippable thermosetting insulation shield material was intro-
duced. This allowed the user to install a “high temperature” XLPE that could be
stripped for splicing with less effort than the earlier, inconsistent materials.

Jackets became increasingly popular by 1980. Since 1972-1973, there had been
increasing recognition of the fact that water presence under voltage stress was caus-
ing premature loss of cable life due to “water treeing.” Having a jacket reduced the
amount of water penetration. This led to the understanding that water treeing could
be “finessed” or delayed by utilizing a jacket. By 1980, 40% of the cables sold had
a jacket.

EPR cables became more popular in the 1980s. A breakthrough had occurred
in the mid-1970s with the introduction of a grade of EPR that could be extruded
on the same type of equipment as XLPE insulation. The higher cost of EPR cables,
when compared with XLPE, was a deterrent to early acceptance even with this new
capability.

In 1981, another significant change took place: the introduction of “dry cure”
cables. Until this time, the curing, or cross-linking, process was performed by using
high-pressure steam. Because water was a problem for long cable life, the ability
to virtually eliminate water became imperative. It was eventually recognized that
the “dry cure” process enabled faster processing as well as elimination of the steam
process for XLPE production.

Another major turning point occurred in 1982 with the introduction of tree-resis-
tant cross-linked polyethylene (TR-XLPE). This product, which has supplanted con-
ventional XLPE in market volume today, shows superior water tree resistance when
compared with conventional XLPE. HMWPE and TR-HMWPE were virtually off
the market by 1983.

By 1984, the market was approximately 65% XLPE, 25% TR-XLPE, and 10%
EPR. Half the cables, sold had a jacket by that time.

During the second half of the 1980s, a major change in the use of filled strands
took place. Although the process had been known for about 10 years, the control of
the extruded “jelly-like” material was better understood by a large group of man-
ufacturers. This material prevents water movement between the strands along the
cable length and eliminates most of the conductor’s air space, which can be a water
reservoir.

In the late 1980s, another significant improvement in the materials used in these
cables resulted in smoother and cleaner conductor shields. Vast improvements in the
materials and processing of extruded, medium voltage power cables in the 1980s
have led to cables that can be expected to function for 30, 40, or perhaps even 60
years when all of the proper choices are utilized. In 1995, the market was approxi-
mately 45% TR-XLPE, 35% XLPE, and 20% EPR.
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2.1 INTRODUCTION

Whether being used to convey electric power or signals, it is the purpose of a wire or
cable to convey the electric current to the intended device or location [1]. In order to
accomplish this, a conductor is provided, which is adequate to convey the imposed
electric current. Equally important is the need to keep the current from flowing in
unintended paths rather than the conductor provided. Electrical insulation (dielec-
tric) is provided to largely isolate the conductor from other paths or surfaces through
which the current might flow. Therefore, it may be said that any conductor conveying
electric signals or power is an insulated conductor.

2.2 ELECTRIC FIELDS AND VOLTAGE

Current flow is charge in motion. We might consider the simple case of a conductor
carrying current out to a load and then a return conductor as two separate parallel

13
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FIGURE 2.1 Electric field lines and equipotential lines for two lines of charge or a line of
charge above a conducting plane.

cylinders of charge. If we neglect the conductor diameter (line of charge), there are
electric field lines represented by circles of diameters such that the center of the
circles are on the “0” line and each circle passes through the center of the cylinders.
Everywhere perpendicular to the electric field lines are equipotential (equal voltage)
lines due to each charge. The voltage at any location is the sum of the voltages due to
each charge. Since the circle centers lie on the straight line equally distant from the
charges, the equipotential lines from each charge exactly cancel on this line and the
net voltage is “0” (see Figure 2.1).

If the “0” voltage line is now replaced with a conducting plane (such as the earth)
and only the conductor above the plane remains, the locations of the electric field
lines and equipotential lines are not changed. However, the portion below the “0”
voltage line is simply an image of that above the line (method of images). This then,
neglecting the conductor diameter, represents the electric field lines and equipoten-
tial (equal voltage lines) lines for an energized, current carrying conductor above
ground. Of course, in this case the insulation (dielectric) is air.

2.3 AIR INSULATED CONDUCTORS

A metallic conductor suspended from insulating supports, surrounded by air, and
carrying electric signals or power may be considered as the simplest case of an insu-
lated conductor. It also presents an opportunity to easily visualize the parameters
involved.

In Figure 2.2, the voltage is between the conductor and the ground [2,3], where
the ground is at “0” potential as shown in Figure 2.1. The charge separation between
the conductor and the ground, results in a capacitor and because there is some (gen-
erally very small) conduction from the conductor to the ground, a large resistance
also exists between the conductor and the ground. As long as the ground is well
away from the conductor, the electric field lines leave the conductor outer surface as
reasonably straight lines emanating from the center of the conductor. We know that
all the electric field lines bend to ultimately terminate at ground (see Figure 2.1).

Air is not a very good insulating material since it has a lower voltage breakdown
strength than many other insulating materials. It is low in cost and if space is not a
constraint, then it is a widely used dielectric. As the voltage between the conductor
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and the ground is increased, a point is reached where the electric stress at the con-
ductor exceeds the voltage breakdown strength of air. At this point, the air literally
breaks down producing a layer of ionized, conducting air surrounding the conduc-
tor. The term for this is corona. It represents power loss and can cause interference
to radio, TV, and other signals. It is not uncommon for this condition to appear at
isolated spots where a rough burr appears on the conductor or at a connector. This is
simply because the electric stress is locally increased by the sharpness of the irregu-
larity or protrusion from the conductor. In air or other gasses, the effect of the ion-
ized gas layer surrounding the conductor is to increase the electrical diameter of the
conductor to a point where the air beyond the ionized boundary is no longer stressed
to breakdown at the prevailing temperature, pressure, and humidity. This ionized air
might be considered as an unintentional conductor shield. The unlimited supply of
fresh air and the conditions just mentioned preclude the progression of the ionization
of air all the way to the ground. It is possible that the stress level is so high that an
ionized channel can breach the entire gap between the conductor and the earth, but
this generally requires a very high voltage source such as lightning.

This raises another important fact about dielectrics: that is, their ability to not
break down under voltage is thickness dependent. In Chapter 6, the breakdown
strength of air is given as 79 V for a 1/1,000 inch (1 mil) thickness (3.1 kV/mm).
However, as thickness increases, the breakdown strength does not increase propor-
tionately. If it did, a case could be made that lightning could not occur in the usual
case.

2.4 INSULATING TO SAVE SPACE

Space is a common constraint that precludes the use of air as an insulator. Imagine
the space requirements to wire a house or apartment using bare conductors on
supports with air as the insulation. Let us consider the next step where some of
the air surrounding the previous conductor is replaced with a better insulating
material (dielectric).

In Figure 2.3, we see that the voltage from the conductor to the ground is the same
as before. A voltage divider that is made up of impedance from the conductor to the
outside covering surface and also impedance from the covering surface to the ground
has been created. The distribution of voltage from the conductor to the covering surface
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and from the covering surface to the ground will be in proportion to these impedances.
It is important to note that with ground relatively far away from the covered conduc-
tor, the majority of the voltage exists from the covering surface to the ground. Putting
this in another way, the outer surface of the covering has a voltage that is within a few
percent of the voltage on the conductor (95% to 97% is a common value).

The amount of current that can flow from an intact covering to the ground in the
event of contact by a grounded object is limited by the thickness, dielectric constant, and
surface impedance of the covering as well as the area of contact. If the covering is made
of an excellent insulation, the majority of the current will be due to capacitive charging
current, which can be released from the covering surface by the contacting object.

So little current is available at the covering surface of a low voltage cable (600 V
or less), which is imperceptible. When this condition exists with some level of confi-
dence, the “covering” is then considered to be “insulation” and suitable for continu-
ous contact by a grounded surface as long as such contact does not result in chemical
or thermal degradation. The question arises as to what is considered to be low volt-
age. The voltage rating of insulated cables is based on the phase-to-phase voltage. Low
voltage is generally considered to be less than 600 V phase-to-phase (1 kV is also com-
mon internationally). See Chapters 4 and 9 for additional information.

Because of the proximity and contact with other objects, the thickness of insulat-
ing materials used for low voltage cables is generally based on mechanical rather
than electrical requirements. The surrounding environment, the need for special
properties such as sunlight, or flame resistance, and rigors of installation often make
it difficult for a single material to satisfy all related requirements. Designs involving
two or more layers are commonly used in low voltage cable designs. The outer layer,
though commonly insulating, may sacrifice some of the insulating quality to achieve
toughness, sunlight resistance, flame resistance, chemical resistance, and more. In
this case, the outer layer may serve as both insulation and jacket.

2.5 RISING VOLTAGE

Return to the metallic conductor that is covered with an insulating material and sus-
pended in air. When the ground plane is brought close or touches the covering, the
electric field lines, as depicted in Figure 2.1, must bend more sharply to terminate at
right angles to the ground plane.

In Figure 2.4, we see considerable bending of the electric field lines. Recognizing
that equipotential lines are perpendicular to the field lines, the bending results in
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potential differences on the covering surface. At low voltages, the effect is negli-
gible. As the voltage increases, the point is reached where the potential gradients are
sufficient to cause the current to flow across the surface of the covering. This is com-
monly known as “tracking.” Even though the currents are small, the high surface
resistance causes heating to take place, which ultimately damages the covering. If
this condition is allowed to continue, the erosion may progress to significant cover-
ing damage, and, if in contact with the ground, results in failure.

It is important to note that the utilization of spacer cable systems and heavy
walled tree wires depends on this ability of the covering to reduce current flow to
a minimum. When sustained contact with branches, limbs, or other objects occurs,
damage may result with time—hence such contacts may not be left permanently, but
must be removed from the cable periodically as a maintenance practice.

At first, it might be thought that the solution is to continuously increase the
insulating covering thickness as the operating voltage increases. Cost and com-
plications involved in overcoming this difficulty would make this a desirable first
choice. Unfortunately, breakdown strength, surface erosion, and personnel hazards
are not linear functions of voltage versus thickness and this approach becomes
impractical.

2.6 INSULATION SHIELD

In Figure 2.1, imagine that the ground plane was “wrapped” around the conductor
with the same thickness of air separating the two. Barring surface irregularities at
the conductor or ground, the electric field lines would be straight lines taking the
shortest path from the conductor to the ground and the equipotential lines would be
concentric cylinders around the conductor. This would form a cylindrical capacitor
and would make the most effective use of the dielectric.

In order to make this ground contact possible, a semiconducting or resistive
layer may be placed over the insulation surface. This material forces the bending of
the field lines in the semiconducting layer. This layer creates some complications,
however.
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In Figure 2.5, it is clear that a cylindrical capacitor has been created from the
conductor to the surface of the semiconducting layer, and a noncylindrical capacitor
from the semiconducting layer to ground. A great deal of charge can be contained in
the capacitor involving the ground because the outer plate is semiconducting, allow-
ing for greater charge mobility in the layer. This charging current must be controlled
so that a path to the ground is not established along the surface of the semiconduct-
ing layer. This path can lead to burning and ultimate failure of that layer. Accidental
human contact would be a very serious event. It is clearly necessary to provide a
continuous contact with the ground, which provides an adequate conducting path
to drain the capacitive charging current to the ground without damage to the cable.
This is done by adding a metallic path in contact with the semiconducting shield and
making a relatively low resistance connection to the ground.

Once a metallic member has been added to the shield system, there is simply no
way to avoid its presence underground fault conditions. This must be considered
by providing either adequate conductive capacity in the shield to handle the fault
currents or supplemental means to accomplish this. This is a critical factor in cable
design.

Electric utility cables have fault current requirements that are sufficiently large
that it is common to provide for a neutral in the design of the metallic shield. These
cables have been known as underground residential distribution (URD) and under-
ground distribution (UD) style cables. It is important that the functions of the metallic
shield system are understood, since many serious errors and accidents have occurred
because the functions were misunderstood.

2.7 CONDUCTOR SHIELD IS NEEDED

The presence of an insulation shield creates another complication. The grounded
insulation shield results in the entire voltage stress being placed across the insulation.

Just as in the case of the air-insulated conductor, there is concern about exceeding
the maximum stress that the insulating layer can withstand. The problem is mag-
nified by stranded conductors or burrs and scratches that may be present in both
stranded and solid conductors.

In Figure 2.6, a semiconducting layer has been added over the conductor to smooth
out any irregularities. This reduces the probability of protrusions into the insulat-
ing layer. Protrusions into the insulation or into the semiconducting layer increase
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FIGURE 2.6 A conductor shield is added to provide a smooth inner electrode.

the localized stress (stress enhancement) that may exceed the long-term breakdown
strength of the insulation. This is especially critical in the case of extruded dielectric
insulations. Unlike air, there can be no fresh supply of insulation. Any damage will
be progressive and lead to total breakdown of the insulating layer. There will be
more discussion about “treeing” in Chapters 6 and 19.

2.8 SHIELDING LAYER REQUIREMENTS

There are certain requirements inherent in shielding layers to reduce stress enhance-
ment. First, protrusions, whether by material smoothness or manufacturing, must
be minimized. Such protrusions defeat the very purpose of a shield by enhancing
electrical stress. The insulation’s shield layer has a further complication in that it
is desirable to have it easily removable to facilitate splicing and terminating. This
certainly is the case at medium voltage (5 to 35 kV). At higher voltages, the incon-
veniences of a bonded insulation shield can be tolerated to gain the additional prob-
ability of a smooth, void-free insulation—insulation shield interface for cables with a
bonded shield.

2.9 INSULATION LAYER REQUIREMENTS

At medium and higher voltages, it is critical that both the insulation and insulation-
shield interfaces be contamination free. Contamination at the interface results in
stress enhancement just as a protrusion that can increase the probability of break-
down. Voids can do the same with the additional possibility of capacitive—resistive
(CR) discharges in the gas-filled void as voltage gradients appear across the void.
Such discharges can be destructive of the surrounding insulating material and lead
to progressive deterioration and breakdown.

2.10 JACKETS

In low voltage applications, jackets are commonly used to protect the underlying
layers from physical abuse, sunlight, flame, or chemical attack. In medium voltage
shielded cables, chemical attack includes corrosion of underlying metallic layers for
shielding and armoring. In multiconductor designs, overall jackets are common for
the same purposes. For medium and high voltage cables, jackets have been almost
universally used throughout the history of cable designs. They are used for the same
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purposes as for low voltage cables, with special emphasis on protecting the underly-
ing metallic components from corrosion. The only exceptions were paper-insulated,
lead-covered cables and early URD/UD designs that were widely used by the electric
utility industry. Both “experiments” were based on the assumption that lead, and
subsequently copper wires, was not subject to significant corrosion. Both experi-
ments resulted in elevated failure rates for these designs. Jackets are presently used
for these designs. The ability of the jackets to reduce the ingress of moisture, which
has been shown to have a deleterious effect on most dielectrics, causes them to be
mentioned here.

2.11 TERMINOLOGY

To better understand the terminology that is used throughout this book, a brief intro-
duction of the terms follows.

2.11.1 NoONsHIELDED Power CABLE

A nonshielded cable may consist of one or several conductors and one or several
insulating layers. The cable may contain a jacket. The cable may also include a con-
ductor shield. A cable is not considered fully shielded until both conductor and insu-
lation shields are present. In the USA, nonshielded cables are common in the 0 to
2 kV voltage range although nonshielded power cables through 5 kV were common
in the past and as high as 8 kV have been available.

2.11.2  MEebpium VOLTAGE SHIELDED CABLES

Medium voltage cables generally are fully shielded (having both conductor and insu-
lation shields) cables in the 5 kV (6 kV internationally) through 35 kV (30 kV inter-
nationally) voltage range.

2.11.3 CONDUCTORS

Conductors may be solid or stranded. Metals used are commonly copper or alu-
minum. An attempt to use sodium was short-lived. The strand can be concentric,
compressed, compacted, segmental, or annular to achieve desired properties of
flexibility, diameter, and current density. The introduction of steel strands, higher
strength aluminum alloys, hard drawn copper, Alumoweld, and Copperweld is com-
mon in overhead applications requiring greater tensile strength or other applications
with the same requirements.

Assuming the same cross-sectional area of the conductor, there is a difference in
the diameters between solid and various stranded conductors. This diameter differ-
ential is an important consideration in selecting the methods to effect joints, termina-
tions, and fill of conduits.

Conductors are covered in Chapter 3.
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2.11.4 ELecTtrICAL INSULATION (DIELECTRIC)

The insulation (dielectric) provides sufficient separation between the conductor and
the nearest electrical ground to adjacent phase to preclude dielectric failure. For low
voltage cables, the required thickness of insulation to physically protect the conduc-
tor is more than adequate for the required dielectric strength.

2.11.5 ELectric FIELD

Emphasis will be on 60 Hz alternating current fields (50 Hz is more common interna-
tionally). In all cables, regardless of their kilovolt ratings, there exists an electric field
whenever the conductor is energized. This electric field can be visualized as electric
field lines and lines of equipotential (see Figure 2.1).

2.11.6 EQUIPOTENTIAL LINES

Equipotential lines represent points of equal potential difference between electrodes
having different electrical potentials.

REFERENCES

1. Landinger, C. C., 2001, adapted from class notes for “Understanding Power Cable
Characteristics and Applications,” University of Wisconsin—Madison.

2. Clapp, A., Landinger, C. C., and Thue, W. A., September 15-20, 1996, “Design and
Application of Aerial Systems Using Insulating and Covered Wire and Cable,”
Proceedings of the 1996 IEEE/PES Transmission and Distribution Conference,
96CH35968, Los Angeles, CA.

3. Clapp, A., Landinger, C. C., and Thue, W. A., September 15-20, 1996, “Safety
Considerations of Aerial Systems Using Insulating and Covered Wire and Cable,”
Proceedings of the 1996 IEEE/PES Transmission and Distribution Conference,
96CH35968, Los Angeles, CA.




www.EngineeringEBooksPdf.com



3 Conductors

Lauri ). Hiivala and Carl C. Landinger

CONTENTS
3.1 INETOAUCTION ettt ettt ettt ettt saee st e e iaesnnee e 24
3.2 Material ConSideTationsS........cueeveerieerieeriieniieriesteeniteeteesieesbeeseeesbeesaesneenes 24
3.2.1 Direct Current ReSIStANCE. ......cccueeriieriiiiriieiiieniieeieesite e 25
3.2.2 0 WEIZNE .ttt 25
3.2.3  AMPACILY touvieiiieiiieiieeiteee ettt ettt sttt sttt et et e 25
3.2.4  Voltage Regulation...........cccevveeiieiieiiienieiieeieeieesiee e 25
3.2.5  SHOTE CITCUILS cuveeutieiiieiie sttt ettt sttt et et saee e 25
3.2.6  Other Important FACLOTS ........cooouiiiiieiiieiieiiieiecieeeeeeee e 25
3.3 CONAUCIOT SIZES ..veevvieiieriiieiieeieesite et eite st esite st estte s bt esteesbeesaeesabeessaesnseenes 26
3.3.1 American Wire Gauge (AWG)......cceevvveeveiiiienienieeniieeieeee e 26
3.3.1.1 Shortcuts for EStimations..........cccceevveeveeriiienieniieenieeieenenn 26
3.4 Circular Ml SIZES.....cccueeviieriieeiieiie ettt ettt st s 27
3.5 Metric DesignationsS......cccuierueerieeiiieeieeiie sttt et e site et esite e e saeesbeesaesnee e 36
3.0 SHFANAING....tieiiieiiiiieeite ettt sttt e ettt et e sbeesaee s beesiaesabee e 40
3.6.1 Concentric Stranding.........ccccveeeeeereeeiiienienieeniesreesire e sine e 40
3.6.2 Compressed Stranding..........ceeecveereeriieereeniienienieesre e eieesee e 41
3.6.3  Compact Sranding ........cccueevueerieeenieniieenie ettt 42
3.6.4 Bunch Stranding .......ccccceeciierieniiienieeieeie e 42
3.6.5 ROPE Sranding ......cceeevueeriieniieeiieiie ettt 42
3.6.6  Sector CONAUCLOTS . ....cevuieruiieiieeieeiieeieeite et e siee st sire e esieesbeesaee s 43
3.6.7 Segmental CoNAUCIOTS .......eevuiiriieriieiiieiie ettt 44
3.6.8  Annular CONAUCIOTS. .....ceviiiriieriieiieeieeiie ettt ettt 45
3.6.9  Unilay CONAUCIOTS ....covuieriiiiiieeiieiie ettt ettt ettt 46
3.7 Physical and Mechanical Properties........ccocceevveriiienieniieenieiiieniesieesieeieenne 46
3.7.1  Conductor PTOPEITIES .....ccuvieuieeiieiieeieeiie ettt 46
3711 COPPCT ittt ettt ettt ettt sttt e e s 46
3.7.1.2  ATUMINUM ..ottt 46
3.7.1.3 Comparative Properties, Copper versus Aluminum............ 47
372 TOIMPET .ottt ettt sttt ettt et st e e eaes 47
3.7.2. 1 COPPLT ittt et ettt ettt sttt e e s 47
3.7.2.2  ATUMINUM ..ottt n 47
3.8 Strand BIOCKING ....ccviiiiiiiiiiiieeiieiie ettt e 48
3.9 Electrical CalCulationsS.........c.uevveeiieriienieiiienie ettt ettt e e s 48
3.9.1 Conductor DC ReSiStanCe.......cccueerueeriiieriieiiienieeieesiteeieeive e 48
3.9.2  Conductor AC RESISTANCE ......eeevieriieiiieiierieerteereesite e 49

23



24 Electrical Power Cable Engineering

3.9.3  SKiN EffECt.cuiiiiiiiiiiiiiieiietcrerceececeee s 49
3.9.4  Proximity Effect ......ccocoiminininiiiiniicicccce e 50
3.9.5 Cables in Magnetic Metallic Conduit.........c.ccceceveereninininenicncnennes 50
3.9.6 Resistance at Higher Frequencies.........c.ccceeeveecieieinincncncncncneennes 50
RETETENCES ...ttt ettt 51

3.1 INTRODUCTION

The fundamental concern of power cable engineering is to transmit electrical current
(power) economically and efficiently. The choice of the conductor material, size, and
design must take into consideration such items as:

* Ampacity (current carrying capacity)
* Voltage stress at the conductor

e Voltage regulation

e Conductor losses

* Bending radius and flexibility

e Opverall economics

e Material considerations

* Mechanical properties

3.2 MATERIAL CONSIDERATIONS

There are several low resistivity (or high conductivity) metals that may be used as
conductors for power cables. Examples of these as ranked in order of increased resis-
tivity at 20°C are shown in Table 3.1 [1].

Considering these resistivity figures and the cost of each of these materials, copper
and aluminum become the logical choices. As such, they are the dominant metals used
in the power cable industry today.

When choosing between copper and aluminum conductors, one should carefully
compare the properties of the two metals, as each has advantages that may outweigh

TABLE 3.1

Resistivity of Metals at 20°C

Metal Ohm-mm?/m x 10-% Ohm-cmil/ft x 10-¢
Silver 1.629 9.80
Copper, annealed 1.724 10.371
Copper, hard drawn 1.777 10.69
Copper, tinned 1.741-1.814 10.47-10.91
Aluminum, soft, 61.2% cond. 2.803 16.82
Aluminum, 1/2 hard to full hard 2.828 16.946
Sodium 4.3 25.87
Nickel 7.8 46.9
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the other under certain conditions. The properties most important to the cable designer
are shown in the following sections.

3.2.1 Direct CURRENT RESISTANCE

The conductivity of aluminum is about 61.2% to 62.0% of that of copper. Therefore,
an aluminum conductor must have a cross-sectional area about 1.6 times that of a
copper conductor to have the equivalent DC resistance. This difference in area is
approximately equal to two American wire gauge (AWG) sizes.

3.2.2 WEIGHT

One of the most important advantages of aluminum, other than economics, is its low
density. A unit length of bare aluminum wire weighs only 48% as much as the same
length of copper wire having an equivalent DC resistance. However, some of this
weight advantage is lost when the conductor is insulated, because more insulation vol-
ume is required over the equivalent aluminum wire to cover the greater circumference.

3.2.3 AMPACITY

The current carrying capacity (ampacity) of aluminum versus copper conductors can
be compared by referring to many documents. See Chapter 14 for details and refer-
ences, but obviously a larger aluminum cross-sectional area is required to carry the
same current as a copper conductor as can be seen from Table 3.1.

3.2.4 VoL1AGE REGULATION

In alternating current (AC) circuits having small conductors (up to #2/0 AWG),
and in all DC circuits, the effect of reactance is negligible. Equivalent voltage drop
results with an aluminum conductor that has about 1.6 times the cross-sectional area
of a copper conductor.

In AC circuits having larger conductors, however, skin and proximity effects
influence the resistance value (AC to DC ratio, later written as AC/DC ratio), and the
effect of reactance becomes important. Under these conditions, the conversion factor
drops slightly, reaching a value of approximately 1.4.

3.2.5 SHorT CIRCUITS

Consideration should also be given to possible short circuit conditions, since copper
conductors have higher capabilities in short circuit operation. However, when mak-
ing this comparison, the thermal limits of the materials in contact with the conductor
(e.g., shields, insulation, coverings, jackets, etc.) must be considered.

3.2.6  OTHER IMPORTANT FACTORS

Additional care must be taken when making connections with aluminum conduc-
tors. Not only does the metal tend to creep, but it also oxidizes rapidly. When
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aluminum is exposed to air, a thin, corrosion-resistant, high dielectric strength
film quickly forms.

When copper and aluminum conductors are connected together, special tech-
niques are required in order to make a satisfactory connection. See the discussion in
Chapter 13.

Aluminum is not used extensively in generating station, substation, or portable
cables because the lower bending life of small strands of aluminum does not always
meet the mechanical requirements of those cables. Space is frequently a consider-
ation at such locations also. However, aluminum is the overwhelming choice for aer-
ial conductors because of its high conductivity-to-weight ratio and for underground
distribution for economy where space is not a consideration.

The 8000 series aluminum alloys have found good acceptance in large com-
mercial, institutional, and some industrial applications. These alloys offer reduced
cold flow and improved creep resistance. This offers greater retention of torque at
“screw down” terminals commonly used in “indoor plant.” In the US, the National
Electrical Code (NEC) calls for the use of these alloys if aluminum is to be used in
a number of wire types recognized by the NEC.

Economics of the cost of the two metals must, of course, be considered, but always
weighed after the cost of the overlying materials is added.

3.3 CONDUCTOR SIZES
3.3.1  AMEericaAN WIRe GAauce (AWG)

Just as in any industry, a standard unit must be established for measuring the con-
ductor sizes. In the US and Canada, electrical conductors are sized using the AWG
system. This system is based on the following definitions:

e The diameter of size #0000 AWG (usually written #4/0 AWG and said as
“four ought”) is 0.4600 inches for a solid conductor.

e The diameter of size #36 AWG is 0.0050 inches.

e There are 38 intermediate sizes governed by a geometric progression.

The ratio of any diameter to that of the next smaller size is:

/04600y 192932 3.0)
0.0050

3.3.1.1 Shortcuts for Estimations

The square of the above ratio (the ratio of diameters of successive sizes) is 1.2610.
Thus, an increase of one AWG size yields a 12.3% increase in diameter and an
increase of 26.1% in area. An increase of two AWG sizes results in a change of 1.261
(or 26.1%) in diameter and 59% increase in area.

The sixth power of 1.122932 is 2.0050 or very nearly 2. Therefore, changing
six AWG sizes will approximately double (or halve) the diameter. Another use-
ful shortcut is that a #10 AWG wire has a diameter of approximately 0.1 inch,
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for copper a resistance of 1 ohm per 1,000 feet and a weight of about 10z or 31.4
pounds per 1,000 feet.

Another convenient rule is based on the fact that the tenth power of 1.2610 is
10.164 or approximately 10. Thus, for every increase or decrease of 10 gauge num-
bers (starting anywhere in the table), the cross-sectional area, resistance, and weight
are divided or multiplied by about 10.

From a manufacturing standpoint, the AWG sizes have the convenient property
that successive sizes represent approximately one reduction in die size in the wire
drawing operation.

The AWG sizes were originally known as the Brown and Sharpe gage (B&S). The
Birmingham wire gage (BWG) is used for steel armor wires. In Britain, wire sizes
were specified by the standard wire gage (SWG), and were also known as the new
British standard (NBS).

3.4 CIRCULAR MIL SIZES

Sizes larger than #4/0 AWG are specified in terms of the total cross-sectional area
of the conductor and are expressed in circular mils. This method uses an arbitrary
area of a conductor that is achieved by squaring the diameter of a solid conductor.
This drops the n/4 multiplier required for the actual area of a round conductor. A
circular mil is a unit of area equal to the area of a circle having a diameter of 1 mil
(1 mil = 0.001 inch). Such a circle has an area of 0.7854 (or n/4) square mils. Thus, a
wire 10 mils in diameter has a cross-sectional area of 100 circular mils. Likewise, 1
square inch = 4/x times 1,000,000 = 1,273,000 circular mils. For convenience, this
is usually expressed in thousands of circular mils and abbreviated kemil. Thus, an
area of 1 square inch = 1,273 kcmil.

A =mr? 3.2)

where A = area in circular mils; © = 3.1416; r = radius in 1/1,000 of an inch.

The abbreviation used in the past for thousand circular mils was MCM. The
SI abbreviations for million, M, and for coulombs, C, are easily confused with
this older term. Thus, the preferred abbreviation is kemil for “thousand circular
mils.”

The AWG/kcmil system is prevalent in North America (population over
425 million) and is also used to some extent in over 65 countries in the world. The
market share of cable products sized with this system is estimated at over 30%
($17.3 billion) of the world market for power and control wires and cables. The
AWG/kemil system is also the reference sizing system for all electrical products
and installations in North America. As such it represents a basic element of the
infrastructure. When considered in conjunction with wiring devices, connectors,
and other related products, the market affected by the AWG/kcmil system is sub-
stantially larger [7].

Tables 3.2 and 3.3 provide nominal DC resistance and nominal diameter values
for solid and concentric-lay-stranded copper and aluminum conductors.
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3.5 METRIC DESIGNATIONS

Except as noted above, most of the world uses the SI unit of square millimeters
(mm?) to designate conductor size. The International Electrotechnical Commission
has adopted IEC 60228 [8] to define these sizes. An important consideration is that
these are not precise sizes. For instance, their 50 mm? conductor is actually 47 mm?.
To accommodate everyone, the IEC standard allows as much as a 20% variation in
conductor area from the size designated.

In Canada, metric designations are used for all cable dimensions except for the
conductor size. The variations in the two systems are too great to use any of the SI
sizes as a direct substitute for standard sizes.

Conductors described in IEC 60228 are specified in metric sizes. North America
and certain other regions at present use conductor sizes and characteristics according
to the AWG system, and thousands of circular mils for larger sizes. The use of these
sizes is currently prescribed across North America and elsewhere for installations by
subnational regulations. IEC TC 20 cable product standards do not prescribe cables
with AWG/kemil conductors.

IEC TC 20 recognizes the need to produce a single, harmonized standard for con-
ductors that is truly international. Harmonization, in this respect, is understood as
the merging of AWG-based and metric-based sizes to produce one rationalized range
of conductor sizes for power cables. TC 20 also recognizes that the development of
such a harmonized standard is a long-term project.

A three-stage approach, which will culminate in a single International Standard
for conductors, has been agreed.

Stage one of the approach is to produce a technical report that defines the range of
AWG/kemil sizes that are to be considered in the harmonization process.

Stage two of the process is to develop this technical report by starting the ratio-
nalization process. The test methods and requirements in this technical report are to
be aligned with those in IEC 60228.

The third and final stage will be to produce a harmonized standard, based on
IEC 60228 and the work of the first two stages, with a single, rationalized range of
conductor sizes. The present expectation is that the third stage will not be achieved
before 2020.

IEC Technical Report 62602 provides resistance and dimensional details for
AWG and thousands of circular mils sizes as well as approximate equivalent metric
nominal cross-sectional areas [9].

Table 3.4 provides maximum resistance values for solid Class 1 circular, annealed
copper and circular or shaped aluminum and aluminum alloy conductors for use in
single-core and multicore cables. Such conductors are available in nominal cross-
sectional areas up to 1,200 mm?.

Likewise, Table 3.5 provides maximum resistance values for stranded Class 2
circular, circular compacted and shaped annealed copper and aluminum and alumi-
num alloy conductors for use in single-core and multicore cables.

It should be noted that maximum or minimum diameter requirements are not
specified in IEC 60228. Instead, it gives guidance on dimensional limits for the fol-
lowing types of conductors, which are included in this standard:
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TABLE 3.4
Class 1 Solid Conductors for Single-Core and Multicore Cables

1 2 3 4

Maximum Resistance of Conductor at 20°C

Circular, Annealed Copper Conductors

Aluminum and Aluminum

Nominal Cross- Metal-Coated Alloy Conductors, Circular
Sectional Area mm? Plain Q/km Q/km or Shapedc Q/km
0.5 36.0 36.7 —
0.75 24.5 24.8 —
1.0 18.1 18.2 —
1.5 12.1 12.2 —
2.5 7.41 7.56 —

4 4.61 4.70 —

6 3.08 3.11 —
10 1.83 1.84 3.08*
16 1.15 1.16 1.912
25 0.727° — 1.202
35 0.524° — 0.868¢
50 0.387° — 0.641
70 0.268° — 0.443
95 0.193° — 0.320¢
120 0.153 — 0.253¢
150 0.124° — 0.206¢
185 0.101° — 0.164¢
240 0.0775> — 0.125¢
300 0.0620° — 0.100¢
400 0.0465° — 0.0778
500 — — 0.0605
630 — — 0.0469
800 — — 0.0367
1,000 — — 0.0291
1,200 — — 0.0247

Source: TEC 60228 (Edition 3.0 2004-11), “Conductors of insulated cables,” Copyright © 2004 IEC
Geneva, Switzerland. www.iec.ch

¢ Aluminum conductors 10 mm? to 35 mm? circular only; see 5.1.1c.

b See note to 5.1.1b.

¢ See note to 5.1.2.

4 For single-core cables, four sectoral shaped conductors may be assembled into a single circular
shaped conductor. The maximum resistance of the assembled conductor shall be 25% of that of the
individual component conductors.
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1. circular solid conductors (Class 1) of copper, aluminum, and aluminum
alloy;

2. circular and compacted circular stranded conductors (Class 2) of copper,
aluminum, and aluminum alloy.

This is intended as a guide to the manufacturers of cables and cable connectors to
assist in ensuring that the conductors and connectors are dimensionally compatible.

3.6 STRANDING

Larger sizes of solid conductors become too rigid to install, form, and terminate.
Stranding becomes the solution to these difficulties. The point at which stranding
should be used is dependent on the type of metal as well as the temper of that metal.
Copper conductors are frequently stranded at #6 AWG and greater. Aluminum, in
the half-hard temper, can be readily used as a solid conductor up to a #2/0 AWG size.

3.6.1 CONCENTRIC STRANDING

This is the typical choice for power cable conductors. This consists of a central wire
or core surrounded by one or more layers of helically applied wires. Each additional
layer has six more wires than the preceding layer. Except in unilay-stranded con-
ductors, each layer is applied in a direction opposite to that of the layer underneath.
In the case of power cable conductors, the core is a single wire and all of the strands
have the same diameter. As shown in Figure 3.1, the first layer over the core contains
6 wires; the second, 12; the third, 18; etc. The distance that it takes for one strand
of the conductor to make one complete revolution of the layer is called the length of

Number of wires
h W @ Total number
each layer .
of wires

Number of wires ‘@
across diameter

FIGURE 3.1 Concentric standing relationships.
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TABLE 3.6

Examples of Class B, C, and D Stranding

Size Class B Class C Class D
#2 AWG 7% 0.0974 19 x 0.0591 37 x 0.0424
#4/0 AWG 19 x 0.1055 37 x 0.0756 61 % 0.0589
500 kemil 37 % 0.1162 61 x 0.0905 91 x 0.0741
750 kemil 61 0.1109 91 x 0.0908 127 x 0.0768

lay. The requirement for the length of lay is set forth in ASTM standards [6] to be
neither less than 8 nor more than 16 times the overall diameter (OD) of that layer.

In power cables, the standard stranding is Class B. Standards require that the
outermost layer be of a left hand lay. This means that as you look along the axis of
the conductor, the outermost layer of strands roll toward the left as they recede from
the observer. More flexibility is achieved by increasing the number of wires in the
conductor. Class C has one more layer than Class B; Class D has one more layer than
C. The class designation goes up to M (normally used for welding cables, etc.). These
are covered by ASTM standards.

Class C and D conductors have approximately the same weight as a Class B and
an OD within 3 mils of Class B. Examples of Class B (standard), Class C (flexible),
and Class D (extra flexible) are shown in Table 3.6 with the number of strands and
diameter of each strand.

The following formula may be used to calculate the number of wires in a concen-
tric stranded conductor:

n=1+3N (N +1) (3.3)

where n = total number of wires in stranded conductor and N = number of layers
around the center wire.

3.6.2 COMPRESSED STRANDING

This is the term that is used to describe a slight deformation of the layers to allow
the layer being applied to close tightly. There is no reduction in conductor area. The
diameter of the finished conductor can be reduced no more than 3% of the equivalent

TABLE 3.7

Gaps in Outer Layer of a Stranded Conductor
Total Number of Strands Angle of Gap at 16 x OD
19 8.3

37 100

61 100
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concentric strand. A typical reduction is about 2.5%. Examples of gaps in the outer
layer for concentric stranded conductors are shown in Table 3.7.

Shortening the length of lay on the outer layer could solve the problem but would
result in higher resistance and would require more conductor material.

Compressed stranding is often the preferred construction, because concentric
stranding, with its designated lay length, creates a slight gap between the outer strands
of such a conductor. Lower viscosity materials that are extruded over such a conductor
tend to “fall in” to any gap that forms. This results in surface irregularities that create
increased voltage stresses and make it more difficult to strip off that layer.

3.6.3 CoOMPACT STRANDING

This is similar to compressed stranding except that additional forming is given to
the conductor so that the reduction in diameter is typically 9% less than the concen-
tric stranded conductor. This results in a diameter nearing that of a solid conductor.
Some air spaces that can serve as channels for moisture migration are still present.
The main advantage of compact conductors is the reduced conductor diameter.

3.6.4 BuNCcH STRANDING

This term is applied to a collection of strands twisted together in the same direction
without regard to the geometric arrangement. This construction is used when extreme
flexibility is required for small AWG sizes, such as portable cables. Examples of
bunch-stranded conductors are cords for vacuum cleaners, extension cords for lawn
mowers, etc. Examples of bunch stranding are shown in Table 3.8.

Note that in Class K and M conductors, the individual wire diameters are constant
and the cross-sectional area is developed by adding a sufficient number of wires to
provide the total conductor area required.

3.6.5 RoPE STRANDING

This term is applied to a concentric-stranded conductor, each of whose component
strands is stranded. This is a combination of the concentric conductor and a bunch-
stranded conductor. The finished conductor is made up of a number of groups of

TABLE 3.8

Examples of Class K and M Stranding

Conductor Size Class K Class M
#16 AWG 26 % 0.0100 65 x 0.0063
#14 AWG 41 % 0.0100 104 x 0.0063
#12 AWG 65 x 0.0100 168 x 0.0063

Note in Class K and M that the individual wire diameters are con-
stant and the area is developed by adding a sufficient number of
wires to provide the total conductor area required.
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bunch- or concentric-stranded conductors assembled concentrically together. The
individual groups are made up of a number of wires rather than a single, individual
strand. A rope-stranded conductor is described by giving the number of groups laid
together to form the rope and the number of wires in each group.

Classes G and H are generally used on portable cables for mining applications.
Classes I, L, and M utilize bunch-stranded members assembled into a concentric
arrangement. The individual wire size is the same with more wires added as neces-
sary to provide the area. Class I uses #24 AWG (0.020 inch) individual wires, Class
L uses #30 AWG (0.010 inch) individual wires, and Class M uses #34 AWG (0.0063
inch) individual wires. Class I stranding is generally used for railroad applications
and Classes L and M are used for extreme portability such as welding cable and
portable cords.

3.6.6 Sector CONDUCTORS

These have a cross section approximating the shape of a sector of a circle. A typical
three-conductor cable has three 120° segments that combine to form the basic circle
of the finished cable. Such cables have a smaller OD than the corresponding cable
with concentric round conductors, and exhibit lower AC resistance due to a reduction
of the proximity effect.

For paper-insulated cables, the sector conductor was almost always stranded and
then compacted in order to achieve the highest possible ratio of conductor area to cable
area. The precise shape and dimensions varied somewhat between the manufacturers.

Figure 3.2 and Table 3.9 show the nominal dimensions of typical compact sector
conductors.

For the calculation of cable capacitance, for instance, an “equivalent round conductor”
is required. Over the 2/0 AWG to 750 kemil size range, the following formula holds:

D=1337JA (3.4

where D = equivalent round diameter in mils and A = area of sector conductor in
circular mils.

FIGURE 3.2 Outline of typical compact sector.
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TABLE 3.9

Nominal Dimensions of 3/c Compact Sector Conductor

Cond. V-Gage V-Gage* B C D E
AWG/kemil Inch Inch Inch Inch Inch Inch
1/0 0.288 0.462 0.080 0.080 0.504
2/0 0.323 0.520 0.085 0.085 0.540
3/0 0.364 0.592 0.100 0.100 0.584
4/0 0.417 0.660 0.111 0.090 0.595
4/0 0.410 0.660 0.117 0.090 0.770
250 0455 0.720 0.118 0.220 0.635
250 0.447 0.720 0.125 0.220 0.812
300 0.497 0.784 0.130 0.179 0.678
300 0.490 0.784 0.138 0.179 0.852
350 0.539 0.834 0.151 0.259 0.718
350 0.532 0.834 0.151 0.259 0.890
400 0.572 0.902 0.147 0.244 0.754
400 0.566 0.902 0.158 0.244 0.928
500 0.642 1.018 0.155 0.207 0.820
500 0.635 1.018 0.167 0.207 1.000
600 0.700 1.120 0.165 0.210 0.882
600 0.690 1.120 0.178 0.210 1.050
750 0.780 1.280 0.163 0.284 0.970
750 0.767 1.280 0.185 0.284 1.140
800 0.806 1.324 0.164 0.224 0.890
800 0.795 1.324 0.176 0.224 1.083
900 0.854 1.405 0.170 0.236 1.040
900 0.842 1.405 0.180 0.236 1.110
1,000 0.900 1.500 0.137 0.300 1.008
1,000 0.899 1.500 0.192 0.300 1.266

* Denotes the column that applies for insulation thickness over 200 mils.

Sector conductors that are solid rather than stranded have been used for
low-voltage cables on a limited basis. There is interest in utilizing this type of
conductor for medium-voltage cables, but they are not available on a commercial
basis at this time.

3.6.7 SEGMENTAL CONDUCTORS

These are round, stranded conductors composed of three or more segments that are
electrically separated from each other by a thin layer of insulation around every
other segment. Each segment carries less current than the total conductor, and the
current is transposed between inner and outer positions in the completed conductor.
This construction has the advantage of lowering the skin effect ratio and hence the
AC resistance by having less skin effect than a conventionally stranded conductor.
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This type of conductor should be considered for large sizes such as 1,000 kemil and
above that are to carry large amounts of current.

The diameters of four-segment conductors are approximately the same as that of
Class B concentric-stranded conductors (Table 3.10).

3.6.8 ANNULAR CONDUCTORS

These are round, stranded conductors whose strands are laid around a core of rope,
fibrous material, helical metal tube, or a twisted I-beam. This construction has the
advantage of lowering the total AC resistance for a given cross-sectional area of
conductor by eliminating the greater skin effect at the center of the completed con-
ductor. Where space is available, annular conductors may be economical to use for

TABLE 3.10
Nominal Diameters for Segmental Copper and Aluminum Conductors

Segmental Conductor Diameter*

Conductor Size (Four Segments)

kemil mm? Inches mm

1,000 507 1.140-1.152 29.0-29.3
1,100 557 1.195-1.209 30.4-30.7
1,200 608 1.235-1.263 31.4-32.1
1,250 633 1.260-1.289 32.0-32.7
1,300 659 1.285-1.315 32.6-334
1,400 709 1.325-1.364 33.7-34.6
1,500 760 1.375-1.412 34.9-359
1,600 811 1.420-1.459 36.1-37.1
1,700 861 1.460-1.504 37.1-38.2
1,750 887 1.480-1.526 37.6-38.8
1,800 912 1.500-1.548 38.1-39.3
1,900 963 1.530-1.590 38.9-40.4
2,000 1,013 1.570-1.632 39.9-41.5
2,250 1,140 1.665-1.730 42.3-43.9
2,500 1,266 1.740-1.824 44.2-46.3
2,750 1,393 1.830-1.913 46.5-48.6
3,000 1,520 1.910-1.998 48.5-50.7
3,250 1,647 1.985-2.080 50.4-52.8
3,500 1,773 2.085-2.159 53.0-54.8
3,750 1,900 2.150-2.234 54.6-56.7
4,000 2,027 2.225-2.309 56.5-58.6
4,250 2,154 2.245-2.378 57.0-60.4
4,500 2,280 2.315-2.448 58.8-62.2
4,750 2,407 2.375-2.516 60.3-63.9
5,000 2,534 2.435-2.581 61.8-65.6

Source: ANSI/ICEA S-108-720, “Standard for Extruded Insulation Power Cables Rated Above
46 Through 345 kV,” 2004.
* Diameter over binder tape.
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1,000 kcmil cables and above at 60 hertz and for 1,500 kcmil cables and above for
lower frequencies such as 25 hertz.

3.6.9 UNiLAY CONDUCTORS

Unilay has, as the name implies, all of its strands applied in the same direction of
lay. A design frequently used for low-voltage power cables is the combination unilay
where the outer layer of strands are partially comprised of strands having a smaller
diameter than the other strands. This makes it possible to attain the same diameter
as a compact stranded conductor. The most common unilay conductor is a compact,
8,000 series aluminum alloy.

3.7 PHYSICAL AND MECHANICAL PROPERTIES

3.7.1 CoONDUCTOR PROPERTIES

Although high conductivity is one of the important features of a good conductor
material, other factors must be taken into account. Silver is an interesting possibility
for a cable conductor. Its high cost is certainly one of the reasons to look for other
candidates. Silver has another disadvantage, which is its lack of physical strength
that is necessary for pulling the cables into conduits.

3.71.1  Copper

Impurities have a very deleterious effect on the conductivity of copper. The speci-
fied purity of copper for conductors is 100%. Small amounts of impurities, such as
phosphorous or arsenic, can reduce the conductivity to as low as 80%.

3.7.1.2  Aluminum

Electrical conductor (EC) grade aluminum is also low in impurities, 99.5%
purity or better. ASTM B 233 specifies the permissible impurity levels for
aluminum [6].

TABLE 3.11
Comparative Properties, Copper versus Aluminum
Copper, Alum, Hard
Property Unit Annealed Drawn
Density at 20°C Pounds/in? 0.32117 0.0975
Grams/cm? 8.890 2.705

Linear Temp. Coef. per °F 9.4 x10°° 12.8 x 10

of Expansion per °C 17.0 x 10-° 23.0x 10°
Melting Point °F 1981 1205-1215

Melting Point °C 1083 652-657
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3.7.1.3 Comparative Properties, Copper versus Aluminum

Table 3.11 compares the properties of annealed copper and hard-drawn aluminum,
which are typically used for power cable conductors.

3.7.2  TempeR

Drawing of the copper and aluminum rod into wire results in work hardening
of both. This results in a slightly lower conductivity as well as a higher temper.
Stranding and compacting also increase the temper of the conductor. If a more
flexible conductor is required, annealing the metal may be desirable. This can
be done either while the strand is being drawn or the finished conductor may be
annealed by placing a reel of the finished conductor in an oven usually having a
nitrogen atmosphere and at an elevated temperature for a specified period of time.

3.7.2.1 Copper

ASTM Standards B1, B2, and B3 cover three tempers for copper conductors: hard-
drawn, medium-hard-drawn, and soft or annealed, respectively. Soft-drawn is usu-
ally specified for insulated conductors because of its flexibility and ease of handling
in the field. Medium-hard-drawn and hard-drawn are usually specified for overhead
conductors.

3.7.2.2 Aluminum

ASTM Standards B231 and B400 cover concentric-lay and compact-round stranded
aluminum conductors, respectively. ASTM has five designations for aluminum tempers
as shown in Table 3.12. Note that some of the values overlap. Half-hard aluminum is
usually specified for solid and for 8,000 series alloy conductors because of the need for
greater flexibility. Three-quarter and full-hard are usually specified for stranded cables.

It is important to consider two factors before deciding which temper should be
specified:

e The increased cost of the energy and equipment required to anneal the
conductor.

¢ Even with a more flexible conductor, the overall stiffness of the insulated
cable may only be marginally improved.

TABLE 3.12

Aluminum Temper

1350 Aluminum Tempers PSI x 10°
Full Soft (H-0) 8.5-14.0
1/4 Hard (H-12 or —22) 12.0-17.0
1/2 Hard (H-14 or —24) 15.0-20.0
3/4 Hard (H-16 or —26) 17.0-22.0

Full Hard (H-19) 22.5-29.0
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Overhead conductors and cables that will be pulled in to long lengths frequently
utilize higher tempers in order to increase the tensile strength of the conductor.
Examples of cables that might require high tensile strength conductors are bore hole
cables, mineshaft cables, or extremely long pulls of large conductors.

3.8 STRAND BLOCKING

Moisture in an insulated conductor has been shown to cause several problems.
Aluminum, in the presence of water and in the absence of oxygen, will hydrolyze.
Thus, if water enters an insulated cable having an aluminum conductor, the alumi-
num and water combine chemically to form aluminum hydroxide and hydrogen gas.
This condition is aggravated by a deficiency in oxygen in the insulated conductor.
The chemical reaction is:

T
2A1+6H,0 — 2A1(OH), +3H:

Aluminum hydroxide is a white, powdery material which is a good insulator.
Many users of stranded aluminum conductors now require blocked conductors for
this reason. Water blocking components, such as water-swellable tapes and yarns or
sealants, incorporated into the interstices of the stranded conductor act as an impedi-
ment to longitudinal water penetration and thus help retard this form of deterioration.
Copper conductors may, of course, also be water-blocked in the same manner.

Regardless of the conductor material and degree of compaction, there is still some
air space remaining in the interstices of the stranded conductor. This space can act as a
reservoir for moisture to collect and hence provide a source of water for water treeing.
Water-blocked stranded conductors are frequently specified for underground cables
to reduce the possibility of this happening. Solid conductors, of course, are typically
specified for the same reason for #2/0 AWG and smaller aluminum conductors.

3.9 ELECTRICAL CALCULATIONS

3.9.1 Conbuctor DC RESISTANCE

Roc at 25°C =1000p/A 3.5)

where R, = DC resistance of conductor in ohms per 1,000 feet at 25°C; p = resis-
tivity of metal in ohm circular mils per foot; p for copper = 10.575 Q-cmil/ft (100%
conductivity) at 25°C; p for aluminum = 17.345 Q-cmil/ft (61.0% conductivity) at
25°C; A = conductor area in circular mils.

The resistance of a stranded conductor is more difficult to calculate. It is generally
assumed that the current is evenly divided among the strands and does not transfer
from one strand to the next. For this reason, the DC resistance is based on:

e Multiply the number of strands by the cross-sectional area of each taken per-
pendicular to the axis of that strand. The product is then the cross-sectional
area of the conductor.
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e Compare the length of each strand to the axial length of the conductor. This
increased length is arithmetically averaged.

e The DC resistance of a solid conductor having the same effective cross-sec-
tional area is multiplied by the average increase in length of the strand. The
resultant is the calculated resistance of the stranded conductor.

Since resistance is based on temperature, the following formulae correct for other
temperatures in the range most commonly encountered:

Copper:
R, =R, 234.5+T, 3.6)
2345+T,
Aluminum:
228.1+T
R, =R, =2~ 152 3.7
228.1+T,

where R, = conductor resistance at temperature 7, in °C; R, = conductor resistance
at temperature 7; in °C.

These formulas are based on the resistance coefficient of copper having 100%
conductivity and of aluminum having 61.2% conductivity (International Annealed
Copper Standard).

3.9.2 Conbuctor AC RESISTANCE

A conductor offers a greater resistance to the flow of AC than it does to DC. This
increased resistance is generally expressed as the AC/DC resistance ratio. The two
major factors for this increase are the skin effect and the proximity effect of closely
spaced current carrying conductors. Other magnetic effects can also cause an addi-
tional increase in AC/DC resistance ratios.

Ry = AC/DC ratio X Rpc (3.8)

The AC/DC resistance ratio is increased by larger conductor sizes and higher AC
frequencies.

3.9.3 SkiN ErrecT

In AC circuits, the current tends to distribute itself within a conductor so that the
current density near the surface of the conductor is greater than that at its core. This
phenomenon is known as skin effect. A longitudinal element of the conductor near
the center of the axis is surrounded by more lines of magnetic force than near the
rim. This results in an increase in inductance toward the center. The decreased area
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of conductance causes an apparent increase in resistance. At 60 hertz, the phenom-
enon is negligible in copper conductor sizes of #2 AWG and smaller and aluminum
sizes of #1/0 AWG and smaller. As the conductor size increases, this effect becomes
more significant.

The following formula can be used to give an approximation of skin effect for
round conductors at 60 hertz; another approximation will be given in Chapter 14.

11.18

=% 3.9
R3-+8.8 )

Ccs

where Y= skin effect expressed as a number to be added to the DC resistance;
Ry = DC resistance of the conductor in micro-ohms per foot at operating temperature.

3.9.4 Proxmity EFrecT

In closely spaced AC conductors, there is a tendency for the current to shift to the
portion of the conductor that is away from the other conductors of that cable. This
phenomenon is known as proximity effect. The alternating magnetic field linking the
current in one isolated conductor is distorted by the current in an adjacent conductor.
This in turn causes an uneven distribution of the current across the conductor cross
section.

Since skin and proximity effects are cumbersome to calculate, tables have been
established to give these values for common modes of operation [5].

3.9.5 CAaBLES IN MAGNETIC METALLIC CONDUIT

Due to excessive hysteresis and eddy current losses, individual phases of an AC
circuit should not be installed in separate magnetic metal conduits under any cir-
cumstances. This is because of the high inductance of such an installation. In fact,
separate phases should not pass through magnetic structures since overheating can
occur in such a situation. All phases should pass through any magnetic enclosure
simultaneously, so that maximum cancellation of the resultant magnetic field occurs.
This greatly reduces the magnetic effect. However, even under these conditions, an
increase in skin and proximity effects will occur because of the proximity of the
magnetic material. There can be significant losses when large conductors are simply
placed near the magnetic materials.

Cables in 50 or 60 hertz AC circuits should not be installed with each phase
in a separate nonmagnetic metal conduit when their conductor size is #4/0 AWG
or larger due to high circulating currents in the conduit. This causes a significant
decrease in the cable ampacity.

3.9.6 ResisTANCE AT HIGHER FREQUENCIES

Cables operating at frequencies higher than 60 hertz may need to be evaluated for
ampacity and AC/DC ratios because they can cause higher voltage drops than might
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be anticipated. Also at higher frequencies, an increase in the inductive reactance
may affect voltage drops. Insulated conductors should not be installed in metallic
conduits, nor should they be run close to magnetic materials.

For frequencies other than 60 hertz, a correction factor is provided by:

x=0.027678/f/Roc (3.10)

where f = frequency in hertz, R, = conductor DC resistance at operating tempera-
ture, in ohms per 1,000 feet.

For additional information on the effects of higher frequency, see the ICEA report
in Reference [3] and the cable manufacturer’s manuals [4,5].
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4.1 VOLTAGE RATING OF CABLES

The rating, or voltage class, of a cable is based on the phase-to-phase voltage of the
system even though it is in a single- or three-phase circuit. For example, a 15 kV
rated cable (or a higher value) must be specified on a system that operates at 7,200 or
7,620 V to ground on a grounded wye 12,500 or 13,200 V system. This is based on
the fact that the phase-to-phase voltage on a wye system is 1.732 (the square root of
3) times the phase-to-ground voltage. Another example is that a cable for operation
at 14.4 kV to ground must be rated at 25 kV or higher since 14.4 times 1.732 is 24.94
kV (Figure 4.1).

The wye systems described above are usually protected by fuses or fast-acting
relays. This is generally known as the 100% voltage level and was previously known
as a “grounded” circuit. Additional insulation thickness is required for systems that
are not grounded, such as found in some delta systems, impedance or resistance

¢ N
>

<

vL toL
Vi g x1.732

Ground

FIGURE 4.1 Voltage rating.
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grounded systems, or systems that have slow-acting isolation schemes. The follow-
ing voltage levels are found in AEIC specifications [1] and many other technical
documents.

4.2 100 PERCENT LEVEL

Cables in this category may be applied where the system is provided with relay
protection such that ground faults will be cleared as rapidly as possible, but in any
case within 1 minute. While these cables are applicable to the great majority of
cable installations that are on grounded systems, they may be used also on other
systems for which the application of cables is acceptable, provided the above clearing
requirements are met in completely de-energizing the faulted section.

[Editor’s note: There have been incidents where devices designed to quickly
de-energize a circuit have been installed but not utilized. Such reluctance to de-
energize quickly can result in serious problems for those cable systems.]

4.3 133 PERCENT LEVEL

This insulation level corresponds to that formerly designated for “ungrounded” sys-
tems. Cables in this category may be applied in those situations where the clearing
time requirements of the 100 percent category cannot be met, and yet there is ade-
quate assurance that the faulted section will be de-energized in a time not exceeding
1 hour. Also, they may be used when additional insulation strength over the 100
percent level category is desirable.

4.4 173 PERCENT LEVEL

Cables in this category should be applied on systems where the time required to
de-energize a section is indefinite. Their use is recommended also for resonant
grounded systems. Consult the (cable) manufacturer for insulation thickness.

4.5 CABLES NOT RECOMMENDED

Cables are not recommended for use on systems where the ratio of the zero to posi-
tive phase reactance of the system at the point of cable application lies between —1
and —40 since excessively high voltages may be encountered in the case of ground
faults.

4.6 LOW-VOLTAGE CABLE RATINGS

Low-voltage cable ratings follow the same general rules as for the medium-voltage
cables previously discussed in that they are also based on phase-to-phase operation.
The practical point here is that a cable that operates at say 480 V from phase-to-
ground on a grounded wye system requires an insulation thickness applicable to
480x% 1.732 or 831 V phase-to-phase. This, of course, means that a 1,000 V level of
insulation thickness should be selected.
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There are no categories for low-voltage cables that address the 100, 133, and 173
percent levels. One of the main reasons for the thickness of insulation walls for these
low-voltage cables in the applicable standards is that mechanical requirements of
these cables dictate the insulation thickness. As a practical matter, all these cables
are overinsulated for the actual voltages involved.

4.7 CABLE CALCULATION CONSTANTS

There are four main calculation constants that affect the functioning of a cable on
an electric system: resistance, capacitance, inductance, and conductance. Conductor
resistance has been addressed in Chapter 3.

4.7.1 CasLE INSULATION RESISTANCE

The resistance to flow of a direct current (DC) through an insulating material (dielec-
tric) is known as insulation resistance. There are two possible paths for current to
flow when measuring insulation resistance:

1. Through the body of the insulation (volume insulation resistance)
2. Over the surface of the insulation system (surface resistivity)

4.7.2 VoLUME INSULATION RESISTANCE

The volume insulation resistance of a cable is the DC resistance offered by the insula-
tion to an impressed DC voltage tending to produce a radial flow of leakage through that
insulation material. This is expressed as a resistance value in megohms for 1,000 feet of
cable for a given conductor diameter and insulation thickness. Note that this is for 1,000
feet, not per 1,000 feet! This means that the longer the cable, the lower the resistance
value that is read on a meter since there are more parallel paths for current to flow to
ground. The basic formula for a single conductor cable of cylindrical geometry is:

IR =K log,,D/d @)

where

IR = megohms for 1,000 feet of cable

K = insulation resistance constant

D = diameter over the insulation (under the insulation shield)

d = diameter under the insulation (over the conductor shield). Note: Both D and d
must be expressed in the same units.

In order to measure the insulation resistance of a cable, the insulation must either
be enclosed in a grounded metallic shield or immersed in water. Resistance measure-
ments are greatly influenced by temperature—the higher the temperature, the lower the
insulation resistance. The cable manufacturer should be contacted for the temperature
correction factor for the specific insulation. Equation 4.1 is based on values at 60°F.
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TABLE 4.1

Insulation Resistance

Insulation ICEA Minimum Typical
HMWPE 50,000 1,000,000
XLPE and EPR, 600 V 10,000 100,000
XLPE and EPR, Med. Voltage 20,000 200,000
PVC at 60°C 2,000 20,000
PVC at 75°C 500 5,000

The values shown in Table 4.1 are also based on this temperature. The ICEA
minimum requirements of IR (sometimes referred to as “guaranteed values”) are
shown as well to represent values that may be measured in the field. The actual
values of IR that would be read in a laboratory environment are many times
higher than these “minimum” values and approach the “typical” values shown
in Table 4.1.

4.7.3  SURFACE RESISTIVITY

One of our contributors often stated that “all cables have two ends.” These termina-
tions or ends, when voltage is applied to the conductor, can have current flow over
the surface of that material. This current adds to the current that flows through the
volume of insulation, which lowers the apparent volume insulation resistance unless
measures are taken to eliminate that current flow while the measurements described
above are being made. This same situation can occur when samples of insulation are
measured in the laboratory. A “guard” circuit is used to eliminate the surface leak-
age currents from the volume resistivity measurement.

4.7.4 DC CHARGING CURRENT

The current generated when a cable is energized from a DC source is somewhat com-
plicated because there are several currents that combine to form the total leakage
current. These currents are: I, = leakage current, /; = charging current, I, = absorp-
tion current.

The DC charging current behaves differently than the alternating current (AC)
in that the DC value rises dramatically during the initial inrush. It decreases rather
quickly with time, however. The magnitude of the charging and absorption currents
is not usually very important except that it may distort the true leakage current read-
ing. The longer the length and the larger the cable size, the greater the inrush current
and the longer it will take for the current to recede. This initial current decays expo-
nentially to zero in accordance with the following equation:

Io=(E/R)e™* “2)
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where

1; = charging current in microamperes per 1,000 feet
E = voltage of conductor to ground in volts

R = DC resistance of cable in megohms for 1,000 feet

¢ = base of natural logarithm (2.718281...)

t = time in seconds

C = capacitance of circuit in microfarads per 1,000 feet

The absorption current is caused by the polarization and accumulation of electric
charges that accumulate in a dielectric under applied voltage stress. The absorption
current normally is relatively small and decreases with time. Absorption current rep-
resents the stored energy in the dielectric. Short-term grounding of the conductor may
not give a sufficient amount of time for that energy to flow to ground. Removing the
ground too quickly can result in the charge reappearing as a voltage on the conduc-
tor. The general rule is that the ground should be left on for one to four times the time
period during which the DC source was applied to the cable. The absorption current is:

I,=AVCt™® “.3)

where

1, = absorption current in microamperes per 1,000 feet
V = incremental voltage change in volts

C = capacitance in microfarads per 1,000 feet

t = time in seconds

A and B are constants depending on the insulation.

A and B are constants that differ with the specific cable since they are dependent
on the type and condition of the insulation. They generally vary in a range that limits
the absorption current to a small value compared to the other DC currents. This cur-
rent decays rather rapidly when a steady-state voltage level is reached.

The current that is of most importance is the leakage or conduction current. The
leakage current is dependent on the applied voltage, the insulation resistance of the
cable insulation, and any other series resistance in the circuit. This value becomes
very difficult to read accurately at high voltages because of the possibility of end
leakage currents as well as the transient currents. The formula for leakage current is:

1, =E/R, @.4)

where

1, = leakage current in microamperes per 1,000 feet
E = voltage between conductor and ground in volts
R, = insulation resistance in megohms for 1,000 feet.

The total current is:

IT:IG+IA +IL (4.5)
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The voltage must be raised slowly and gradually because of the rapid rise of /
and /, with time. Also, since both of these values are a function of cable length, the
longer the cable length, the slower the rise of voltage allowable. Equation 4.5 demon-
strates the reason for taking a reading of leakage current after a specified period of
time so that the actual leakage current can be determined.

4.8 DIELECTRIC CONSTANT

Dielectric constant, relative permittivity, and specific inductive capacitance all
mean the same. They are the ratio of the absolute permittivity of a given dielectric
material to the absolute permittivity of free space (vacuum). The symbol for per-
mittivity is € (epsilon). To put this in another way, these terms refer to the ratio of
the capacitance of a given thickness of insulation to the capacitance of the same
capacitor insulated with vacuum. (This is occasionally referred to as air rather
than vacuum, but the actual dielectric constant of air is 1.0006). Since the calcula-
tions are usually not taken out to more than two decimal points, it is practical to
use air for comparison. The value of permittivity, dielectric constant, and specific
inductive capacitance (SIC) are expressed simply as a number since the dielectric
constant of a vacuum is taken as 1.0000.

4.9 DIELECTRIC LOSS IN CABLE INSULATION

The losses in the insulation of a cable may be calculated from the following equation:

W =2nfeCne’F,x107° 4.6)

where

W = watts loss per foot of cable

¢ = dielectric constant of the insulation
f=frequency in hertz

C = capacitance of the insulation per foot

n = number of conductors in the cable

e = voltage conductor to neutral in kilovolts

F, = power factor of the insulation as a decimal.

4.10 CABLE CAPACITANCE

The property of a cable system that permits the conductor to maintain a potential
across the insulation is known as capacitance. Its value is dependent on the permit-
tivity (dielectric constant) of the insulation and the diameters of the conductor and
the insulation. A cable is a distributed capacitor. Capacitance is important in cable
applications since charging current is proportional to the capacitance as well as to
the system voltage and frequency. Since the charging current is also proportional to
length, the required current will increase with cable length.
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The capacitance of a single conductor cable having an overall grounded shield or
immersed in water to provide a ground plane may be calculated from the following
formula:

~0.00736¢

C @7

lo b
g10 d

where

C = capacitance in microfarads per 1,000 feet

¢ = permittivity of the insulating material. Permittivity (e, epsilon), dielectric con-
stant (K), and SIC terms are used interchangeably. The term permittivity is pre-
ferred. See Table 4.2.

D = diameter over the insulation (under the insulation shield)

d = diameter under the insulation (over the conductor shield). Note: Both D and d
must be expressed in the same units.

In single conductor, low-voltage cables where there is no semiconducting layer
over the conductor, a correction factor must be used to compensate for the irregu-
larities of the stranded conductor surface as shown in Table 4.3. This measurement

TABLE 4.2
Permittivity, Dielectric Constant, and SIC (All
Mean the Same Thing)

Material Range Typical
Butyl Rubber 3.0-4.5 35
EPR 2.5-3.5 3.00r3.5
Halar (ETFE) 25 2.5
HMWPE2 1-2.6 2.2
Hypalon 7-10 8
Kynar (PVDF) 6-12 10
Mica 6.9 6.9
Neoprene 9-10 9.5
Paper, impregnated 3.3-3.7 35
Polyester (Mylar) 3.3-3.8 3.5
Polyvinyl chloride (PVC) 3.1-10 6.0
Rubber-GRS or Natural 2.7-7 3.5
Silicone Rubber 2.9-6 4.0
Teflon (FEP, TFE) 2.1 2.1
Tefzel (EFTE) 2.6 2.6
TR-XLPE2. 1-2.6 23
XLPE2. 1-2.6 2.3
XLPE, filled 3.5-6.0 45

Varnished Cambric 4.0-6.0 5.0
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TABLE 4.3

Correction Factors for Irregularities
Number of Strands Factor k

1 (solid) 1.0

7 0.94

19 0.97

37 0.98

61 and 91 0.985

is based on having an insulation shield/sheath or a conducting surface over the
insulation.

C= 0.00736¢ @)

lo i
glokd

4.11 CAPACITIVE REACTANCE

The capacitive reactance of a cable is inversely dependent on the capacitance of the
cable and the frequency at which it operates.

1
B 2nfC

. 4.9)
where

X.= ohms per foot
f = frequency in hertz
C = capacitance in picofarads per foot

4.12 CHARGING CURRENT FOR ALTERNATING
CURRENT OPERATION

For a single conductor cable, the current may be calculated from the formula:
Ic =2nfCEx107° (4.10)

where

1= charging current in milliamperes per 1,000 feet
f=frequency in hertz

C = capacitance in picofarads per foot

E = voltage from conductor to neutral in kilovolts.
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Other leakage currents are also present, but the capacitive current has the largest
magnitude. In addition to this, the capacitive charging current flows as long as the
system is energized. The resistive component of the charging current is also depen-
dent on the same factors as the capacitive current and is given by the formula:

I =27fCE tand @.11)

where

I, = resistive component of the charging current
tan & = dissipation factor of the insulation.

The tan & of medium-voltage insulation, such as cross-linked polyethylene and
ethylene propylene, has values that are generally below 0.02 so the resistive compo-
nent of the charging current is only a small fraction of the total charging current. The
tan § is sometimes referred to as the insulation power factor since at small angles,
these values are approximately equal. Since the capacitive charging current is 90°
out of phase with the resistive charging current, the total charging current is gener-
ally given as the capacitive component and leads any resistive current flowing in the
circuit by 90°. The result of these AC currents generated puts demands on the power
required for test equipment.

4.13 CABLE INDUCTIVE REACTANCE

The inductive reactance of an electrical circuit is based on Faraday’s law. That law
states that the induced voltage appearing in a circuit is proportional to the rate of
change of the magnetic flux that links it. The inductance of an electrical circuit con-
sisting of parallel conductors, such as a single-phase concentric neutral cable, may
be calculated from the following equation:

X, =2nf(0.1404logo S /r +0.153)x107 @.12)

where

X, = ohms per 1,000 feet

S = distance from the center of the cable conductor to the center of the neutral

r = radius of the center conductor. S and r must be expressed in the same unit, such
as inches.

The inductance of a multiconductor cable mainly depends on the thickness of the
insulation over the conductor.

4.13.1 CasLe INDucTIVE REACTANCE AT HIGHER FREQUENCIES

Since the inductive reactance of an insulated conductor is directly proportional to
frequency, the inductive reactance is substantially increased in higher frequency
applications. Conductors must be kept as close together as possible. Due to the severe
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increase in inductive reactance at high frequency, many applications will require
using two conductors per phase to reduce the inductive reactance to approximately
one-half of that of using one conductor per phase. A six-conductor installation should
have the same phase conductors 180° apart.

4.14 MUTUAL INDUCTANCE IN CABLES

In single-conductor shielded or metallic-sheathed cables, current in the conductor
will cause a voltage to be produced in the shield or sheath. If the shield or sheath
forms part of a closed circuit, a current will flow. (Shield and sheath losses are
described under Ampacity in Chapter 13).

The approximate mutual inductance between shields or sheaths is given by the
following relation:

L, =0.140410g,,S/r,, x107 @.13)

where

L,, = henries to neutral per 1,000 feet
S = geometric mean spacing between cable centerlines in inches
r,, = mean shield or sheath radius in inches. See Figure 4.2.

4.15 CABLE CONDUCTOR IMPEDANCE

Conductor impedance of a cable may be calculated from the following equation:

Z= RAC + jXL (4.14)

where

Z = conductor impedance in ohms per 1,000 feet
R,-= AC resistance in ohms per 1,000 feet
X, = conductor reactance in ohms per 1,000 feet.

FD%\*D*{ $=\/DxDx2D = \}2D? =126 D
O O

FIGURE 4.2 Geometric spacing.
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Conductor impedance becomes an important factor when calculating voltage
drop. Since the power factor angle of the load and impedance angle are usually dif-
ferent, the voltage drop calculation can be cumbersome. The following voltage drop
equation can be used for a close approximation:

Vp = Ryclcos®+ X, Isin0® 4.15)

where

V,, = voltage drop from phase to neutral in volts

R, = AC resistance of the length of cable in ohms

cos O = power factor of the load

X, = inductive reactance of the length of cable in ohms.

4.16 TOTAL CABLE REACTANCE

The total cable reactance (X) is the vector sum of the capacitive reactance and the
inductive reactance of the cable in ohms per foot.

X=Xc+X, (4.16)

4.17 CABLE DISSIPATION FACTOR

In cable engineering, the small amount of power consumed in the insulation
(dielectric absorption) is due to losses. These losses are quite small in medium-
voltage cables, but can become more significant in systems operating at 15 kV and
above.

A small amount of power is consumed in an insulation due to its presence in an
electric field and to the fact that no insulation is a perfect dielectric. In practical
cables, there is a large amount of capacitive reactance and virtually no inductive
reactance. Hence, the current leads the voltage by almost 90°. Since the cosine of
90° is zero, the cosine of an angle approaching 90° is very small. The actual value
of such a small angle is almost equal to tan d, hence cable engineers use this term to
represent this “defect angle.”

In addition to the charging current flowing through the capacitive portion of the
circuit, current also flows though the AC resistance portion of the circuit. This is the
AC loss portion of the insulation circuit. The ratio of the AC resistance of the insula-
tion to the capacitive reactance of the insulation is called the dissipation factor. This
is equal to the tangent of the dissipation angle that is usually called tan 8. This tan &
is approximately equal to the power factor of the insulation, which is the cos 0 of the
complimentary angle.

In practical cable insulations and at 50 to 60 hertz, high insulation resistance and
a comparatively large amount of capacitive reactance are present. There is virtually
no inductive reactance. Hence, the current leads the voltage by almost 90°. Since
the cosine of 90° is zero, the cosine of an angle approaching 90° is small and the
dissipation factor (often referred to as power factor of the insulation) also is small.
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I (Ideal) 4 I (Practical)

»E

FIGURE 4.3 Cable insulation power factor or dissipation factor. Note: Tan § is approxi-
mately equal to cos O for the small angles involved.

Typical values for insulation power factor are 0.005 to 0.02 or slightly higher for
other materials.

Dissipation factor is used in cable engineering to determine the dielectric loss
in the insulation, expressed as watts per foot of cable that is dissipated as heat. It is
also used to some extent to describe the efficiency or perfection of the insulation as
a dielectric. Hence, the term tan § (delta) was chosen to represent the defect angle of
the material (Figure 4.3).

The power dissipation per phase (dielectric loss, W) is a function of the voltage
and the in-phase component of the current.

W, = Eyl- tan 8W /foot @.17)

The insulation parameters that determine the dielectric loss of a cable are the
dielectric constant (permittivity, €) and the dissipation factor (tan ). The product
of the permittivity and the dissipation factor is the dielectric loss factor (DLF). The
lower the DLF, the better the insulation.

4.18 INSULATION PARAMETERS

4.18.1 VoLTAGE STRESS IN CABLES

Voltage stress in shielded cable insulations with smooth, round conductors is defined
as the electrical stress or voltage to which a unit thickness of insulation is subjected.
The average stress in volts per mil is determined by dividing the voltage across the
insulation by the insulation thickness in mils.

Swg =2V/(D-d) 4.18)

where

S = average stress in volts per mil
V = voltage across the insulation
D = outside diameter of the insulation in mils

d = inside diameter of the insulation in mils.
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The stress is not uniform throughout the wall. The stress at any point in the insu-
lation wall can be calculated by the formula:

S =V/2.303r log, (D/d) 4.19)

where
S = stress in volts per mil at a point in the insulation r mils from the cylindrical axis.

The maximum stress occurs at the surface of the conductor shield.

Smax = 0.868V/dlog,y(D/d) 4.20)
where the terms and units are the same as in Equations 4.16 through 4.18.

4.18.2 DIELECTRIC STRENGTH

Although maximum and average stresses are important, dielectric strength is usually
specified as the average stress at electrical breakdown. The dielectric strength of a
material depends on the dimensions and the testing conditions, particularly the time
duration of the test. A thin wall of material generally withstands a higher average
stress before breaking down than a thicker wall.

4.18.3 AC DIELECTRIC STRENGTH

These measurements are made in two ways: quick-rise or step-rise.

In the quick-rise method, the voltage applied to the insulation is raised at a uni-
form rate until the insulation breaks down. As an example, a rate of rise of 500 V per
second is known as “quick-rise.”

In the “step-rise” method, the voltage is raised to a predetermined level and held
at that level for an amount of time, such as 5 or 10 minutes at each level, until break-
down occurs. A relatively short time, say the 5 or 10 minutes described above, has
the advantage of reaching breakdown in a shorter amount of total test time. In the
real world, the time at a voltage level is much longer, so some cable engineers prefer a
longer step time such as 30 minutes or 1 hour at each step. With the longer step times,
the breakdown voltage is lower than with the quick-rise or short step time methods.

4.18.4 IMPULSE STRENGTH

Because cable insulation is frequently subjected to lightning or switching surges, it
is often desirable to know the impulse strength of the cable. Surges of “standard”
wave shape, such as 8 seconds to reach 90% of crest value, and 40 microseconds to
drop to one-half of crest value, are frequently used in the laboratory. The increasing
voltages are applied to the insulation with several surges at a negative potential and
then, at the same voltage level, the same number of surges are applied with positive
pulses. The average stress in volts per mil is calculated from the crest voltage of the
surge on which breakdown occurs.
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4.19 REVIEW OF ELECTRICAL TERMS

67

These terms apply to all electrical engineering circuits. The actual application of
these terms to cables is covered in Section 4.2 of this chapter. The more important

equations are:

E=IR
o=It

E = Ldl/dt
Q=CE

P=EIl=I"R
W =Elt

where

E = electromotive force in volts
I = current in amperes

R = resistance in ohms

QO = quantity in ohms

L = inductance in henries

C = capacitance in farads

P = power in watts

W = energy in joules

t = time in seconds.

4.19.1 RESISTANCE

@21

4.22)

4.23)

4.24)

4.25)

4.26)

(R) is the scalar property of an electric circuit that determines, for a given current,
the rate at which electric energy is converted into heat or radiant energy. Its value is
such that the product of the resistance and the square of the current gives the rate of

conversion of energy.
In a direct-current circuit,

and

P=1I°R

@.27)

4.28)
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where

R = resistance in ohms

E = electromotive force in volts
I = current in amperes

P = power in watts.

4.19.2 CONDUCTANCE

(G) is the property of an electric circuit that determines, for a given electromotive
force in the circuit or for a given potential difference between the terminals of a part
of a circuit, the rate at which energy is converted into heat or radiant energy. This
value is such that the product of the conductance and the square of the electromotive
force, or potential difference, gives the rate of conversion of energy.

P=EG @.29)

where

P = power in watts
E = voltage, phase to ground, in kilovolts
G = conductance in mhos.

The unit of conductance is mho. Conductance is the reciprocal of resistance.

G= 4.30)

1
R
where

G = conductance in mhos
R = resistance in ohms.

4.19.3 CoNDUCTIVITY

Conductivity (y) of a material is the direct-current conductance between the opposite
parallel faces of a portion of the material having unit length and unit cross section.
It is the reciprocal of resistivity.

G=1* 4.31)

where

G = conductance
a = area
| = length.
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4.19.4 VoruMe REesisTiviTy

Volume resistivity of a material is the reciprocal of conductivity. The unit for volume
resistivity is p (tho). It is the resistance of a section of material of unit length and unit
cross section.

r=Pl 4.32)

where

R = resistance in ohms
p = rho, volume resistivity
a = area

| = length.

4.19.5 INDUCTANCE

Unit L represents the scalar property of an electric circuit, or two neighboring cir-
cuits, which determines the electromotive force induced in one of the circuits by a
change of current in either of them.

4.19.5.1 Self-Inductance

This is the property of an electric circuit that determines, for a given rate of change
of current in the circuit, the electromotive force induced in the same circuit.

The unit of inductance is 1 henry. One henry is the self-inductance of a closed
circuit in which an electromotive force of 1 V is produced when the electric current
traversing the circuit varies uniformly at the rate of 1 ampere per second.

e\ .33)

where e, and 7, are in the same circuit and L is the coefficient of self-inductance.

4.19.5.2 Mutual Inductance

(L,,) is the common property of two associated electric circuits that determines, for a
given rate of change of current in one of the circuits, the electromotive force induced
in the other.

4.19.6 INDUCTANCE IN MuLTICONDUCTOR CABLES

This is the same as any other arrangement of conductors and follows the following
equation:
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L =0.14041og,, MP 10 @.34)
GMR

where

GMD = geometric mean distance between conductors in inches
GMR = geometric radius of conductors in inches.

4.19.7 MutuAL INDUCTANCE IN CABLES

In single conductor, metallic covered cables, current flowing in the conductor will
produce an electromotive force in the sheath. If by any means the sheath forms a
closed circuit, current will flow in the sheath based on the following equation:

GMD

L,, =0.14041og, x107 4.35)

m

where

L,, = henries to neutral per 1,000 feet
r,, = mean sheath radius in inches.

4.19.8 INpucTANCE IN CoAXIAL CABLES

In coaxial cables, three kinds of inductance must be taken into account: space induc-
tance, inductance within the inner conductor, and inductance within the outer con-
ductor. Above 50 kilohertz, only space inductance needs to be considered for results
with less than 0.5% error. The equation for a coaxial cable with a tubular outer con-
ductor becomes:

Ly =4.6log,, 2107 (4.36)
n
where

L, = inductance in henries per centimeter
r, = inner radius of outer conductor in inches
r, = radius of inner conductor in inches.

If the outer conductor is stranded or braided, the inductance is slightly higher.

4.20 CAPACITANCE

This is the property of an electric system comprising insulated conductors and asso-
ciated dielectric materials that determines, for a given time rate of change of poten-
tial difference between the conductors, the displacement currents in the system.
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The unit of capacitance is the farad and it is that capacitance of a circuit whose
potential difference will be raised 1 V by the addition of a charge of 1 coulomb.

4.20.1 CaraciTANCE OF A CABLE

The electrostatic capacitance of an insulated conductor 1 cm in length, in absolute
units, is:

c=_% 4.37)

where

C = capacitance

¢ = dielectric constant of the insulating material
D = outer diameter of the insulation

d = inside diameter of the insulation.

In more common terms, the equation is:

7.354¢

= 4.38
logo1+2¢t/d (.38

4.21 REACTANCE

Reactance is the product of the sine of the angular phase difference between the cur-
rent and potential difference times the ratio of the effective potential difference to
the effective current because there is no source of power in the portion of the circuit
under consideration. The total reactance of a circuit is the sum of the inductive and
capacitive reactances.

4.21.1 INpucTIVE REACTANCE Is CALCULATED FROM
X, =2nfL @.39)

where

X, = inductive reactance in ohms/foot to neutral
f = frequency in hertz
L = inductance in henries/foot

and

GMD
X, =0.05292log,)——— 4.40
L 10 GMR ( )
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4.21.2 CaracimivE REACTANCE Is CALCULATED FROM

1
Xe=- 4.41
=" omc “4.41)

where

X = capacitive reactance in ohms/foot
C = capacitance in picofarads/foot.

4.21.3 TotAL REACTANCE

The total reactance of a circuit is the sum of the inductive and capacitive reactances:

X =2nfL +

=X, +X 4.42
e L+ Xc 4.42)

4.22 IMPEDANCE

Impedance is the ratio of the effective value of the potential difference between the
terminals to the effective value of the current, there being no source of power in the
portion of the circuit under consideration.

z:?:¢ﬁ+x2 4.43)

4.23 ADMITTANCE

(Y) is the reciprocal of impedance.

4.24 POWER FACTOR IN POWER ENGINEERING

Power factor, as used in power engineering, is not the same as “power factor” as used
in cable engineering. In power engineering, power factor is the ratio of active power
to apparent power. Apparent power (S) consists of two components; active (in-phase)
power P,, which does useful work, and reactive (out-of-phase) power P,. Their geo-
metric sum is the apparent power. Power factor is given by the equation:

Fp=P,/S @.44)

In power engineering, power factor is used, among other things, to determine the
amount of useful work. In a motor, for example, resistance and a comparatively large
amount of inductive reactance are present so that the current lags behind the voltage.
If the power factor was 1.00 (unity) and no reactance was present, then with every
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10 kVA all the current delivered to the motor (neglecting losses) would be in phase
with the voltage and 10 kW would be applied as useful work. With a reactance pres-
ent and a power factor of, say 0.80, only part of the current (8/10) is in phase with the
voltage and only 8 kW would be delivered to the motor. The out-of-phase component
of current increases the total current and results in increased heat loss.

Power factor may also be described as a measure of the relationship in time phase
between the current and the voltage in any AC circuit. Practically, all AC circuits con-
tain resistance, inductive reactance, and capacitive reactance. These characteristics
determine how much the current leads or lags behind the voltage during each cycle.
This is usually expressed in degrees by the use of a vector diagram. The angle between
them indicates the amount of lead or lag. The cosine of that angle is called the power
factor of that circuit. With only capacitive reactance, the current leads the voltage by
90°; with only inductive reactance, the current lags behind the voltage by 90°.

4.25 HOOP STRESS OF CYLINDERS

Cable systems with sealed metal sheaths, such as paper insulated lead covered
(PILC) cables, can develop internal pressure or vacuum that may expand or collapse
this sheath. These systems can develop this condition when the hydraulic pressure of
the impregnate increases above the allowable “hoop stress” level of the sheath. PILC
cables with viscous impregnates are generally limited to a height of about 32 feet in
order to avoid damage to the sheath at the low point or excess vacuum at the high
point of the system—usually at the terminations.

Most such systems are not sealed along their route. This results in the pressure
being the same in the cable as in the splice when they are at the same elevation. The
result of the same pressure can be dramatic since the diameter of the cable is con-
siderably smaller than the diameter of the splice. Let us consider a cable having an
internal sheath diameter of 3 inches and a splice with a 6 inch inner diameter of the
sleeve. To keep this simple, the thickness of the sheath and sleeve will both be 0.1
inches. When a pressure of 10 psi is reached, the internal force trying to pull a 1 inch
ring or “hoop” of the sheath or sleeve apart is three times the 10 psi or 30 pounds for
two pieces of 0.1 square inch sections of lead—hence 150 psi. In the splice, the force
is six times the 10 psi or 60 pounds. That translates to 300 psi, trying to swell the lead
into a greater diameter. With the same thickness in both places, the force trying to
pull the lead apart in the cable is 150 psi, but is 300 psi in the splice. This accounts
for swollen splice sleeves. The unfortunate outcome is that if the sleeve increases in
diameter, so does the force increase.

The allowable hoop stress for lead pipe (including cable sheath or splice sleeve)
may be obtained by using the following formula:

S =PD/2t (4.45)

where

S = working stress (hoop stress) in pounds per square inch
D = inside diameter of sheath or sleeve in inches
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P = internal fluid pressure in pounds per square inch
t = thickness of sheath or sleeve in inches.

The working value of S is obtained by assuming a safety factor based on ultimate
strength. Values of S commonly used for lead sheaths and sleeve are: copper bearing
lead: 125 pounds per square inch, arsenical lead: 175 pounds per square inch.

The practical solution to minimize lead sheath swelling in the splice is to use a
stronger material such as arsenical lead and/or to increase the thickness of the splice
sleeve.
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5.1 INTRODUCTION

Electrical insulation materials are utilized to provide protection over the metallic
conductors of underground cables. The insulating materials physically enclose the
conductor and provide a margin of safety. These materials are composed of either
synthetic or natural polymers. The polymeric insulation material selected for use
may vary with the voltage class of the cable. For medium voltage cable construc-
tions, compatible polymeric shields are employed between the insulation and the
conductor, and over the insulation to grade the voltage stress; these are composed of
flexible polymers blended with conducting carbon black that imparts the semicon-
ducting characteristics. Metallic neutrals or tapes are applied over this cable core,
and polymeric jackets are applied on the outside of the cable core.

Sections 5.2 to 5.10 of this chapter review polymeric insulation materials
employed primarily in distribution and transmission cables, with reference to low
voltage cable materials as needed. Fundamental principles will be reviewed. Section
5.11 discusses polymeric materials for low voltage cables. Section 5.12 deals with
the fundamentals of aged-cable rejuvenation by impregnation. Chapter 6 will focus
separately on electrical properties of insulating polymers discussed in this chapter.

Until the early 1980s, transmission class cables (defined as cables operating
above 46 kV) had traditionally employed oil-impregnated paper as the insulation.
This paper insulation is applied as thin layers wound over the cable core, and is
later impregnated with a dielectric fluid. Paper-insulated lead covered (PILC) cable
was also used at distribution voltages. Paper-based insulated cables are still being
installed today; however, as the application of synthetic polymers to cable technol-
ogy matured, extruded polyethylene that has been subjected to cross-linking (XLPE)
gradually displaced paper and can be considered as the insulation material of choice
for transmission voltages. XLPE has traditionally been considered as preferred due
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to its ease of processing and handling (as well as cost), although paper/oil systems
have a much longer history of usage and much more information on service reliabil-
ity exists. Care in handling of materials and assurance of extreme cleanliness prior
to and during manufacturing are required for all extruded cables.

For distribution voltage class cables (mostly 15 to 35 kV), the prime extruded
material developed for use in the 1960s was conventional high molecular weight
polyethylene (referred to as polyethylene, or HMWPE) [1]. However, this insulation
material (also referred to as being a thermoplastic polymer, meaning it can be recy-
cled) was replaced by XLPE (referred to as being a thermoset polymer, meaning it
cannot be recycled) as the material of choice during the late 1970s—early 1980s, as a
result of unanticipated early failures in service due to the water-treeing problem (see
Chapter 19). Installed polyethylene-insulated cables are gradually being replaced
(or rejuvenated in-situ for stranded constructions [see Section 5.12]). Elastomeric
ethylene—propylene copolymers have also been used (EPR or EPDM) for low and
medium voltage cable insulation and are employed for accessories. The term EP has
been used to generically describe both EPR and EPDM-insulated cables and “EPR”
is the terminology that will be applied here. EPR cables have been available since the
1960s, but their use had been consistently less common as compared with HMWPE
or XLPE due to higher costs and operating losses. EPR usage started to increase
from the 1970s to 1980s partly due to easier processing as a result of modification of
the EPR compound to facilitate easier extrusion (hence reducing the cost). In con-
trast to XLPE, which is a semicrystalline polymer, EPR is an elastomer (rubber) and
therefore requires the incorporation of inorganic mineral fillers (and other additives)
in order to allow EPR to serve as a satisfactory functional insulation; the requirement
to blend in additional additives leads to additional handling and processing require-
ments by materials suppliers [2].

Starting in the mid-1980s, XLPE had been gradually replaced by “tree retar-
dant” XLPE (TR-XLPE) as the material of choice for new distribution class cables.
From the early 1980s and well into the late 1990s, a single grade of TR-XLPE was
employed commercially in North America. Several grades of TR-XLPE have been
available over the years as improvements have been incorporated [3].

Although many of the older insulated cables manufactured with HMWPE, EPR,
and XLPE insulations are still in service on many utility systems, the insulation
choices for new medium voltage cables today are considered to be TR-XLPE and
EPR. It should be noted here, however, that all EPRs are not alike. All these subjects
will be discussed in greater detail later in this chapter.

The use of present-day XLPE, TR-XLPE, and EPR grew out of prior experience
going as far back as World War II. As described in Chapter 1, development and appli-
cation of the various early insulation materials employed for wire and cable were,
progressively, natural rubber, synthetic rubber, and butyl rubber, each representing
improvements. Butyl rubber was in common use when it was replaced by EPR for
many applications. HMWPE was employed due to its superior electrical properties
and ease of handling. Virtually all of the older butyl-based installed cables for distri-
bution applications have now been replaced.

Polymers such as polyethylene, XLPE, polypropylene (PP) (used as jacket mate-
rial), and ethylene—propylene copolymers and terpolymers are hydrocarbon polymers,
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and are known as polyolefins. Polyethylene and PP are known as homopolymers;
EPR is known as a copolymer, meaning that it is composed of two different poly-
mers in the chemical structure. It is manufactured by copolymerizing ethylene and
propylene gases. These polymers are composed exclusively of carbon and hydrogen.

It is also possible to replace propylene with other monomers; examples are vinyl
acetate (EVA) and ethyl acrylate (EEA). These copolymers of polyethylene are
employed as shield materials (see Section 5.7). Copolymerization with other mono-
mers referred to as alkenes has led to commercialization of materials known as
EAM (ethylene alkene copolymers).

Preferred insulation characteristics of this class of polyolefin-based polymers
include:

* Excellent electrical properties
e Low dielectric constant
e Low power factor
* High dielectric strength
* Excellent moisture resistance
e Extremely low moisture vapor transmission
* High resistance to chemicals and solvents
¢ Ease of processing and extrusion

Paper-insulated cables were historically one of the first types of polymer used
since paper was, and is, readily available from natural sources. Paper is derived from
wood pulp and is a natural polymer based on cellulose. In use, the paper is impreg-
nated with a dielectric fluid (a low molecular weight hydrocarbon) so the practical
insulation is actually a two-phase composition. PILC cables have been employed at
distribution voltages since the early twentieth century; many of these cables are also
still in service, even after 60 to 70 (or more) years. They are highly reliable (partly
due to the presence of an outer lead sheath that provides protection from the local
environment), which makes them a construction of choice for many urban locations.
They may be preferred in specific locations where existing duct size and space are
limited. Paper insulation is discussed in more detail in Section 5.10.

The dielectric losses of polyolefins are superior to those of paper/oil insulation
systems, and the polymers are considerably more moisture-resistant than paper. A
moisture-resistant sheath has always been incorporated into paper cable designs.

At lower operating voltages, the possible choice of polymeric materials widens. Here
it is possible to use polyvinyl chloride (PVC), silicone rubber (SIR), or other polymers
that are readily available and easily processed. PVC was used for a time in Europe
for medium voltage cables in the 10 to 20 kV class, but that practice has been largely
discontinued. PVC is actually a tough, rigid polymer, and requires a softening agent
(plasticizer) to increase flexibility and render it useful for wire and cable applications.

At the lower voltages, such as those employed for secondary cable, reliability is
related primarily to operating temperatures rather than operating voltage stress or
losses, and thermal resistance becomes a priority. At low voltage levels, other properties
can be addressed, such as ability to impart for example, flame resistance, and polymer
insulations such as Neoprene and Hypalon are factors. This is discussed in Section 5.11.
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Each insulation type has certain advantages and disadvantages. An overview of
present-day medium voltage insulations is summarized as follows:

Insulation Type Key Property Information

Polyethylene Low dielectric losses

Moisture sensitive under voltage stress

XLPE Slightly higher dielectric losses than polyethylene
Less moisture sensitive than polyethylene; ages more slowly
Excellent properties if kept dry

EP (EPR/EPDM) Higher dielectric losses vs. XLPE or TR-XLPE
More flexible, less moisture sensitive than XLPE or polyethylene
Requires inorganic filler additives
Many different compositions available; some proprietary

TR-XLPE Losses slightly greater than XLPE

Losses less than EPRs.

Less moisture sensitive than XLPE; ages more slowly
PILC High reliability

Manufactured with a lead sheath

In addition to use as primary insulation, polymers are employed as components
of conductor and insulation shields. These materials are ethylene copolymers that
possess controlled quantities of conducting carbon black (and often other ingredients)
to provide the semiconducting properties required for shields. It is the use of the
conducting material dispersed throughout the polymer matrix that makes the mix-
ture semiconducting in nature; hence, the term “semiconducting” is applied to shield
materials. The copolymer itself can be viewed as a “carrier,” but this carrier must pos-
sess the property of controlled adhesion to the insulation with which it is in contact.

Almost all present extruded cable constructions are covered by an outer extruded
jacket. The purpose of the jacket is to reduce moisture ingress, protect the cable
mechanically (e.g., during handling and installation and from abrasion), and also
to provide resistance to sunlight and ultraviolet light. Jackets are commonly com-
posed of one of several polyethylene types (low, medium, or high density) or PP,
and also contain small quantities of carbon black, which provides the resistance to
light. Jackets are of two types, insulating and semiconducting; insulating jackets
contain a different type of carbon black compared with that used in semiconduct-
ing shields (it is nonconducting), and it is present in much smaller quantities. For
semiconducting jackets, as might be expected, the carbon black used is similar to
that used in shields. Polymeric jackets are discussed in Section 5.8. As noted ear-
lier, the covering used for paper/oil cables is a lead sheath.

This chapter will review the following topics:

1. Properties of semicrystalline polymers such as polyethylene from a fun-
damental perspective. Basic topics such as molecular weight, molecular
weight distribution, branching, crystallinity, and cross-linking are reviewed

2. Methodologies for inducing cross-linking of the polyolefins; function of
peroxides and antioxidants
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. Introduction to manufacturing processes for polyolefins

. XLPE and TR-XLPE, including thermal effects

. Properties of EPR and how it differs from polyethylene, XLPE, and TR-XLPE

. Review of extruded shield and jacket technology

. Fundamentals of paper/fluid cables that employ cellulosic insulation along
with low molecular weight hydrocarbon-based fluids, and how the cellulose
differs from polyolefins

8. Fundamentals of low voltage cable insulation materials

9. Treatment of extruded cables in the field to extend life (rejuvenation)

NN bW

The fundamental properties to be focused on here are important to understand
since the properties that the electrical insulations possess and display are related to
their physicochemical structure; the latter primarily controls the physical as well as
the electrical properties. By understanding the fundamentals of their chemical nature
as described herein, we will be defining the properties. In essence, we will be provid-
ing an overview of “structure-property relationships.”

5.2 PHYSICOCHEMICAL PROPERTIES OF MATERIALS
USED AS ELECTRICAL INSULATION

5.2.1 OVERVIEW

Although use of polyethylene itself as insulation for new medium voltage cables has
been essentially discontinued, the properties of this polymer will be reviewed first as a
“model” as it is a homopolymer from which the other insulating materials are derived
and continue to be used for low voltage insulation. When XLPE is considered, the
starting material is polyethylene; when EPR, an ethylene copolymer, is considered,
the starting material for discussion is the ethylene homopolymer, i.e., polyethylene.
Hence, once the basics of polyethylene are described and understood, it will be easier
to understand the properties of EPR, XLPE, and also TR-XLPE.

The chemical structure as it relates to molecular weight and chain branching will
be reviewed, followed by the subjects of crystallinity and cross-linking of polyethyl-
ene. This in turn will lead to a discussion of the properties of XLLPE. Some aspects of
polyethylene manufacture will also be covered. With this as background, the discus-
sion will be followed by the properties of copolymers of ethylene such as EPR, why
fillers are required, and the differences between different EPRs. Finally, semicon-
ducting shields and then jackets will be discussed.

5.2.2 PoOLYETHYLENE CHAIN LENGTH AND MOLECULAR WEIGHT

Polyethylene is a hydrocarbon polymer composed exclusively of carbon and hydro-
gen. It is manufactured from the monomer ethylene (in turn, derived from the crack-
ing of petroleum), as shown in Figure 5.1. Note that the chemical structure is a series
of repeating —CH,— units.

Hence, the individual molecules of ethylene gas combine to produce a polyeth-
ylene “chain.” During this process, the gas is converted to a solid. The number of
ethylene molecules (often referred to as “mers”) in the chain is significant.
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Ethylene (gas) Polyethylene (solid)
~CHy=CH;~ e ~ (CH,-CH,-CH,-CH,-CH,-CH,~

FIGURE 5.1 Ethylene polymerization to polyethylene.

Polyethylene falls into the class of polymers known as polyolefins (PP is another
example). Key properties of interest relate to molecular weight, molecular weight
distribution, branching, cross-linking, as well as crystallinity [4].

Polyethylene is produced by one of several processes that are summarized in
Section 5.3. While details are beyond the scope of this book, it is necessary to note
that the method of manufacture of the polyethylene controls whether it is “high den-
sity,” “medium density,” “low density,” or “linear low density,” terms commonly
employed in the cable industry. Density is a measure of crystallinity (discussed later
in this chapter), and is a factor that determines what makes the specific polyethyl-
ene type applicable as an insulation, semiconducting material, or jacket material.
Hence, the method of polyethylene manufacture controls the exact chemical struc-
ture, which in turn controls the properties.

The carbon—hydrogen polymeric structure noted in Figure 5.1 is simplified; the
chemical structure of polyethylene is actually more complex than is shown there (as
might be deduced from the number of key subjects noted above). Figure 5.2 shows
the carbon-hydrogen structure and for simplicity, we can depict that structure as a
wavy line.

The wavy line is referred to as a “chain” and the length of the chain is significant.
The length of the line is related to the molecular weight, and the “wave” indicates
that the chain has a tendency to coil. The greater the number of ethylene molecules
incorporated into the polyethylene chain, the higher the molecular weight (and the
greater the degree of coiling). Hence, a longer chain of polyethylene has a higher
molecular weight than a shorter chain, and the molecular weight increases as the
number of ethylene groups in the molecule increases. Of interest is the fact that
the polyethylene employed as insulation for medium voltage cables in the past was
described and commonly referred to as “high molecular weight polyethylene” (or
HMWPE). It was not referred to as low molecular weight polyethylene for a reason;
the properties of HMWPE are far superior.

However, the actual molecular weight of polyethylene used as cable insulation
(or for other applications) is more complex than as described so far. It cannot be

S

Chain length
Molecular weight

FIGURE 5.2 Depiction of polyethylene chemical structure.
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accurately described as a single coiled chain. Conventional polyethylene is actually
composed of numerous chains (not a single one as discussed so far), and the chain
lengths of individual molecules can vary considerably. Hence, in reality, polyeth-
ylene is composed of polymer chains that have a distribution of molecular weights
(chain lengths). Indeed, the molecular weight distribution is a means of character-
izing the polyethylene. This merely means that the “average” chain length is what is
referred to and is considered to be “high.” As can be inferred, the higher the molecu-
lar weight, the better the overall properties.

Since typical polyethylenes that have been employed for electrical insulation con-
tain a variety of individual chains of different lengths (i.e., weights), it is easy to see
that there can be a large number of commercially available grades of polyethylene,
all varying in “average” molecular weight.

The average molecular weight can be described in several ways. The terms
employed most often are “weight average” (Mw) and “number average” (Mn)
molecular weight. These values arise from different mathematical methods of aver-
aging the molecular weights in polymer samples possessing molecules of different
sizes. The mathematical definitions of the number and weight averages are related to
the smaller and larger sized molecules, respectively. Hence, the average molecular
weight is always greater than the number average. [When the polymer insulation
is cross-linked, the molecular weight determination becomes more complex since
the cross-linked fraction can be considered to have an “infinite” molecular weight.]
From the perspective of the cable engineer, what is relevant to understand is that
there is no single way of characterizing the polymer molecular weight.

The average molecular weight (and distribution) can be determined by a technique
referred to as gel permeation chromatography. The molecules of different weights
are separated, but the equipment required to perform this is complex, expensive,
and special training is required. A simpler alternate method of characterization (to
meet most purposes) is to measure the viscosity (resistance to flow) of the poly-
mer; the higher the average molecular weight, the higher the viscosity. The equip-
ment required to measure viscosity is significantly less complex than that required
to measure the average molecular weight directly, so focusing on this function of
the average molecular weight is common. One method involves determining flow
of the polymer through an orifice at a temperature above the crystalline melting
point range. Since flow is slower as the average molecular weight increases, due to
the higher viscosity, this function of molecular weight is readily characterized. This
is referred to as melt flow index. Another method involves use of a rotating disc to
measure the viscosity, and this is more common with elastomers. Again, the higher
average molecular weight provides better overall properties in application. It is also
possible to gain an understanding of the molecular weight distribution by measuring
the viscosity of the polymer after it is dissolved in a solvent [5].

Figure 5.3 provides a perspective on the molecular weight distribution of polyeth-
ylene [1] and demonstrates why it is so difficult to provide a “single” number. The
average based on the weight (Mw) offers the highest value; in this case about 80,000;
the average based on the number of molecules in the chain (Mn) in this case provides
an estimate of about 8,000 (Mw is always greater than Mn). However, the figure
shows that there are a small percentage of molecules having much lower (1,000) and
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FIGURE 5.3 Typical molecular weight distribution of polyethylene.

much higher (almost 1 million) molecular weights. The Mw/Mn ratio is considered a
satisfactory method of characterization.

EPR (which is discussed in detail in Section 5.2.4) is a copolymer of ethylene and
propylene (which means that the two gases are blended together prior to polymeriza-
tion). EPR, also referred to as a polyolefin, is an elastomer, and it is noted here that all
the principles reviewed relating to molecular weight, molecular weight distribution,
viscosity, and branching (see Section 5.2.3) also apply to EPR.

5.2.3 BRANCHING

When ethylene monomer is converted to ethylene polymer (polyethylene), the
polymer chains that form are not always linear as shown in Figure 5.2. There is a
tendency to form side chains or “branches.” These branches are “hanging” off the
main chains as appendages (like “T”’s). This is a natural event; when polyethylene is
manufactured, the process employed always leads to side chains “hanging” off the
long main chain. The chain branching phenomenon contributes to increase in the
molecular weight, but does not lead to an increase in the chain length. Branches for
various grades of polyethylene are shown in Figure 5.4; note that the chain length
of the branches can also vary, and that there are both long and short chain-length
branches. It is possible to control the length and distribution of the branches (via the
polymerization process).

The significance of branching is that their length and distribution affect the physi-
cal properties and also influence the ability to satisfactorily extrude the polyethylene.

It is possible to now visualize that two single molecules may have the same exact
molecular weight, but one may have a longer main chain with few branches, and the
other a shorter main chain with a longer branches than the first. Therefore, two dif-
ferent polyethylene material batches having many molecules like the two described
here (if it were possible to manufacture these) could have different properties, despite
having approximately the same molecular weight distributions.
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FIGURE 5.4 Structures of polyethylene depicting branches.

Branching also affects the ability of the polyethylene to crystallize (see Figure
5.4). However, branching does not have any meaningful influence on the electrical
properties, such as dielectric strength or losses.

In Figure 5.2, we have depicted the polyethylene chain as a wavy (rather than
straight) line, and that is because the chains have a tendency to coil. In other words,
they have a tendency to achieve a random configuration (like a bowl of spaghetti).
This coiled configuration is better shown in Figure 5.5. When depicting the branch-
ing in Figure 5.4, we did not focus on the aspect of coiling as the objective was to
emphasize the branching. However, it is easy to visualize branches “hanging” from
the coiled structure of Figure 5.5. This tendency is independent of the molecular
weight, but the configuration that results is influenced by the branching.

The tendency to coil means that the polymer chains also have a tendency to entan-
gle with each other. These entanglements mean that when the chains are pulled apart
(as occurs in performing a tensile strength or elongation measurement), there will be
some ‘“resistance” to movement. Such chain entanglements influence the mechanical
properties of the polymer. These entanglements contribute to the good properties of
polyethylene, but not to the qualities that make polyethylene resistant to the penetration
of water vapor. Entanglements do not have a major influence on electrical properties.

Q/ ’)
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FIGURE 5.5 Simplified depiction of random coiled configuration.
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In conclusion, molecular weight, molecular weight distribution, and branching rep-
resent several important characteristics of polyethylene that influence properties and
also represent methods of describing the characteristics of polyethylene insulation.

5.2.4 CRYSTALLINITY

Another very important characteristic of polyethylene is the subject of crystallinity.
Polyethylene and some other polyolefins (PP being an example) are known as semi-
crystalline polymers. This characteristic results from the fact that the polymer chains
not only have a tendency to coil (as previously described), but also have a tendency to
align themselves relative to each other (Figure 5.6). Alignment means that there are
short- and long-term orders to the chain structure. While the nature of these align-
ments is quite complex, and the detailed structure is beyond the scope of this chapter,
it is important to understand that the alignment contributes to the crystalline nature
of the polyethylene, and therefore to the density and ultimately to properties, such as
stiffness and resistance to migration of impurities.

For polyethylene, different chain segments also have a tendency to align next to
each other. The aligned portions cannot coil. The portions that are not aligned can
coil. The chain portions that are aligned are said to be “crystalline.” The chain por-
tions that are not aligned are described as “amorphous.”

The lower portion of Figure 5.6 shows chain alignment where the polymer chain
lengths differ. Some portions of the same chains align with adjacent chains, and
some portions of the very same chains are not aligned. Those chain portions where
alignment occurs are in the regions called “crystalline.” Figure 5.6 shows that such
alignment is not necessarily related to molecular weight. It is theoretically possible
to have low or HMWPE of the same, or different, degrees of alignment.

The nature of the crystallinity in polyethylene has been the subject of numer-
ous studies over the years. These studies reveal that the crystalline structure is more

Conventional polyethylene has many chains
—

The chains have a tendency to coil

/L/

For polyethylene, different chain segments also have a tendency
to align next to each other
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FIGURE 5.6 Polyethylene chain configurations.
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FIGURE 5.7 (a—c) Various depictions of semicrystalline polyethylene.

complex than that described so far. Crystallites, or crystalline regions of the poly-
ethylene, can themselves fold (like a series of connected upright and upside-down
“U”s),” Various possible descriptions are shown in Figure 5.7. Semicrystalline poly-
mers are ‘tough’ at ambient but soften at elevated temperatures (crystalline regions
melt and become amorphous)

These regions can, in turn, align into larger structures called spherulites (which can
be seen under polarizing light). The size of these spherulites may vary, as can the fold
dimensions of the crystallites. The folded regions are referred to as lamellae. While all
these structures “disappear” on melting (and re-form in a qualitatively similar manner
upon subsequent cooling), it is known that upon annealing below the melting tempera-
ture range, changes in the lamellae thickness occurs. It is also known that there may be
numerous crystallites in a spherulite; it is possible for one polymer chain within a crys-
tallite to cross through the amorphous region into another crystallite, becoming what
is called a “tie molecule.” The latter are considered to influence mechanical properties.

Regardless of the “fine” structure previously described (further details are beyond the
scope of this chapter) from a practical perspective regarding cable insulation behavior, it
is the crystalline regions that impart polyethylene with desirable properties such as tough-
ness, high modulus, and moisture and gas permeation resistance. Those regions that are
aligned possess increased density due to “tighter’” chain packing, and the increased crys-
tallinity resulting from chain alignment leads to higher density. The alignment process
logically means less amorphous regions in the polymer and more polymer per unit vol-
ume. Nevertheless, the amorphous regions play a significant role in controlling properties
such as increased ductility and flexibility and they also facilitate processing.

For simplification, polyethylene can be visualized as being a “blend” of two mate-
rials having different geometrical components, even though the chemical structure
of the polymer is comprised solely of —CH,— groups. The “two materials” are the
crystalline and amorphous regions.

As might be surmised, branching (as previously described) influences the abil-
ity of the polyethylene chains to align. Both long chain branches and short chain
branches hinder the ability of the polyethylene main chain backbone components
to crystallize (but not equally). Branching, therefore, due to the “bulky” nature of
the chemical structure of the polymer chains, influences the crystallization process.
For crystallinity to occur, nonbranched chain segments must be able to approach
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each other. When branching is present, the ability of the main chain to come in close
proximity to another main chain is hindered.

Different polyethylenes have historically been classified into the following general
categories due to this phenomenon (see Figure 5.4); the density increases from the 0.91
(g/cc) range for very low density polyethylene (VLDPE) to the 0.94 range for HDPE:

e Very low density

e Low density

* Medium density

e High density

e Linear low density

As the density increases, the degree of chain alignment increases and the “volume”
of aligned chains increases. As noted above, the degree of branching is related to the
polymerization process. Linear low density polyethylene (LLDPE) approaches the
branching structure of high density polyethylene (HDPE), but is referred to differently
due to the fact that it is manufactured by a different polymerization process. Branching
clearly influences crystallinity, but the latter is minimally affected, if at all, by the con-
version of polymer pellets into cable insulation during the extrusion process.

As noted previously, as the degree of crystallinity varies, the properties vary.
Increased crystallinity leads to increased density. Hence, in principle, it is theoreti-
cally possible to have the following different types of polyethylenes:

* High density, high molecular weight
* High density, low molecular weight
e Low density, high molecular weight
e Low density, low molecular weight

Not all these types are of practical interest for cable (or other) applications. Low
density, high molecular weight is, as we have seen, the type commercially provided
and employed as cable insulation in the past. (This was known simply as HMWPE.)
HDPE (of varying molecular weights) has been and continues to be employed as jack-
ets. (As noted earlier, when referring to molecular weight, we are referring to averages.)

One further characteristic of polyethylene that influences crystallinity is wor-
thy of mention at this point. This is the effect of temperature on the polymer chain
alignment and motion at the molecular level as a function of temperature. As the
temperature increases, the chains will move farther apart as they absorb heat. This
motion disrupts the alignment and crystalline melting takes place (see Section 5.4.5).

5.2.5 PoOLYETHYLENE COPOLYMERS

Copolymers are insulation materials that are manufactured by incorporating more
than one monomer during the polymerization process (see Section 5.3). Ethylene
monomer is a gas; when ethylene is polymerized alone, solid polyethylene is pro-
duced. If gaseous propylene monomer is mixed with the ethylene prior to polymer-
ization, one obtains ethylene—propylene copolymer(s)—hence EPR. What should be
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apparent is that the ratio of ethylene to propylene (E/P) employed in the polymeriza-
tion process should influence the E/P ratio in the ultimate EPR insulation material.
It should be possible to manufacture a wide variety of EPR copolymers each with
different E/P ratios, and indeed this is so. However, not all E/P ratios in polymers
make them suitable as insulation materials; an E/P ratio of 50%—70% may be typical
for different insulations. This ratio also influences the method used to extrude the
polymer as cable insulation.

Copolymerization, as described here, is different from mixing polyethylene and
polypropylene after manufacture of the homopolymers. In the latter case, one does
not have a copolymer, but a blend with entirely different properties. Indeed, polymer
blends are often incompatible, and phase separation of the different polymers can
occur; that does not happen with true copolymers.

It is also possible to manufacture copolymers of ethylene with monomers other
than propylene. Common monomers for wire and cable applications include EVA or
EEA. These latter copolymers (E-VA or E-EA) are employed in shield compounds.
As with polyethylene or EPR, the chain lengths may vary, branching is common, and
their chain lengths influence properties. The relative amounts of the second (copoly-
merized) monomer must also be taken into consideration when evaluating the prop-
erties. It is also possible to copolymerize ethylene with various other monomers,
possible examples being butene or higher unsaturated hydrocarbon monomers (dif-
ferent monomers would provide different chain lengths on the branches).

When ethylene is copolymerized with other monomers, the result is polymer
structure(s) that can disrupt the ability to impart crystallinity. We are now producing
polymers that are more rubbery (elastomeric) rather than crystalline in nature. The
properties are now drastically changed and this will be discussed in detail in Section
5.6. A question arises as to how to classify such rubbery copolymer materials and the
numerous possible compositions based on them. This applies to all elastomers, even
those that are not based on polyethylene copolymers. The approach is to apply des-
ignations described in ASTM D-1418, where rubbers of the polyethylene type (the
ones of interest to us here) are designated “M” and the term EAM has been applied
to some copolymers of polyethylene.

It is not uncommon to polymerize ethylene with more than one additional mono-
mer, hence producing a terpolymer. This will be discussed with reference to EPR.

It can be noted that some older polymer systems used for wire and cable are
copolymers. For example, butyl rubber (commonly employed prior to the advent of
EPR) is composed of a copolymer of two monomers known as isobutylene and iso-
prene, the latter being present in the 1%-3% range. Even earlier, synthetic rubber
(developed to replace natural rubber) is a copolymer of butadiene and styrene, the
ratio being 75:25.

5.3 MANUFACTURE OF POLYETHYLENE

5.3.1 CONVENTIONAL MANUFACTURING METHODS

Historically, low and medium density polyethylenes (MDPEs) have been manu-
factured by a high-pressure polymerization process [4]. This process induces
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polymerization of ethylene gas in a reactor vessel under extreme conditions of very
high pressure and temperature and leads to the branched polyethylene structures dis-
cussed above. It also employs a peroxide initiator to induce the polymerization. The
polymer produced in the reactor is extruded through a die, pelletized and cooled after
manufacture.

HDPE is manufactured through a low pressure process using a different catalyst
concept. The low pressure process, developed later in time, uses nonperoxide cata-
lysts, one of which is called “Ziegler-Natta” (named after the inventors) and allows
manufacture of polyethylenes with fewer and shorter branches. This process pro-
duces a stiffer, tougher type of polyethylene, and is termed “high density.” LLDPE,
developed even more recently, is manufactured by a low pressure process; as can be
seen from Figure 5.4, it has many short chain branches, rendering it more like HDPE
in structure. (That is why it is called “linear low density polyethylene,” rather than
“high density polyethylene”).

The different types of polyethylenes are therefore all manufactured by different
processes. Recall that all these processes will provide a polymer with a variety of
(different) degrees of crystallinity (hence, density) and also a variety of molecular