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Preface

Lightning protection relies upon the application of some of the principles of electricity
and the physics of electrical discharges to mitigate the effects of direct currents and
electromagnetic fields generated by lightning discharges. Structures, storage facilities
for flammable and explosive materials, power distribution and transmission systems,
telecommunication systems and electrical and electronic equipment all require such
protection. Since the initial launch of the concept of lightning protection by
Benjamin Franklin in 1753, the subject of lightning protection has made significant
progress, especially in the last century, thanks to experimental observations of the
mechanism and properties of lightning flashes. This book summarises the state of
the art of lightning protection as it stands today. The information provided in this
book should be of value to professionals who are engaged in the engineering practice
of lightning protection as a source of reference and to engineering students as a
textbook.

The main goal of the book is not solely to educate the reader in the art of lightning
protection, but to provide the necessary scientific background to enable him or her to
make appropriate judgments in situations where conventional engineering solutions
might be inadequate. Many engineers engaged in lightning protection have learned
their work by applying lightning protection standards without the requisite infor-
mation being provided to them on the reasons why they might select a particular sol-
ution to a problem under consideration instead of another one. However, several
companies have been introducing fraudulent devices, claiming them to be superior
to more conventional protection equipment and procedures, taking advantage of a
gap in the knowledge of lightning protection engineers in decision-making positions.
It is only through the provision of a thorough education to the engineers examining the
basic scientific problems associated with lightning protection that one can remedy this
situation. This book is intended to provide such an education to satisfy the needs of
those working or studying in the field of lightning protection.

Vernon Cooray
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Chapter 1
Benjamin Franklin and lightning rods*

E. Philip Krider

Benjamin Franklin’s work on electricity and lightning earned him worldwide fame
and respect — ideal assets for brokering aid from France during the American
Revolution.

On 10 May 1752, as a thunderstorm passed over the village of Marly-la-Ville near
Paris, a retired French dragoon, acting on instructions from naturalist Thomas-
Frangois Dalibard, drew sparks from a tall iron rod that had been carefully insulated
from ground (see Figure 1.1). The sparks showed that thunderclouds are electrified
and that lightning is an electrical discharge. In the mid-eighteenth century, such an
observation was sensational, and it was soon verified by Delor, Dalibard’s collaborator;
within weeks many others throughout Europe had successfully repeated the
experiment [1,2].

When Dalibard and Delor reported their results to the Académie des Sciences in
Paris three days later, they acknowledged that in doing these experiments, they had
merely followed a path that Benjamin Franklin had traced for them. In June of
1752, shortly after the experiment at Marly-la-Ville but before he knew about it,
Franklin drew sparks himself from a key attached to the conducting string of his
famous electrical kite that was insulated from ground by a silk ribbon.

The French results were important because they called attention to Franklin’s small
pamphlet entitled Experiments and Observations on Electricity, made at Philadelphia
in America [3], which helped to stimulate other work in electricity and contributed to
the beginning of modern physics [4]. The observations also validated the key assump-
tions that lay behind Franklin’s supposition that tall, grounded rods will protect
buildings from lightning damage.

*Reprinted with permission from E. Philip Krider, Physics Today, January 2006, page 42. Copyright 2006,
American Institute of Physics.
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This sketch of the ‘sentry box’ experiment conducted at Marly-la-Ville,
France, in 1752 was based on Benjamin Franklin's proposal to deter-
mine whether thunderclouds are electrified. Silk ropes (g) and wine
bottles (e) insulated a 13 m iron rod from ground, and covers (h) shel-
tered the ropes from rain. A person standing on the ground could draw
sparks from the rod or charge a Leyden jar when a storm was in the area

(from Reference 19).
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Benjamin Franklin and lightning rods 3
1.1 A Philadelphia story

Franklin performed his initial experiments on electricity in collaboration with friends
and neighbours, including Thomas Hopkinson, a lawyer and judge, Ebenezer
Kinnersley, a clergyman and teacher, and Philip Syng, Jr, a master silversmith.
Franklin described the experiments and their results in five formal letters to Peter
Collinson, a fellow of the Royal Society of London, in the years from 1747 to
1750, and Collinson in turn communicated those letters to the Society and published
them in April of 1751.

In his first letter [5], Franklin described ‘the wonderful Effect of Points, both in
drawing off and throwing off the Electrical Fire’. He showed that points work
quickly at ‘a considerable Distance’, that sharp points work better than blunt ones,
that metal points work better than dry wood, and that the pointed object should be
touched — that is, grounded — to obtain the maximum draw effect.

Next, Franklin introduced the idea that rubbing glass with wool or silk does not actu-
ally create electricity; rather, at the moment of friction, the glass simply takes ‘the
Electrical Fire’ out of the rubbing material; whatever amount is added to the glass,
an equal amount is lost by the wool or silk. The terms plus and minus were used to
describe those electrical states, and the glass was assumed to be electrified positively
and the rubbing material negatively. The idea that electricity is a single fluid that
is never created or destroyed, but simply transferred from one place to another, was
profound, and it greatly simplified the interpretation of many observations.

In his second letter [5], Franklin was able to describe the behaviour of a Leyden
(Leiden) jar capacitor by combining the concept of equal positive and negative
states with an assumption that glass is a perfect insulator. ‘So wonderfully are these
two States of Electricity, the p/us and minus combined and balanced in this miraculous
Bottle!” He also made an analogy between electricity and lightning when he described
a discharge through the gold trim on the cover of a book that produced ‘a vivid Flame,
like the sharpest Lightning’.

In his third letter [5], Franklin began to use terms such as ‘charging’ and ‘dischar-
ging’ when describing how a Leyden jar works, and he noted the importance of
grounding when charging and discharging the jar. He also showed that the electricity
in such a device resides entirely in the glass and not on the conductors that are inside
and outside the jar. Franklin described how several capacitors could be charged in
series ‘with the same total Labour’ as charging one, and he constructed an
‘Electrical Battery’ — a capacitor bank in today’s parlance — using panes of window
glass sandwiched between thin lead plates, and then discharged them together so
that they provided the ‘Force of all the Plates of Glass at once thro’ the Body of any
Animal forming the Circle with them’. Later, Franklin used discharges from large
batteries to simulate the effects of lightning in a variety of materials.

In the fourth letter [5], he applied his knowledge of electricity to lightning by intro-
ducing the concept of the sparking or striking distance: If two electrified gun barrels
‘will strike at two Inches Distance, and make a loud Snap; to what great a Distance may
10,000 Acres of Electrified Cloud strike and give its Fire, and how loud must be that
Crack!” Based on his previous experiments with sharp points, Franklin then postulated
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that when an electrified cloud passes over a region, it might draw electricity from, or
discharge electricity to, high hills and trees, lofty towers, spires, masts of ships, chim-
neys. That supposition then led to some practical advice against taking shelter under a
single, isolated tree during a thunderstorm; crouching in an open field was seen to be
less dangerous. Franklin also noted that out in the open during a thunderstorm, cloth-
ing tends to become wet, thereby providing a conducting path outside the body. His
laboratory analogy was that ‘a wet Rat can not be kill’d by the exploding electrical
Bottle, when a dry Rat may’.

In the fifth letter [5], Franklin described how discharges between smooth or blunt
conductors occur with a ‘Stroke and Crack’, whereas sharp points discharge silently
and produce large effects at greater distances. He then introduced what he viewed to
be a ‘Law of Electricity, That Points as they are more or less acute, both draw on
and throw off the electrical fluid with more or less Power, and at greater or less
Distances, and in larger or smaller Quantities in the same Time’. Given his interest
in lightning and the effects of metallic points, it was a short step to the lightning rod:

I say, if these Things are so, may not the Knowledge of this Power of Points be of
Use to Mankind; in preserving Houses, Churches, Ships, etc. from the Stroke of
Lightning; by Directing us to fix on the highest Parts of those Edifices upright
Rods of Iron, made sharp as a Needle and gilt to prevent Rusting, and from the
Foot of those Rods a Wire down the outside of the Building into the Ground; or
down round one of the Shrouds of a Ship and down her Side, till it reaches the
Water? Would not these pointed Rods probably draw the Electrical Fire silently
out of a Cloud before it came nigh enough to strike, and thereby secure us from
that most sudden and terrible Mischief!

Clearly, Franklin supposed that silent discharges from one or more sharp points
might reduce or eliminate the electricity in the clouds above and thereby reduce or
eliminate the chances of the structure being struck by lightning. From his earlier obser-
vations, he knew that point discharges work best when the conductor is grounded, and
he also knew that lightning tends to strike tall objects. Therefore, even if the point dis-
charges did not neutralize the cloud, a tall conductor would provide a preferred place
for the lightning to strike, and the grounded conductor would provide a safe path for
the lightning current to flow into ground. Franklin also stated in his fifth letter [5]:

To determine the Question, whether the Clouds that contain Lightning are
electrified or not, I would propose an Experiment to be try’d where it may be
done conveniently.

On the Top of some high Tower or Steeple, place a Kind of Sentry Box (see
Figure 1.1) big enough to contain a Man and an electrical Stand. From the
Middle of the Stand let an Iron Rod rise, and pass bending out of the Door, and
then upright 20 or 30 feet, pointed very sharp at the End. If the Electrical
Stand be kept clean and dry, a Man standing on it when such Clouds are passing
low, might be electrified, and afford Sparks, the Rod drawing Fire to him from
the Cloud.
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Franklin was not the first person to compare sparks with lightning or to hypothesize
that lightning might be an electrical discharge. In fact, almost every experimenter
who had previously described electric sparks had, at one time or other, mentioned
an analogy to lightning. Franklin’s seminal contributions were the suggestions that
tall, insulated rods could be used to determine if thunderclouds are electrified and
that tall, grounded rods would protect against lightning damage.

1.2 The French connection

Shortly after Collinson published the first edition of Experiments and Observations, he
sent a copy to the famous French naturalist, the Comte de Buffon, who asked Dalibard
to translate it from English into French. While he did this, Dalibard asked Delor to help
him repeat many of the Philadelphia experiments. In March of 1752, Buffon arranged
for the pair to show the experiments to King Louis XV. The King’s delight inspired
Dalibard to try the sentry-box experiment at Marly-la-Ville.

At the time of the sentry-box experiment, Abbé Jean-Antoine Nollet was the
leading ‘electrician’ in France and was known throughout Europe for his skill
in making apparatus and in performing demonstrations. Unfortunately, because of
personal rivalries, Buffon and Dalibard completely ignored Nollet’s work in a short
history that preceded their translation of Franklin’s book. After Dalibard read an
account of the sentry-box experiment to the Académie des Sciences on 13 May
1752, Nollet suppressed publication of the results [6]. News reached the Paris news-
papers, however, and from there spread very rapidly. After Louis XV saw the exper-
iment, he sent a personal message of congratulations to Franklin, Collinson, and the
Royal Society of London for communicating ‘the useful Discoveries in Electricity,
and Application of Pointed Rods to prevent the terrible Effects of Thunderstorms’ [7].

Nollet was both surprised and chagrined by the experiment at Marly-la-Ville. He
acknowledged that insulated rods or ‘electroscopes’ did verify that thunderclouds
are electrified, but for the rest of his life he steadfastly opposed the use of grounded
rods as ‘preservatives’. In 1753, he published a series of letters attacking Franklin’s
Experiments and Observations and suggested other methods of lightning protection.
On 6 August 1753, the Swedish scientist Georg Wilhelm Richmann was electrocuted
in St. Petersburg while trying to quantify the response of an insulated rod to a nearby
storm. This incident, reported worldwide, underscored the dangers inherent in experi-
menting with insulated rods and in using protective rods with faulty ground connec-
tions. Nollet used Richmann’s death to heighten the public’s fears and to generate
opposition to both types of rods [8].

In London, members of the Royal Society were amused when Franklin’s letter
about lightning conductors was read to the Society, and they did not publish it in
their Philosophical Transactions. In 1753, however, they awarded Franklin their
highest scientific honour, the Copley Gold Medal. In his 1767 history of electricity,
Joseph Priestley described the kite experiment as drawing ‘lightning from the
heavens’, and said it was ‘the greatest, perhaps, in the whole compass of philosophy
since the time of Sir Isaac Newton’ [9].
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1.3 Experiments in colonial America

After Franklin learned about the success of the sentry-box experiment in France, he
installed a tall, insulated rod on the roof of his house to study the characteristics of
thunderstorm electricity. The conductor ran down a stairwell to ground but had a
gap in the middle, as illustrated on the left side of Figure 1.2. A small ball suspended
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Figure 1.2 Modelled after a 1762 painting by Mason Chamberlain, this etching
depicts Benjamin Franklin looking at electrostatic bells he used to
study cloud electricity. Two chimes, separated from each other by a
small gap, are connected to rods that go up through the roof and to
ground. A thundercloud charges the right-hand bell, either by induction
or point discharge; the bell then alternately attracts or repels a small
ball suspended between the chimes on a silk thread. The ball rattles
between the bells, ringing an alarm when a storm approaches. The elec-
troscope hanging from the right-hand bell was used to measure the
cloud’s polarity. A grounded rod of Franklin’s 1762 design can be
seen through the window on the right (from Reference 20).
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between chimes mounted on each end of the gap would ring the chimes whenever an
electrified cloud passed overhead. Franklin used this apparatus to compare the prop-
erties of atmospheric electricity with the electricity generated by friction and to
measure the polarity of thunderclouds.

He found that both types of electricity were the same and ‘that the Clouds of a Thunder
Gust are most commonly in a negative State of Electricity, but sometimes in a positive
State’ [10], a result that was regarded as definitive for the next 170 years. At that time,
Franklin thought that all discharges went from positive to negative, so he concluded
‘that for the most part in Thunder Strokes, tis the Earth that strikes into the Clouds,
and not the Clouds that strike into the Earth’. Judging by his later correspondence,
Franklin was fascinated by this discovery, and he postulated that the effects of lightning
would be very nearly the same regardless of the direction of the current flow.

1.4 First protection system

In the 1753 issue of Poor Richard’s Almanack, Franklin published a method for
protecting houses from lightning damage:

How to secure Houses, etc. from Lightning

It has pleased God in his Goodness to Mankind, at length to discover to them the
Means of securing their Habitations and other Buildings from Mischief by Thunder
and Lightning. The Method is this: Provide a small Iron Rod (it may be made of the
Rod-iron used by the Nailers) but of such a Length, that one End being three or four
Feet in the moist Ground, the other may be six or eight Feet above the highest Part
of the Building. To the upper End of the Rod fasten about a Foot of Brass Wire, the
Size of a common Knitting-needle, sharpened to a fine Point; the Rod may be
secured to the House by a few small Staples. If the House or Barn be long, there
may be a Rod and Point at each End, and a middling Wire along the Ridge from
one to the other. A House thus furnished will not be damaged by Lightning, it
being attracted by the Points, and passing thro the Metal into the Ground
without hurting any Thing. Vessels also, having a sharp pointed Rod fix’d on the
Top of their Masts, with a Wire from the Foot of the Rod reaching down, round
one of the Shrouds, to the Water, will not be hurt by Lightning.

The opening phrase of this description anticipated a religious objection to protective
rods that would soon appear in America and Europe. In the late summer or autumn of
1752, grounded conductors were installed on the Academy of Philadelphia (later the
University of Pennsylvania) and the Pennsylvania State House (later Independence
Hall). Figures 1.3 and 1.4 show fragments of the original grounding conductors that
were installed inside the tower of Independence Hall and on the Gloria Dei (Old
Swede’s) Church in Philadelphia, respectively.

Three key elements made up Franklin’s protection system. Metallic rods, or air
terminals as they are now called, were mounted on the roof of the structure and
connected by horizontal roof conductors and vertical down-conductors to a ground
connection. Franklin initially thought point discharges might provide protection, so



8  Lightning Protection

(b)

Figure 1.3 Independence Hall, Philadelphia. During a partial restoration, frag-
ments of the original grounding conductor were found under panelling
and plaster on the inside wall of the northwest corner of the tower stair-
well (from the Independence National Historical Park Collection).

the first air terminals were thin, sharp needles mounted on top of an iron rod. The first
down-conductors were chains of iron rods, each several feet long, that were mechani-
cally linked or hooked together, as shown in Figures 1.3 and 1.4. As the current in
point discharges is usually less than a few hundred microamperes, the roof and
down conductors could be mechanically hooked together and attached to the inside
walls of towers and steeples without creating a hazard.

Franklin wanted to verify that lightning would actually follow the path of a metallic
conductor and determine what size that conductor should be, so in June of 1753 he
published a ‘Request for Information on Lightning’ in The Pennsylvania Gazette
and other newspapers:

Those of our Readers in this and the neighboring Provinces, who may have
an Opportunity of observing, during the present Summer, any of the Effects of
Lightning on Houses, Ships, Trees, Etc. are requested to take particular Notice
of its Course, and Deviation from a strait Line, in the Walls or other Matter
affected by it, its different Operations or Effects on Wood, Stone, Bricks,
Glass, Metals, Animal Bodies, Etc. and every other Circumstance that may
tend to discover the Nature, and compleat the History of that terrible Meteor.
Such Observations being put in Writing, and communicated to Benjamin
Franklin, in Philadelphia, will be very thankfully accepted and gratefully
acknowledged.
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Figure 1.4 David B. Rivers, pastor of the Gloria Dei (Old Swedes’) Church in
Philadelphia, holds a section of the original iron conductor that pro-
tected the church. The upper links in the chain were stapled to the
inside of a wooden steeple. The inset shows how a mechanical link
may have been ruptured, its hook forced open by an explosive arc
during a lightning strike (photographs by the author).

In the summer of 1753, Dr John Lining, a physician with many scientific interests,
verified Franklin’s kite experiment in Charleston, South Carolina, but when he tried
to install a rod on his house, the local populace objected. They thought the rod
was presumptuous — that it would interfere with the will of God — or that it might
attract lightning and be dangerous [11]. In April of that year, Franklin commented
on that issue [12]:

[Nollet] speaks as if he thought it Presumption in Man to propose guarding himself
against Thunders of Heaven! Surely the Thunder of Heaven is no more supernatural
than the Rain, Hail, or Sunshine of Heaven, against the Inconvenience of which we
guard by Roofs and Shades without Scruple.

But I can now ease the Gentleman of this Apprehension; for by some late
Experiments I find, that it is not Lightning from the Clouds that strikes the Earth,
but Lightning from the Earth that Strikes the Clouds.

1.5 Improvements

In the following years, Franklin continued to gather information about lightning, and
in 1757 he went to London as an agent of the Pennsylvania Assembly. In March of
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1761, Kinnersley sent Franklin a detailed description of a lightning flash that struck a
Philadelphia house equipped with a protective rod. An observer had reported at the
time that ‘the Lightning diffused over the Pavement, which was then very wet with
Rain, the Distance of two or three Yards from the Foot of the Conductor’. Further
investigation showed that the lightning had melted a few inches of the brass air term-
inal and Kinnersley concluded [12] that ‘Surely it will now be thought as expedient to
provide Conductors for the Lightning as for the Rain.’

Before Kinnersley’s letter, Franklin had received reports of two similar strikes to
protected houses in South Carolina. In one case, the points and a length of the brass
down-conductor had melted. In the other, three brass points, each about seven
inches long and mounted on top of an iron rod, had evaporated. Moreover, several sec-
tions of the iron down-conductor, each about a half-inch in diameter and hooked
together, had become unhooked by the discharge (see Figure 1.4). Nearly all the
staples that held the conductor to the outside of the house had also been loosened.
‘Considerable cavities’ had been made in the earth near the rod, sunk about three
feet underground, and the lightning had produced several furrows in the ground
‘some yards in length’. Franklin was pleased by these reports, and replied to
Kinnersley that ‘a conductor formed of nail rods, not much above a quarter of an
inch thick, served well to convey the lightning’ but ‘when too small, may be destroyed
in executing its office’. Franklin sent the reports from South Carolina to Kinnersley
with a recommendation to use larger, more substantial conductors and a deeper,
more extensive grounding system to protect the foundation of the house against the
effects of surface arcs and explosions in the soil.

All reports from North America showed that grounded rods did indeed protect
houses from lightning damage, so in January 1762 Franklin sent an improved
design for ‘the shortest and simplest Method of securing Buildings, Etc. from
the Mischiefs of Lightning’ together with excerpts from Kinnersley’s letter and the
reports from South Carolina, to Scottish philosopher David Hume. That letter
was subsequently read to the Edinburgh philosophical society, which published it
in 1771.

In the letter to Hume, Franklin recommended large, steel air terminals, 5 to 6 ft long
and tapered to a sharp point. He said that any building with a dimension greater than
~100 ft should have a pointed rod mounted on each end with a conductor between
them. All roof and down-conductors should be at least a half-inch in diameter,
continuous, and routed outside the building (the earlier design allowed routing the
conductors inside a building’s walls). Any links or joints in these conductors
should be filled with lead solder to ensure a good connection. The grounding conduc-
tor should be a one-inch-diameter iron bar driven 10 to 12 ft into the earth, and
if possible, kept at least 10 ft away from the foundation. Franklin also recommended
that the ground rods be painted to minimize rust and connected to a well, if
one happened to be nearby. Figure 1.5 illustrates an implementation of Franklin’s
1762 design.

In the 1769 edition of Experiments and Observations, Franklin published his reply
to Kinnersley and the reports from South Carolina together with some ‘Remarks’ on
the construction and use of protective rods. After repeating his recommendations for
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Figure 1.5 An eighteenth-century house with a lightning rod of Franklins 1762
design. The thick, continuous rod can carry tens of kiloamperes of
current to ground without harming the house or its foundation (photo-
graph by the author).

an improved design, he also noted a psychological benefit of having protection against
lightning [14]:

Those who calculate chances may perhaps find that not one death (or the destruc-
tion of one house) in a hundred thousand happens from that cause, and that there-
fore it is scarce worth while to be at any expense to guard against it. But in all
countries there are particular situations of buildings more exposed than others to
such accidents, and there are minds so strongly impressed with the apprehension
of them, as to be very unhappy every time a little thunder is within their hearing;
it may therefore be well to render this little piece of new knowledge as general
and well understood as possible, since to make us safe in not all its advantage, it
is some to make us easy. And as the stroke it secures us from might have
chanced perhaps but once in our lives, while it may relieve us a hundred times
from those painful apprehensions, the latter may possibly on the whole contribute
more to the happiness of mankind than the former.

Today, most authorities agree that lightning rods define and control the points where
lightning will strike the structure and then guide the current safely into ground. As
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Franklin noted in 1761, ‘Indeed, in the construction of an instrument so new, and
of which we could have so little experience, it is rather lucky that we should at first
be so near the truth as we seem to be, and commit so few errors.” Franklin was
truly lucky: his original 1752 design was based on the low current levels of point dis-
charges, but direct lightning strikes deliver tens of kiloamperes of current, enough to
produce explosive arcs across any imperfect mechanical connections; and those arcs
can produce momentary over-pressures of several hundred atmospheres and enough
heat to ignite flammable materials. The early applications of lightning rods could
have been disastrous. Franklin’s 1762 design, however, has stood the test of time
and remains the basis for all modern lightning protection codes in the world today.

1.6 ‘Snatching lightning from the sky’

It is difficult for us living in an electrical age to appreciate how important lightning
conductors were in the eighteenth century. The discovery that thunderclouds
contain electricity and that lightning is an electrical discharge revolutionized human
perceptions of the natural world, and the invention of protective rods was a clear
example of how basic, curiosity-driven research can lead to significant practical
benefits. In his later years, Franklin devoted most of his time to public service, but
he continued to follow the work of others and conduct occasional experiments. He
also participated on scientific advisory boards and panels that reviewed methods
of lightning protection, and made recommendations for protecting cathedrals and
facilities for manufacturing and storing gunpowder.

Eventually, Franklin became a leader of the American Revolution. When he
embarked for France in November 1776 to seek aid for the newly declared United
States of America in the war against Great Britain, he took with him a unique
asset — his worldwide fame. By then his work on lightning and electricity had
called attention to his other writings in science, politics and moral philosophy [15],
and the intellectuals of France and Europe viewed Franklin as one of their own.

In 1811, John Adams, the first Vice-President and second President of the USA who
served with Franklin in France in the 1770s (and who actually hated him), summarized
Franklin’s reputation [16,17]:

Nothing, perhaps, that ever occurred upon this earth was so well calculated to give
any man an extensive and universal celebrity as the discovery of the efficacy of iron
points and the invention of lightning rods. The idea was one of the most sublime
that ever entered a human imagination, that a mortal should disarm the clouds of
heaven, and almost ‘snatch from his hand the sceptre and the rod!” The ancients
would have enrolled him with Bacchus and Ceres, Hercules and Minerva. His
Paratonnerres erected their heads in all parts of the world, on temples and
palaces no less than on cottages of peasants and the habitations of ordinary citizens.
These visible objects reminded all men of the name and character of their inventor;
and, in the course of time, have not only tranquilized the minds and dissipated the
fears of the tender sex and their timorous children, but have almost annihilated that
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panic terror and superstitious horror which was once almost universal in violent
storms of thunder and lightning. . .

His reputation was more universal than that of Leibnitz or Newton, Frederick or
Voltaire, and his character more beloved and esteemed than any or all of them.
Newton had astonished perhaps forty or fifty men in Europe; for not more than
that number, probably, at any one time had read him and understood him by his dis-
coveries and demonstrations. And these being held in admiration in their respective
countries as at the head of the philosophers, had spread among scientific people a
mysterious wonder at the genius of this perhaps the greatest man that ever lived. But
this fame was confined to men of letters. The common people knew little and cared
nothing about such a recluse philosopher. Leibnitz’s name was more confined
still. .. But Franklin’s fame was universal. His name was familiar to government
and people, to kings, courtiers, nobility, clergy, and philosophers, as well as ple-
beians, to such a degree that there was scarcely a peasant or a citizen, a valet de
chambre, coachman or footman, a lady’s chambermaid or a scullion in a kitchen,
who was not familiar with it, and who did not consider him as a friend to human
kind. When they spoke of him, they seemed to think he was to restore the
golden age.

In June of 1776, the celebrated economist and former comptroller-general of France,
Anne-Robert Jacques Turgot, composed a prophetic epigram in Latin that captures
Franklin’s legacy in a single sentence: ‘Eripuit caelo fulmen, sceptrumque tyrannis’,
(‘He snatched lightning from the sky and the scepter from tyrants”) [18].
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Chapter 2
Lightning parameters of engineering interest

Vernon Cooray and Mahendra Fernando

2.1 Introduction

Electrical discharges generated in the Earth’s atmosphere by cumulonimbus clouds,
volcanic eruptions, dust storms and snow storms are usually referred to as lightning
discharges. In this chapter we confine ourselves to the lightning discharges produced
by cumulonimbus clouds. Lightning discharges can be separated into two main cat-
egories, ground flashes and cloud flashes. Lightning discharges that make contact
with ground are referred to as ground flashes and the rest are referred to as cloud
flashes. Cloud flashes in turn can be divided into three types: intracloud flashes, air
discharges and intercloud discharges. These different categories of lightning flashes
are illustrated in Figure 2.1a. A ground flash can be divided into four categories
based on the polarity of charge it brings to the ground and its point of initiation.
These four categories are illustrated in Figure 2.1b: downward negative ground
flashes, downward positive ground flashes, upward positive ground flashes and
upward negative ground flashes. The polarity of the flash, i.e. negative or positive,
is based on the polarity of the charge brought to the ground from the cloud.
Upward lightning flashes are usually initiated by tall objects of heights more than
~100 m or structures of moderate heights located on mountain and hill tops. The
basic features of the mechanism of lightning ground flashes, summarized next, are
given in Reference 1.

Electromagnetic field measurements show that a downward negative ground flash
is initiated by an electrical breakdown process in the cloud called the preliminary
breakdown. This process leads to the creation of a column of charge, called the
stepped leader, which travels from cloud to ground in a stepped manner. Some
researchers use the term preliminary breakdown to refer to both the initial electrical
activity inside the cloud and the subsequent stepped leader stage. On its way
towards the ground a stepped leader may give rise to several branches. As the
stepped leader approaches the ground, the electric field at ground level increases
steadily. When the stepped leader reaches a height of about a few hundred metres or
less above ground, the electric field at the tip of the grounded structures increases to
such a level that electrical discharges are initiated from them. These discharges,
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Figure 2.1  (a) Types of cloud flashes: (i) intracloud; (ii) air discharges; (iii) inter-
cloud. (b) Tipes of ground flashes: (i) downward negative ground
flashes, (ii) downward positive ground flashes; (iii) upward positive
ground flashes; (iv) upward negative ground flashes.

called connecting leaders, travel towards the down-coming stepped leader. One of
the connecting leaders may successfully bridge the gap between the ground and the
down-coming stepped leader. The object that initiated the successful connecting
leader is the one that will be struck by lightning. The distance between the object
struck and the tip of the stepped leader at the inception of the connecting leader is
called the striking distance (see Chapter 4 for a detailed description of this attachment
process).

The moment a connection is made between the stepped leader and ground, a wave
of near-ground potential travels at a speed close to that of light along the channel
towards the cloud. The current associated with this wave heats the channel to
several tens of thousands of degrees Kelvin, making the channel luminous. This
event is called the return stroke. Whenever the upward-moving return stroke front
encounters a branch, there is an immediate increase in the luminosity of the
channel; such events are called branch components. Although the current associated
with the return stroke tends to last for a few hundred microseconds, in certain instances
the return stroke current may not go to zero within this time, but may continue to flow
at a low level for a few to few hundreds of milliseconds. Such long duration currents
are called continuing currents. The arrival of the first return-stroke front at the cloud
end of the return-stroke channel leads to a change of potential in the vicinity of this
point. This change in potential may initiate a positive discharge that travels away
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from the end of the return-stroke channel. Occasionally, a negative recoil streamer may
be initiated at the outer extremity of this positive discharge channel and propagates
along it towards the end of the return-stroke channel. Sometimes, discharges originate
at a point several kilometres away from the end of the return-stroke channel and travel
towards it. On some occasions these discharges may die out before they make contact
with the end of the return-stroke channel. Such events are called K-changes. If these
discharges make contact with the previous return-stroke channel, the events that follow
may depend on the physical state of the return-stroke channel. If the return-stroke
channel happens to be carrying a continuing current at the time of the encounter,
it will result in a discharge that travels towards the ground. These are called
M-components. When the M-components reach the ground no return strokes are
initiated, but recent analyses of the electric fields generated by M-components show
that the current wave associated with them may reflect from the ground. If the return-
stroke channel happens to be in a partially conducting stage with no current flow
during the encounter, it may initiate a dart leader that travels towards the ground.
Sometimes the lower part of the channel decays to such an extent that the dart
leader stops before actually reaching the ground. These are termed attempted
leaders. In other instances, the dart leader may encounter a channel section whose
ionization has decayed to such an extent that it cannot support the continuous propa-
gation of the dart leader. In this case the dart leader may start to propagate towards the
ground as a stepped leader. Such a leader is called a dart-stepped leader. 1f these
leaders travel all the way to ground, then another return stroke, called the subsequent
return stroke, is initiated. In general, dart leaders travel along the residual channel of
the first return strokes, but it is not uncommon for the dart leader to take a different path
from that of the first stroke. In this case it ceases to be a dart leader and travels towards
the ground as a stepped leader. The point at which this leader terminates may be differ-
ent from that of the original first leader. Thus, a single flash may generate multiple
terminations. Electrical activity similar to that which occurs after the first return
strokes may also take place after the subsequent return strokes. However, branch com-
ponents occur mainly in the first return strokes and occasionally in the first subsequent
stroke. This is the case because, in general, dart leaders do not give rise to branches. In
the literature on lightning, the electrical activities in the cloud that take place between
the strokes and after the final stroke are called, collectively, Junction processes or
J processes.

The mechanisms of downward positive ground flashes have not been studied in
detail, but their main features are qualitatively similar to those of downward negative
ground flashes with differences in the finer details.

In the case of an upward ground flash an upward leader is initiated from a tall struc-
ture under the influence of the background electric field of the cloud. The arrival of this
leader, the polarity of which depends on whether the upward initiated flash is negative
or positive, at the charge centre in the cloud leads to the initiation of a continuing
current that may last for several tens to hundreds of milliseconds. Some flashes end
at the cessation of this continuing current, whereas in others this may be followed
by a series of dart leader—return-stroke sequences that travel along the already
established channel.
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Figure 2.2 (a) Distribution of the number of false alarms caused by a thunderstorm
in Malmo and Lund, Sweden on 1 July 1988. (b) The number of lightning
flashes observed in the same region by the lightning-location system
(modified from Reference 2).

In the protection of structures located at ground it is the ground flash that is of inter-
est. However, the high sensitivity of modern-day electronic devices to electromagnetic
disturbances may make them vulnerable even to electromagnetic fields generated by
cloud flashes. On the other hand, the electromagnetic environment created by a
ground flash striking in the vicinity of a structure is more severe than that of a cloud
flash and any protection procedures developed to protect electronic systems from
electromagnetic fields of close ground flashes will also mitigate the effects of
cloud flashes.

A ground flash can interact with a structure in two ways. First, if the structure is not
equipped with a lightning protection system, the direct injection of current at the point
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of strike may interact with the structure in various ways and cause structural damage
and, in some cases, initiate fires. The injected current may also enter into the electrical
and other conducting systems of the structure, which again causes damage and
destruction in the electrical systems. Second, the electromagnetic field generated by
the lightning flash induces large voltages in various electrical systems of the structure,
irrespective of whether it is provided with an external lightning protection system or
not, and so causes disturbances and damage in sensitive electronics. Indeed, the vul-
nerability of modern-day electrical and electronic systems to lightning is demonstrated
by the effect of a thunderstorm on 1 July 1988 on the civil alarm system of southern
Sweden [2]. Figure 2.2a shows the distribution of the number of false alarms caused by
the thunderstorm at the alarm centre in Malm6-Lund, Sweden. Note that 1498 alarms
were received in a period of two hours, which completely paralysed the action of the
fire-protection services. Figure 2.2b shows the number of lightning flashes registered
in the same area by the Swedish lightning-location system. Note the strong correlation
between the data in the two diagrams. This typical example illustrates the importance
of appropriate protection of modern-day electrical and electronic systems from
lightning flashes.

Study of the interaction of ground flashes with structures and other electrical
systems can be separated into two parts. The first part deals with the processes that
lead to the attachment of the lightning flash to the structure. This part is important
in evaluating the point of strike of the lightning flash on the structure. The second
part deals with the interaction of the structure and its contents with the injected
current and the radiated electromagnetic field. Information concerning various light-
ning parameters that are of interest in analysing both these effects is essential to miti-
gate the effects of lightning strikes.

2.2 Electric fields generated by thunderclouds

The electric fields generated by thunderclouds are of interest in lightning protection
studies in three ways. First, the electric fields generated by them at ground level are
responsible for the initiation of upward flashes from tall structures or moderately
tall structures located on mountains. Second, these electric fields cause sharp,
grounded tips and pointed leaves of vegetation to go into corona, which generates
space charge. The cumulative effect of these could influence the process of lightning
attachment. Third, the electric fields generated by thunderclouds can be used in issuing
warnings on the threat of lightning strikes.

The distribution of electric fields measured at ground level during thunderstorms in
Pretoria, South Africa, by Eriksson [3] is shown in Figure 2.3. Note that the maximum
electric fields recorded are less than ~20 kV m~'. However, the measurements con-
ducted by Soula and Chauzy [4] show that thundercloud-generated electric fields at
altitudes of 603 m can reach values as high as 60 kV m™', whereas the electric field
at ground level at the same time is clamped below ~10 kV m™'. In another study,
Willett and colleagues [5] measured the ambient electric fields below thunderclouds
using rockets equipped with field-measuring devices. An example of a measured
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Figure 2.3 The distribution of electric fields at ground level generated by thunder-
clouds in Pretoria, South Africa. The polarity of the electrostatic field is
assumed to be positive when the dominant positive charge is overhead
(from Reference 3).

electric field as a function of altitude in that study is shown in Figure 2.4. Note how the
electric field is clamped to a value less than ~ 10 kV m ™" at ground level. The electric
field increases with height to reach a steady value within about several hundred
metres or so. Why the thundercloud electric field is clamped to a value less than
~10-20 kV m™" at ground level, but maintains a value several times larger at higher
elevations, is described below.
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Figure 2.4  Ambient electrostatic field (upper trace) and potential profile (lower
trace) as a function of height (from Reference 5)

As the charges in a thundercloud are generated at a rate of about 1 C s ' (i.e. a char-
ging current of ~1 A) the electric field between the negative charge centre in the cloud
and the ground increases. When the electric field at ground level reaches about a few
kV m™", small protrusions, sharp points, pointed leaves, and so on, go into corona.
These corona discharges give rise to a space charge layer. With increasing time the
thickness of the space charge layer increases through the drift of ions upwards in
the background electric field. The space charge layer screens the objects at ground
level from the background electric field by clamping the electric field at ground
level to a value close to the corona threshold. Of course, this clamping action of the
space charge has a certain time constant and, as a consequence, it cannot reduce the
magnitude of rapidly changing electric fields, such as those generated by return
strokes. However, the variation of the thundercloud electric field is slow enough for
the space charge effects to be dominant. At a given time the space charge layer has
a certain thickness and it cannot influence significantly the fields at heights above
this thickness. The thickness of the space charge layer at a given time depends on
the drift speed of ions and hence on the aerosol concentration.

The effect of space charge on the electric field generated at ground level by a thun-
dercloud can be taken into account using the model outlined in Reference 6, which is a
two-dimensional extension of the model proposed previously by Chauzy and Rennela
[7]. We can use this model to illustrate the effect of space charge on the thundercloud
electric field at ground level. Assume that the lateral extension of the charge centre in
the cloud is large and uniform enough to treat the electric field below the cloud as
uniform. Assume also that the rate of generation of charge in the thundercloud is
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such that the electric field below the thundercloud increases to a peak value of
50 kV m ™" overatime of 60 s (Figure 2.5a). Thus, in the absence of corona the electric
field at ground level should reach 50 kV m ™' in 60 s. Figure 2.5b shows how the
electric field below the cloud varies at different times in the presence of corona
space charges. First, observe how the space charge reduces the electric field initially
at ground level and later at higher elevations. Observe also how the thickness of the
space charge layer (the height where the electric field becomes constant) increases
with increasing time. In this calculation the aerosol density is assumed to be
1 x 10° mol m ™. With decreasing aerosol density the mobility of small ions increases
and therefore the thickness of the space charge layer at a given time increases with
decreasing aerosol concentration. In ~50 s the height of the space charge layer
increases to ~200 m and therefore small structures become completely immersed in
it. Thus, in evaluating the possibility of upward-initiated lightning flashes from a
given structure, it is necessary to include the effect of space charge in the analysis
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Figure 2.5  (a) Electric field at any point below the thundercloud in the absence of
corona at ground level. (b) The electric field at different altitudes at
different times in the presence of corona. The aerosol concentration is
assumed to be 1 x 10° mol m™>.
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(see also Chapter 4). If the action of corona was not present at ground level, we would
see the full strength of the electric field at ground level. In fact, space charge generation
caused by the corona is very limited on calm water bodies. Not surprisingly, rather high
electric fields have been observed over lakes under thunderstorm conditions [8].

2.3 Thunderstorm days and ground flash density

The ground flash density is an important parameter in lightning protection because risk
evaluation in lightning protection procedures is based on this parameter. For example,
let us represent the attractive radius of a structure of height 4 (see Chapter 4 for more
details of this parameter) for a stepped leader that will give rise to a return stroke
with a peak current of i, (i.e. prospective return-stroke peak current) by R(i,, /). In
other words, any stepped leader with a prospective return-stroke peak current of i,
will be attracted to the structure if it comes within a radial distance of R(ip,, /) from
the structure. As shown in Chapter 4 the attractive radius is both a function of i, and
the height % of the structure.

Let us also represent by f(i,,)di the fraction of lightning flashes that have first return-
stroke peak currents in the interval between i and i + di. Then the number of lightning
flashes with first return-stroke current peaks in the above interval that strike the struc-
ture in one year is given by

AN = Ny R, WP (ip)di @1

where N, is called the ground flash density. It is defined as the number of lightning
flashes that strike a unit area in a given region in a year. Then the total number of light-
ning flashes that strike the structure is given by

o0

N = Ny [ (R PGy 22)
0

Different expressions for the attractive radius of structures have been derived by differ-
ent scientists (see Chapter 4). These expressions differ from each other because of the
various assumptions made in the analysis. However, all these expressions predict (and
also experience shows) that R(iy, #) increases with increasing structure height.
Therefore, the number of strikes per year on a structure increases with its height.
Ground flash density N, in a given region can be estimated by counting the number
of lightning flashes that strike ground in that region by using lightning flash counters,
lightning location systems or using information on lightning strikes provided by satel-
lites. However, lightning-protection engineers still use thunderstorm days to extract
ground flash density because information concerning this parameter is available world-
wide. A thunderstorm day is normally defined as the local calendar day in which
thunder is heard by meteorological observers. It is a good source of information
about the seasonal and geographical variation in lightning-flash frequency. However,
it does not include the intensity of the thunderstorm or the number of times thunder
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is heard on one particular day. Figure 2.6a depicts the distribution of the thunderstorm
days around the globe. In the absence of better information about ground flash density
it can be estimated from thunderstorm days, T4, using an equation of the form

Ny = aT, flashes km ™ year ™! 2.3)
The parameters of this equation have been derived by many workers from different

parts of the globe. The data obtained by these parameters are summarized in
Table 2.1. Importantly, in all these studies there is a large scatter in the thunderstorm
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Figure 2.6  (a) Thunderstorm day map of the world (from the National Lightning
Safety Institute web page). (b) Total (includes both ground and cloud
flashes) lightning-density map of the world (flashes km™? year™")
(from Reference 9).
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Table 2.1  Parameters of equation (2.3) obtained from studies conducted in
different regions of the world

Study Value Value Comments
ofa of b
Mackerras [10] 0.01 1.4 Based on the data obtained from 26 sites in
Australia over the period 1965-1977
Anderson and 0.023 1.3 Based on 120 observations over two years
Eriksson [11] in South Africa
Anderson et al. [12] 0.04 1.25 Based on data obtained from 62 stations

over a period of five years spanning
1976—1980; equation (2.3) is based on
the latter values and is generally known
as the ‘CIGRE* formula’

Kuleshov and 0.012 1.4 Obtained using long-term lightning-flash
Jayaratne [13] counter registrations and thunderstorm
day observations in Australia
Chen et al. [14] 0.0054 1.537 Data obtained in China from 82 stations
de la Rosa et al. [15] 0.024 1.12 Study conducted in tropical Mexico
Torres [16] 0.003 1.12 Study conducted in tropical Brazil
Younes [17] 0.0017 1.56 Study conducted in tropical Colombia

*International Council on Large Electrical Systems.

day versus ground flash density plots. Moreover, there is a large spread in the best
estimates of @ and b obtained in different parts of the world.

Figure 2.6b shows the variation of lightning-flash density obtained in various parts
of the world using satellite data. In this estimation it is difficult to separate ground and
cloud flashes and therefore the data in Figure 2.6b gives the total lightning-flash
density in different regions of the world.

Fortunately, the recent deployment of lightning-detection systems in many parts of
the world has led to the development of ground flash density maps from the direct
measurement of lightning ground flashes in different parts of the world. Some of
these maps are depicted in Figure 2.7. At present the data being gathered by lightning-
location systems are also being used to convert the satellite data into ground and
cloud flashes.

2.4 Number of strokes and time interval between strokes in
ground flashes

The number of strokes in a lightning flash and the time separation between them are
important parameters in lightning protection. For example, this information is essen-
tial to the coordination of circuit breakers in power distribution systems. Moreover,
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Figure 2.7  Average lightning-flash densities as measured in different regions of
the world. (a) Lightning ground flash density map of South Africa
[18]. (b) Lightning ground flash density map of the United States
(from Reference 19).
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Figure 2.7 (Continued) (c) Map of lightning-flash density (includes both ground
and cloud flashes) of Brazil obtained from the lightning imaging
sensor (LIS) on board the tropical rainfall measuring mission
(TRMM) satellite from December 1997 to December 1999 [20]. (d)
Average lightning ground flash density distribution over the Iberian
Peninsula, Spain, for the period 1992—2001. The numbers on the
x axis are longitudes (negative longitudes are western longitudes) and
numbers on the y axis are latitudes (from Reference 21).
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Figure 2.7 (Continued) (e) The lightning ground flash density map of Sweden (from
Reference 22).

studies conducted by Darveniza and colleagues [23] show that the failure modes of
surge-protective devices deployed in power systems depend on the stroke multiplicity
of and the time interval between lightning flashes.

2.4.1 Number of strokes per flash

A study conducted by Thomson [24] showed that the number of strokes per flash does
not vary significantly from one geographical region to another. In fact, the data
obtained from widely different regions around the globe show similar characteristics.
The average number of strokes per flash, percentage of single flashes and the
maximum multiplicity in different regions of the world are tabulated in Table 2.2.
The actual distributions of the number of strokes measured in Brazil, Sri Lanka and
Sweden are depicted in Figure 2.8.

In the case of positive ground flashes, subsequent strokes are observed only sel-
domly, and almost all flashes are single-stroke flashes. For example, in the analysis
carried out by Heidler and Hofp [30], out of 45 positive ground flashes, 33 were
single, eight had two strokes and two flashes had three strokes. According to this
study about 75 per cent of positive flashes are single-stroke flashes. In the study con-
ducted by Saba and colleagues [31], out of 39 positive ground flashes 11 had two or
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Figure 2.8  Percentage of flashes having a certain number of strokes as measured in
Brazil, Sri Lanka and Sweden

more strokes, making the percentage of single-stroke positive ground flashes equal to
73 per cent.

2.4.2 Interstroke interval

In his statistical analysis Thomson [24] investigated whether there is a significant
difference between the interstroke intervals measured in studies conducted in different
geographical regions. As for the number of strokes per flash, he concluded that there is
no statistical difference between different datasets.

The interstroke time intervals of negative ground flashes observed in Germany,
Florida (USA), Sweden, Sri Lanka, China and Brazil are given in Table 2.3. Note
the similarity between the interstroke time intervals of lightning flashes in different
regions. Both Saba and colleagues [25] and Rakov and colleagues [27] analysed the
interstroke time intervals associated with strokes that created new terminations at
ground (see Section 2.5). The results gave the geometric mean values of 68 and
92 ms, respectively. These values have to be compared, respectively, with 61 and
60 ms, the interstroke time intervals obtained for all strokes in these two studies. In
the Brazilian study the difference is not significant, whereas in the Florida study the
mean interstroke time interval associated with strokes that created new terminations
is larger than those associated with normal strokes.

Information concerning the interstroke intervals of positive return strokes is scarce
in the literature. To the best of our knowledge only three studies are reported,
conducted in Sweden, Germany and Brazil. The results obtained in these studies are
presented in Table 2.4. The interstroke interval distributions observed in Brazil and
Sweden are shown in Figure 2.9. Note that these intervals are significantly larger
than those that correspond to negative ground flashes.
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Table 2.3 Interstroke time intervals observed in different studies conducted at
different geographical regions

Study Total Total Arithmetic Geometric
number of number of mean mean
flashes strokes (ms) (ms)
Heidler and Hopf, Germany 116 87
1986 [30]

Heidler and Hopf, Germany 414 87 96
1988 [30]

Thottapillil ef al., Florida 46 199 57
1992 [32]

Cooray and Perez, Sweden 271 568 65 48
1994 [28]

Cooray and Jayaratne, 81 284 82.8 56.5
Sri Lanka 1994 [29]

Rakov et al., Florida 1994 [27] 270 60

Qie et al., China 2002 [33] 50 238 64.3 46.6

Miranda et al., Brazil 26 131 69.0 49.6

2003 [34]
Saba et al., Brazil 2006 [25] 186 608 83 61

2.5 Number of channel terminations in ground flashes

In the classical lightning literature, ground flashes that have two terminations are
known as fork lightning. There are two mechanisms by which a ground flash may gen-
erate two strike points at ground. In the first, two branches of a single stepped leader
may approach the ground more or less simultaneously and, if they both touch ground
within a few microseconds (i.e. before the return stroke initiated by the first touch
could neutralize the charge on the second branch), two return strokes are initiated

Table 2.4  Interstroke time intervals of positive ground flashes (from

Reference 25)
Study Number of flashes  Arithmetic mean Geometric mean
Heidler and Hopf, Germany 16 120 101
1993 [30]
Cooray and Perez, Sweden 29 64 92
1994 [28]

Saba et al., Brazil 2006 [31] 13 168 117
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Figure 2.9  Interstroke interval of positive ground flashes as observed in (a) Brazil
[31] and (b) Sweden (from Reference 28)

from the two branches that touch the ground. However, in this case, the two branches
have to touch the ground within 10 ws or so of each other, and the probability of this is
extremely small. In the second scenario multiple terminations are created when the
down-coming dart leader deviates from the previous channel and takes a new path
to ground. Optical observations show that this is the most common process by
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which multiple terminations are created. Davis [35] (as referenced in Rakov and Uman
[36]) identified that the jump from the previous to the new channel takes place at a
height of around 0.7-3.4km. According to the observations presented by
Thottappillil and colleagues [32] the separation between strike points in multiple
terminations varies from 0.3 to 7.3 km with a geometric mean of 1.7 km.
Information about multiple terminations in lightning flashes has been gathered by
Rakov and colleagues [27], Kitagawa and colleagues [26], Valine and Krider [37] and
Saba and colleagues [25]. The data reported in these studies show that the percentage
of flashes with multiple strike points is 50 per cent in Florida, 49 per cent in New
Mexico, 35 per cent in Tuscan, Arizona and 51 per cent in Brazil. The average
number of strike points per flash is 1.7 and 1.67 in Brazil and Florida, respectively.
Figure 2.10 shows the number of flashes that produced a given number of strike
points in the studies conducted in Florida and Brazil — a few flashes produced four
terminations at ground. Figure 2.11 gives the probability of the creation of new
paths to ground by strokes of different order. It clearly shows that the probability of
creating a new termination is highest in the earlier strokes. For example, the second
stroke has the highest probability to create a new termination and this probability
decreases with increasing stroke order. This indicates that each stroke preconditions
the channel in such a way that the probability of creating a new channel decreases
with increasing stroke order. The reason why some strokes deviate from the previous
path and create new paths to ground is unknown at present. It is possible that the
location on the channel where the new path deviates from the previous one corre-
sponds to the points where the stepped leader has generated a branch point on its
way towards ground. Only the strongest of these branches would be visible in
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Figure 2.10  Number of ground flashes that produce the given number of ground
terminations: black, Brazil [25]; grey, Florida [27] (from Reference
25)
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Figure 2.11  Percentage of strokes that create a new termination at ground as a func-
tion of stroke order. Numbers on the bars give the actual percentage:
black, Brazil [25]; grey, Florida [27] (from Reference 25).

photographic records. The charges that reside on branches will be neutralized by the
first return stroke and, therefore, at branch points the dart leader may encounter two
paths of elevated temperatures whose density is less than ambient. Such encounters
may promote the dart leader to take a new path to ground. However, if the second
stroke follows the same path as the first one, the third stroke may also prefer the
same path. This is because the second stroke does not usually travel along the branches
and therefore it will not reheat the branch channels. Thus the third stroke may prefer
the path taken by the second stroke because at branch points it will find a preferred path
along the channel traversed by the second stroke. In this way, higher-order strokes may
find it more difficult to create new terminations.

2.6 Occurrence of surface flash over

A lightning flash that strikes a finitely conducting ground generates a horizontal elec-
tric field. This electric field has its maximum strength at the strike point, which
decreases with distance. If the magnitude of this horizontal electric field is larger
than a certain critical value then an electrical discharge propagating along the
ground (i.e. a surface discharge) is generated. Figure 2.12 shows a surface discharge
created at the point of strike by a triggered lightning flash at Fort McClellen [39]. The
length of the surface discharge depends on the magnitude of the horizontal electric
field and how fast it decreases when moving away from the strike point. The properties
of these surface flashovers and the conditions under which they are generated are of
interest in the design of grounding systems in lightning protection.
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Figure 2.12  Photograph of the surface arcs emanating from the ground rod con-
ducting a 29.6 kA rocket-triggered lightning strike to ground at Fort
McClellan, Alabama [38] (from Reference 39)

Experimental data on the formation of surface discharges at the point of strike have
been reported by Fisher and colleagues [38] and Uman and colleagues [40]. The
length of surface discharges can reach up to 20 m and a current of ~1 kA has been
measured in one case. Figure 2.13 shows the percentage of return strokes that produced
optically detectable surface arcing as observed in the study conducted by Rakov and
colleagues [42]. In this figure the percentage of strokes that generate surface discharges
increases with increasing peak current. This is in accordance with theory because the
surface electric field increases with increasing return-stroke current, and hence the
probability of creating a surface arc increases with increasing current.

According to the experiment conducted by Liew [43] (as referenced in Wang and
colleagues [44]), injection of laboratory currents up to 20 kA into loamy sand in the
presence of water sprays, to imitate rain, resulted in surface arcing. This indicates
that wetting the soil increases the probability of surface arcing. Let us consider the
reason for this behaviour.

The critical electric field necessary to cause electrical breakdown in a liquid or solid
material is usually one to two orders of magnitude larger than that of gaseous sub-
stances. However, if the solid or the liquid contains gaseous material in the form of
gaseous cavities or bubbles, then there will be a drastic reduction in the breakdown
electric field. In this case, the discharge process is initiated in the cavity or the
bubble (see also Chapter 11). In a similar manner, when a lightning flash strikes the
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Figure2.13  Percentages of return strokes that produced optically detectable surface
arcing as a function of return stroke peak current (Fort McClellan,
1993 and 1995). Numbers above each histogram column indicate the
number of strokes that produced optically detectable arcing (numer-
ator) and the total number of strokes in that return-stroke current
range (denominator) (from Reference 42).

ground, ionization processes start in the air gaps in the soil and lead to the formation of
discharge channels that create a low resistive path for the current flow in soil. The
sparking inside the soil reduces the impedance at the strike point, which in turn
leads to a reduction in the surface electric field and so decreases the probability of
surface discharges. If the soil is wet and the air pockets are filled with water, the
soil behaves as a solid or a liquid material without air pockets. This increases the criti-
cal electric field necessary for breakdown inside the soil. This, in turn, leads to a larger
surface electric field, which increases the probability of surface flashover.

2.7 Lightning leaders

2.7.1 Speed of stepped leaders

The speed of a stepped leader is important in lightning protection in two ways. First, it
determines the rate of change of electric field produced at ground level by the down-
coming stepped leader. Studies conducted by Becerra and Cooray [45] show that the
inception of connecting leaders from grounded structures depends not only on
the amplitude, but also on the rate of change of the electric field generated by the
stepped leader (see also Chapter 4). Thus, to evaluate the conditions under which
upward leaders are initiated from grounded structures it is necessary to know the
speed of the down-coming leader. Second, once a connecting leader is incepted,
whether it will make a successful connection with the down-coming stepped leader
or not is determined by the relative speed of the two leaders. Thus, numerical



Lightning parameters of engineering interest 37

simulation of the attachment process in lightning-protection studies requires statistics
concerning the speed of stepped leaders.

The speeds of stepped leaders have been measured and reported by Schonland and
Collens [46], Schonland [47,48], Schonland and colleagues [49], McEachron [50],
Orville and Idone [51], Berger and Vogelsanger [52] and Saba and colleagues [53].
The stepped leader speed distributions obtained by Schonland (combined with the
data of McEachron) [48] and Saba and colleagues [53] are shown in Figure 2.14.
The average leader speeds observed in the two studies were 1.3 x 10°ms~" and
336 x 10°ms ', The minimum leader speed observed by Schonland was
8 x 10*ms™" and that by Saba and colleagues was 9 x 10*ms™" [53]. The
minimum value observed by McEachron [50] was 6 x 10*ms~'. The maximum
values observed by Schonland [48] and Saba and colleagues [53] were
2.6 x 10°ms " and 1.98 x 10°ms~', respectively. Note that the two studies, one
the oldest and the other the latest, generated more or less similar results. The speed
of stepped leaders observed by Orville and Idone [51], Cheng and colleagues [54]
and Berger and Vogelsanger [52] also fall within these ranges.

2.7.2  Speed of dart leaders

There is direct evidence to show the existence of upward-connecting leaders that make
contact with down-coming dart leaders. For example, in a recent study Wang and

40
35 A

[0 Saba et al. (2007)
30 Schonland (1956)

Occurence

Speed (x105 m/s

~

Figure 2.14  Distribution of the speed of stepped leaders as observed by Schonland
[48] and Saba and colleagues [53]
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colleagues [55] observed the upward-connecting leader lengths in two dart leader-
return stroke sequences to be 7—11 m and 4—7 m. The conditions necessary for the
inception of these upward leaders are determined by the amplitude and the rate of
change of the electric fields produced by dart leaders. Simulation of the attachment
process in dart leader-return stroke sequences requires, therefore, the speed of
dart leaders.

The first observations of the speed of dart leaders were probably made by Schonland
and colleagues [49]. However, these are probably biased towards smaller values
because of the limited resolution of the cameras they used. Since then, several
studies have been conducted to measure the speed of dart leaders. A summary of the
dart-leader speeds as obtained by different workers is presented in Table 2.5.
Importantly, the speed of the dart leader may also vary as it propagates towards the
ground. For example, Wang and colleagues [55] found two dart leaders that exhibited
a speed increase as they approached the ground. In one case the speed increased from
8 x 10°to 13 x 10° m s ! during its downward propagation from 350 to 40 m and in
the other case the leader speed increased from 2 x 10° to 8 x 10° m s~ ' during its
propagation from 200 to 40 m. However, Orville and Idone [51] reported that several

Table 2.5  Dart leader speeds observed in different studies

Study Stroke Previous interstroke Speed
number interval (m us_')
Jordan et al., Florida [56] 3 138 12%*
6 38 15
2 25 11
3 30 17
2 56 5.4%

3 44 24

4 20 9.2

7 75 7.9
2 44 16
3 30 18
47 34 17
Jordan et al., Florida [57] 3 30 17
2 44 16
3 31 18
Wang et al., Florida, for 30
triggered lightning [58] 40
Saba et al., Brazil [53] Median of partial speed 30
Median of average speed 40

*Leaders showing stepping near ground.
Second stroke in a new channel created by the third stroke of the flash.
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dart leaders they observed showed a decrease in propagation speed as they approached
the ground while four dart leaders showed the opposite tendency. Also, Schonland and
colleagues [49] reported that dart leaders have more or less constant speed, but a few
slowed down as they approached the ground.

2.7.3  Electric fields generated by stepped leaders

The electric field produced by stepped leaders at ground level as they travel towards the
ground is the source that drives the inception and propagation of upward-connecting
leaders. Thus, information concerning the electric fields generated by stepped leaders
is essential to finding out the possible points of attachment of lightning flashes on
structures (see also Chapter 4). Even though data for electric fields generated by
leaders at distances larger than several hundreds of metres are available in the litera-
ture, no information is available on the electric fields generated by stepped leaders
directly below them at ground. Thus, we are confined to theoretical investigations to
obtain information about electric fields at ground level directly beneath the down-
coming stepped leaders. Such theoretical investigations require both the speed of
stepped leaders, which we present in Section 2.7.1, and the charge distribution
along the stepped leader channel as a function of height. Let us now consider the
charge distribution along the leader channel.

Based on experimental observations, Schonland [59] ascertained that the charge on
the stepped leader is distributed uniformly. However, Golde [60] assumed that the line-
charge density ps on the stepped leader channel decreases exponentially with increas-
ing height above ground:

Ps = Psoeiz/)‘ 2.4)

where z is the height, pgg the charge density at ground level and A the charge decay
height constant. In the calculations, Golde [60] used A = 1 000 m. Eriksson [3], in
turn, assumed that the charge is distributed linearly along a vertical leader channel
with the maximum charge density at ground level (features of these distributions
are discussed in detail in Chapter 4).

As the stepped leader extends towards the ground, its charge distribution is deter-
mined by the background electric field generated by cloud charges and any field
enhancement caused by the ground (e.g. the proximity effect). During the return
stroke of a negative ground flash, positive charge is transported from ground into
the stepped leader channel. Part of this positive charge neutralizes the negative
leader charge, while the rest supplies the positive charge induced on the channel to
maintain it at ground potential in the background electric field of the cloud. If the
total positive charge injected into the return-stroke channel during the return-stroke
stage is known, it can be combined with theory to give the distribution of the
charge on the leader channel. Such a study was conducted by Cooray and colleagues
[61]. They measured the charge transported by the first 100 ps of the first return
strokes and combined it with theory to generate the charge distribution along
the leader channel (see Section 2.9.1). Their results show that the variation of
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the charge per unit length of the stepped leader with height can be approximated by
the following analytical expressions:

B L+ b?)

p(0) = ao (1 - ZO) G(zo)l, + T+clrdl J(20) (2.5)
Glzo) = 1 —Zﬁo 2.6)
J(z0) = 0.3 + 0.7 @.7)

a=e®1/75 (2.8)
Zo
p=(1-3) @9

where z is the height (m) of the leader tip above ground, H the total length (m) of
the stepped leader channel, p({) the charge per unit length (C m™"), ¢ the length
(m) along the stepped leader channel (with /= 0 at the tip of the leader), /, the return-
stroke peak current (KA), ao= 1.476 x 107>, a = 4.857 x 107>, b = 3.9097 x
107°, ¢ =0.522 and d = 3.73 x 10 >. Note that equations (2.5) to (2.9) are valid
for zy > 10 m.

One can use this equation to calculate how the electric field at ground level directly
below the path of a stepped leader varies as a function of time. For example,
Figure 2.15 shows such electric fields for stepped leaders with prospective return-
stroke currents of 15, 30, 50, 80 and 120 kA. In the calculation the height of the
charge centre is assumed to be 4 km and the speed of propagation of the stepped
leader is assumed to be 5 x 10° ms™'. The electric field variation is very different
to that present in a uniform laboratory gap excited by switching impulse voltage wave-
forms, which is used in testing electrical equipment. In Chapter 4 it is shown that,
because of this dissimilarity, it is not possible to use switching impulse voltages to
test the performance of lightning rods.

2.7.4  Electric fields generated by dart leaders

Even though data on the electric fields from natural dart leaders measured at the vicin-
ity of the striking point is scarce, such fields are available from triggered lightning
flashes. Because the features of return strokes in triggered lightning flashes are
similar to those of natural subsequent strokes, the electric fields of dart leaders of trig-
gered lightning return strokes also provide information about the electric fields of
natural dart leaders in the vicinity of the strike point. Knowledge of these fields is
important in analysing the final attachment of the dart leader to grounded objects.
In addition, recent studies show that dart leaders can induce significant voltages in
overhead power lines, and in this connection the electric fields generated by dart
leaders close to the channel are of interest.

Typical examples of dart-leader electric fields measured close to the strike point of
triggered lightning flashes are shown in Figure 2.16. The left half of the V shape is
produced by the dart leader and the right half is produced by the return stroke. The
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Figure 2.15  Electric field at ground level at a point directly below the path of a
down-coming stepped leader with speed 5 x 10° ms~'. The height
of the charge centre is taken to be 4 km. The charge distribution in
the stepped leader is given by equations (2.5) to (2.9). The calculation
stops when the tip of the stepped leader is 100 m above ground.
Calculations are given for the prospective first return-stroke currents
of (a) 15kA, (b) 30 kA, (c) 50kA, (d) 80kA and (e) 120 kA. The
polarity of the electric field is assumed to be positive when it is
produced by negative charge overhead.

reason for this shape becomes apparent when one recalls that the return stroke neutral-
izes and removes the charge deposited by the dart leader on the channel. Figure 2.17
shows the relationship observed between the return-stroke peak current and the peak
dart-leader field at two different distances from triggered lightning flashes. The
relationship between these parameters is approximately linear. The data given in
Figure 2.17 shows that the peak electric field of dart leaders can reach values as
high as 100 kV m™" within 10 m of the strike point. To evaluate the electric fields
directly below the down-coming dart leaders it is necessary to know the charge distri-
bution along the dart-leader channel.

The charge distribution along the dart-leader channel was evaluated by Cooray
and colleagues [61] using a technique similar to the one they used to evaluate the
charge distribution along the stepped leader channel (see Section 2.9.1). The results
are based on the charge brought to ground by subsequent return strokes over the first
50 ws. The results obtained can also be represented by equations (2.5) to (2.9) using
the constants ao = 5.09 x 1076, ¢ =1.325x 107>, b=7.06 x 10°°, ¢ =2.089
andd = 1.492 x 1072, Again, these are valid for zo > 10 m.
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Figure 2.16  Electric field measured at 10, 20, 30, 50, 110 and 500 m from the light-
ning channel for dart leader—subsequent return stroke. Note that the
definition of the positive electric field is opposite to that used in
Figure 2.15 (from Reference 62).

Once the charge distribution along the leader channel is known, the close electric
field produced by the dart leader at a given point at ground level can be calculated
and compared with measurements. For a vertical dart-leader channel of length H the
electric field £, at distance D from the ground strike point is given by

H
g
E, = H——— 2.10
[ o oot £ 2.10)
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Figure2.17  Variation of dart-leader electric field at (@) 10 m and (b) 110 m from the
lightning channel base as a function of return-stroke peak current.
Crosses show the experimental values obtained by Crawford et al.
[62] and the dotted line shows the best fit for this data. The solid line
shows the calculated values by Cooray et al. [61] using equations
(2.5) to (2.9) with parameters appropriate to dart leaders (from
Reference 61).

where p({) is given by equations (2.5) to (2.9) with parameters appropriate to dart
leaders and where g, is the permittivity of free space. The electric fields of dart
leaders at 10 and 110 m as a function of the ensuing return-stroke peak current, calcu-
lated using (2.10), are represented by solid lines in Figure 2.17. Figure 2.17 shows the
experimental data (crosses and broken lines) for triggered lightning in Florida (1997,
1998 and 1999) as reported by Crawford and colleagues [62]. The calculated fields
agree with the measurements to within ~20 per cent. This supports the procedure
used by Cooray and colleagues [61] to obtain the charge distribution on the dart-leader
channel as a function of peak current.

Based on the charge distribution described above, the electric field at ground level
directly below a dart-leader channel is evaluated for several prospective subsequent
return-stroke peak currents. The results are shown in Figure 2.18. Let us consider a
10-m-tall grounded conductor of radius 0.28 m. The tip of the conductor is shaped
as a hemisphere. As shown in Chapter 4, the background electric field necessary to
launch a stable connecting leader from this conductor is ~110 kV m~'. A downward-
moving dart leader that supports a prospective current of 12 kA produces a field of this
magnitude at ground level when the tip of the dart leader is ~ 150 m from ground. If
the speed of the connecting leader issued from the conductor is ~1 x 10°ms™', a
typical value observed for connecting leaders, a connection between the two leaders
takes place at a height of ~15 m from the tip of the conductor, assuming that the
speed of the dart leader is 1 x 10" ms~'. However, this distance is more a

minimum value for several reasons. First, the critical electric field necessary to
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Figure 2.18  Electric field at ground level at a point directly below the path of a
down-coming dart leader with speed 1 x 10" ms~'. The height of
the charge centre is taken to be 4 km. The charge distribution in the
dart-leader channel is given by equations (2.5) to (2.9), with constants
appropriate to the dart leaders. The calculation stops when the tip of
the dart leader is 100 m above ground. Calculations are given for the
prospective subsequent return-stroke currents of (a) 5 kA, (b) 12 kA,
(c) 20 kA, (d) 30 kA and (e) 50 kA.

launch a connecting leader decreases with the rate of change of the electric field. The
critical field of 110 kV m ™" is based on a static background electric field and therefore
the critical electric field pertinent to the situation under consideration could be smaller
than 110 kV m~". Second, the latter value is valid for standard atmospheric con-
ditions. However, the density of the gas in a defunct return-stroke channel is less
than that at normal atmospheric conditions, which means the critical electric field
necessary to launch a connecting leader is less than the above value. The experimental
evidence for the existence connecting leaders associated with dart leaders is discussed
in Section 2.7.2.

2.7.5 Speed of connecting leaders

Once a connecting leader is issued from a grounded body under the influence of the
down-coming stepped leader, whether a connection between these two leaders is
made or not depends on the relative speed of the stepped leader and the connecting
leader. Thus, the speed of connecting leaders is a necessary parameter to simulate
the lightning attachment to structures.
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The majority of the speeds of upward-moving leaders reported in the literature are
for those in either rocket-triggered lightning or upward-initiated lightning flashes from
tall structures. In both these cases the leaders move under the influence of a more or
less static background electric field generated by an overhead thundercloud.
The reported values of leader speeds vary between 1 x 10% and 1.4 x 10°ms™"
[63—67]. However, in studies related to lightning attachment what is needed is the
speed of upward-moving connecting leaders propagated under the influence of the
electric field created by down-coming stepped leaders. Yokoyama and colleagues
[67] studied lightning attachment to an 80-m-tall tower and managed to obtain a
few samples of the speed of upward-moving connecting leaders propagated in this
way. In the four examples presented by Yokoyama and colleagues [67], the speed
of stepped leaders and connecting leaders at the moment of connection was estimated
as 5.9 x 10° and 1.3 x 10°ms™", 2.7 x 10° and 14 x 10°ms™", 2.7 x 10° and
29 x10°ms ™', and 6.9 x 10° and 5 x 10° m s, respectively. The average propa-
gation speed of the upward-connecting leaders ranged from 0.8 x 10° to
2.7 x 10° m s~ '. Unfortunately, it is not possible to distinguish between the positive
and negative upward-connecting leaders in this experiment, because neither the
polarity nor the return-stroke peak current were reported.

Recently, Becerra and Cooray [68] evaluated the time development of upward
leaders from a tall structure under the influence of the electric field created by down-
coming stepped leaders. The charge distribution of the stepped leader used in the cal-
culation is identical to that represented by equations (2.5) to (2.9). Figure 2.19 shows
the simulated streak image of the upward-connecting leader. The results show that the
speed of the upward-moving leader depends on the speed of the down-coming stepped
leader. Simulations also show that the connecting leader reaches speeds close to
1 x 10° m s~ " before the final connection. Note how both the upward-leader speed
and the location of the point of connection are decided by the speed of the
down-coming leader.

2.7.6  Currents in connecting leaders

As the stepped leader approaches the ground, several connecting leaders may be issued
from grounded objects, but only one will be successful in bridging the gap between the
ground and the stepped leader. However, the currents in these aborted connecting
leaders may still be high enough to damage sensitive electronic components, cause
ignition in flammable vapours and injure humans. Because upward leaders could be
generated by any structure located in the vicinity of lightning flashes, they may
pose a threat in various ways, even if the threat of a direct lightning strike is
reduced to a minimum by a lightning-protection system. For example, a vent of a flam-
mable liquid storage located close to a tall tower could very well be ignited by a
connecting leader.

Direct measurement of currents in upward-connecting leaders of natural lightning
flashes is complicated because, in addition to the current measurements, we need to
have simultaneous time-resolved records of the development of the discharge to sep-
arate the measured current into contributions from the connecting leader and the return
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Figure 2.19  Simulated streak image and variation of the upward-connecting leader
speed for different values of the downward leader velocities: (a)
8§x10°ms™, () 2x10ms™", () 5x10ms™" and (d)
1 % 10°m s~ (from Reference 67)

stroke. However, a triggered-lightning technique at altitude has provided a possible
way to measure the currents associated with the development of upward-connecting
leaders in the presence of a down-coming negative leader (see Chapter 3 for a descrip-
tion of rocket-triggered lightning). Using this technique, Lalande and colleagues [69]
managed to record the currents in upward leaders. An example of a current measured
by them is shown in Figure 2.20. Note that the current can reach values as large as
100 A before the connection is made.

The results shown in Figure 2.20 are for a connecting leader that made a successful
connection with a down-coming negative leader. For the reasons mentioned earlier,
the currents in aborted connecting leaders (connecting leaders that do not attach to
the stepped leader) are also of interest in lightning-protection studies. The peak cur-
rents in aborted connecting leaders may be lower than those in connecting leaders
that succeed in bridging the gap between the ground and the stepped leader. This is
so because the former cannot enter into the high-field region or the streamer region
of the stepped leader, but the latter can. However, the currents in the aborted leaders
cannot be smaller than 10 A or so, because such current amplitudes occur even in
leaders in laboratory sparks. More information about the currents in connecting
leaders can be obtained from theory. Modelling of positive connecting leaders has
been carried out by Becerra and Cooray [68,70,71] and Aleksandrov and colleagues
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Figure 2.20  Plots of lightning triggered at altitude 9 516 showing the current pro-
duced by the upward-connecting positive leader from the grounded
50-m-tall wire (from Reference 69)

[72] (see also Chapter 4). These studies also show that positive leaders, a few metres in
length, can support currents of the order of 10 A. Because the aborted leaders can be
up to several metres in length and their speeds lie in the range 1 x 10* to
1 x 10°m ™", this current may flow for several tens to hundreds of microseconds.
Because the temperature of the leader channel can be several thousands of degrees
kelvin, aborted connecting leaders can easily cause explosions if they occur in
environments with flammable vapours. Moreover, during the return-stroke stage,
the high electric field that had driven the aborted connecting leader will be removed
within a few microseconds, a field change that may cause a back-discharge current
to flow along the aborted connecting leader and so neutralize the charge deposited
on it. Depending on how fast the neutralization takes place, the amplitude of the back-
discharge currents may reach values much larger than the magnitude of the currents
generated during the growth of the connecting leaders. However, the duration of the
back-discharge currents would be much shorter than the duration of the currents
associated with the growth of the connecting leader (see also Chapter 20).

2.8 Current parameters of first and subsequent return strokes

The parameters of currents generated by return strokes at the point of strike are of
utmost importance in lightning-protection studies. The peak current of the return
stroke decides the voltage drop developed across a resistive load during a lightning
strike. It is this voltage that leads to side flashes from (or along) struck objects. For
example, if a resistance of a struck object is 10 €}, a 30 kA peak return-stroke
current will induce a 3 MV peak voltage across the object.

The peak-current derivative governs the magnitude of over-voltage produced across
an inductive load during a lightning strike. For example, a lightning current with a
30 kA s~ current derivative will produce a voltage of ~30 kV across an inductive
load of 1 wH. Moreover, the magnetic field time derivative in the vicinity of the light-
ning channel is proportional to the current derivative. The magnetic field time deriva-
tive, in turn, decides the voltage induced in a loop as the magnetic field penetrates it.
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For example, the peak voltage induced in a loop of 1 m? area placed 10 m away from a
return stroke with a current derivative of 30 kA ps™" is ~600 V.

The charge transported to ground by the lightning discharge determines the heating
effects at the strike point. Therefore, the amount of metal melted and the probability of
burn through when the lightning strike point happens to be on a metal surface (e.g. a
metal roof or the surface of an air plane) is determined by this parameter. When a light-
ning arc is attached to a metal surface, energy is supplied to the metal by the accelera-
tion of electrons across the anode potential ¥, or by the acceleration of ions across the
cathode potential V.. These potential drops are independent of the magnitude of the
current and therefore the energy liberated by a current pulse i(¢) is [i(¢)V, dr or
[i(t)V. dz. Thus, the energy liberated is proportional to the charge transported by
the current. Of course, there is another supply of energy from the thermal velocities
of the particles, but this is not strongly dependent on current. Thus the main supply
of energy is proportional to the charge.

If a lightning current is passed through a resistive load, for example a surge-
protection device, of resistance R, the total heat generated in the load is given by
Rf[i(t)]zdt. The term containing the integral is called the action integral. In this
case it determines the amount of heat dissipated in the resistive load. Moreover, this
parameter also governs the magnitude of the force between conductors located in
the vicinity of each other or the forces experienced by a bend in a conductor carrying
a lightning channel. Assume that the lightning current is divided into two parts at the
strike point and it propagates along two conductors located parallel to each other and
separated by a distance r. The impulse experienced by the two conductors as a result of
the current flow along them is given by:

2

[ = ﬂj [i(6)]2dt @.11)
0

which is proportional to the action integral.

The risk assessment in lightning protection is based on the distribution of various
lightning-current parameters, some of which were mentioned earlier. For practical pur-
poses these distributions have to be either measured or evaluated indirectly from other
measured parameters. There are several ways to measure the lightning-current par-
ameters: (i) using instrumented towers, (ii) using triggered lightning and (iii) remote
sensing using electromagnetic fields. The first is the best procedure because the
inherent nature of triggering procedure, triggered lightning flashes do not contain
the first return stroke, which are mediated by stepped leaders in natural lightning
flashes. The parameters of first return strokes are those that are used for risk evaluation
in lightning protection. Unfortunately, the third procedure is not yet developed enough
to make accurate estimations of the first return-stroke currents. Consequently, at
present, lightning protection standards are based on the data gathered at instrumented
towers and in this section we mainly deal with such data.

The measurements of lightning currents with instrumented towers were conducted
by Berger [63] in Switzerland, Ericsson [3] in South Africa, Heidler and colleagues
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[73] in Germany, Pichler and co-workers in Austria [74], Garbagnati and Piparo [75]
in Italy, Takami and Okabe [76] in Japan and Visacro and colleagues [77] in Brazil. We
restrict the data presentation to short towers because the lightning strikes on tall towers
consist mainly of upward-initiated flashes. The important features of the current in
upward-initiated lightning flashes are described later. Before presenting the data,
however, it is necessary to identify various parameters that are of interest in lightning-
current waveforms. These parameters are identified in Figure 2.21 and additional
information concerning these parameters is given in Table 2.6.

Table 2.6  Definition of different lightning-current parameters

PEAK-1 (kA) Maximum amplitude of the first peak

PEAK (kA) The highest current peak

Tr (us) Front duration

T-10 (ps) Time between the 10% and 90% values of PEAK-1 at the wave
front

7-30 (us) Time between the 30% and 90% values of PEAK-1 at the wave
front

T; (ns) Stroke duration; time from the virtual zero time to the half-peak

TAN-10 (KA ps ")
TAN-G (kA ps™h)
S-10 (kA ps™h
S-30 (kA ps™h

value at the wave tail
Rate of rise at the 10% point of PEAK-1
Maximum rate of rise
Average rate of rise between the 10% and 90% values of PEAK

1

Average rate of rise between the 30% and 90% values of PEAK-1
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2.8.1 Bergers measurements

The most complete and extensively analysed dataset of tower measurements was made
by Berger [63]. He conducted measurements at a tower located on top of Mount San
Salvatore at an elevation of 915 m from sea level. The height of the tower was 70 m.
The current shunt was located at the top of the tower and the signal from the shunt was
connected to oscilloscopes at the tower base through screened cables. The oscillo-
scope was triggered by the incoming signal and the screen was photographed by a
moving film camera. The oscilloscope did not have pre-trigger capabilities and there-
fore events that took place before the trigger could not be captured. The maximum
current recordable was 200 kA. Even though the current shunt had a rather high
time sensitivity (response time 16 ns), the time resolution was limited by the accuracy
with which the oscilloscope records could be read. The lightning-current parameters
obtained by Berger are summarized in Table 2.7.

Table 2.7  Current parameters reported by Berger et al. [78]

Parameter Sample Percentage of cases exceeding the
tabulated values

95% 50% 5%
PEAK (kA)
Negative first RS 101 14 30 80
Negative subsequent RS 135 4.6 12 30
Positive RS 26 4.6 35 250
Front duration, 7; (ps)
Negative first RS 89 1.8 5.5 18
Negative subsequent RS 118 0.22 1.1 4.5
Positive RS 19 3.5 22 200
TAN-G (KA ps™)
Negative first RS 92 5.5 12 32
Negative subsequent RS 122 12 40 120
Positive RS 21 0.20 2.4 32
Stroke duration (ps)
Negative first RS 90 30 75 200
Negative subsequent RS 115 6.5 32 140
Positive RS 16 25 230 2000
Impulse charge (C)
Negative first RS 90 1.1 4.5 20
Negative subsequent RS 117 0.22 0.95 4.0
Positive RS 25 2.0 16 150

RS, return strokes.
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Table 2.8  Lightning-current parameters measured by Grabagnati and

Piparo [75]

Parameter Downward lightning Upward lightning
First Subsequent First Subsequent
strokes strokes strokes strokes

Number of events 42 33 61 142

PEAK (kA) 33 18 61 142

Maximum rate of current 14 33 5 13

rise (kA ps™!)

Front duration (ju.s) 9 1.1 4 1.3

Back duration (jus) 56 28 35 31

Impulse charge (C) 2.8 1.4

2.8.2 Garbagnati and Piparo’s measurements

Grabagnati and Piparo [75] conducted current measurements from 1969 to 1979 at a
tower in Northern Italy. The tower, which was 40 m tall, was located on flat ground at
an altitude of 900 m. The current was measured by a shunt resistor at the top of the
tower. The response time of the shunt was less than 55 ns. The data were fed using
a shielded cable to a wideband digital oscilloscope located at the tower base. No pre-
trigger facility was available in the oscilloscope. The oscilloscope screen was photo-
graphed using a moving film camera. The maximum current recordable was 140 kA.
The median values of lightning-current parameters measured by Garbagnati and
Piparo [75] are summarized in Table 2.8.

2.8.3  Eriksson’s measurements

Eriksson and colleagues [79] conducted current measurements from 1972 to 1987 at a
tower in South Africa. The tower, which was 60 m tall, was located on flat ground at an
altitude of 1 400 m. The current was measured by a current transformer with a band-
width of 1 Hz to 10 MHz. The current transformer was located at the base of the tower.
The data from the current transformer was fed to a wideband digital oscilloscope
through a shielded cable. The sampling time of the oscilloscope varied from 50 to
200 ns and the minimum trigger level was set to 1—-2 kA. No pre-trigger facility
was available in the oscilloscope. The number of lightning flashes collected by
Eriksson in his study is limited and therefore a detailed summery of various parameters
pertinent to that study is not given. However, various features of the dataset obtained
by Eriksson are summarized in Table 2.9. In this data set one subsequent return stroke
had a peak current derivative of 170 kA ws~'. Also, in this dataset the log-normal
distribution of the peak current amplitude is characterized by a mode of 44 kA and
a standard deviation of 0.3.
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2.8.4  Analysis of Andersson and Eriksson

The dataset obtained by Berger was digitized and re-analysed by Anderson and
Eriksson [80]. The results obtained in the study are summarized in Table 2.10.
CIGRE have recommended that these parameters be used in engineering applications.

2.8.5 Measurements of Takami and Okabe

Takami and Okabe [76] conducted measurements on 60 transmission-line towers from
1994 to 2004 in the Kanto area of Japan. The tower heights varied from 60 to 140 m.
The currents were measured by Rogowski coils located at the tower tops. The band-
width of the sensors was 10 Hz to 1 MHz. The signals were recorded digitally by
equipment located at the top of the tower. The trigger level was 9 kA and the sampling
time was 100 ns. The maximum current that could be recorded by the equipment was
300 kA. The lightning-current parameters pertinent to the negative first return strokes
measured by Takami and Okabe are summarized in Table 2.11.

Table 2.10  Lightning-current parameters as reported Anderson and

Eriksson [80]
Parameter Sample Percentage of cases exceeding the
tabulated values
95% 50% 5%
First stroke
7230 (s) 80 0.91 2.3 5.76
T-10 (ps) 80 1.76 4.46 11.32
7-30 (ps) 80 0.91 23 5.76
TAN-10 (kA ps ™) 75 0.58 2.61 11.80
S-10 (kA ps™h 75 1.74 4.95 14.09
5-30 (kA ps™h 73 2.62 7.23 19.95
TAN-G (kA ps™ ) 75 9.06 24.27 64.97
PEAK-1 (kA) 75 12.87 27.67 59.47
PEAK (kA) 80 14.07 31.05 68.52
Subsequent strokes
T-10 (s) 114 0.13 0.61 2.79
7-30 (s) 114 0.07 0.35 1.83
TAN-10 (KA ps ") 108 1.90 18.88 187.44
$-10 (kA ps™ 1 114 3.30 15.42 72.02
$-30 (kA ps™h 114 4.12 20.14 98.46
TAN-G (kA ps ") 113 7.54 37.84 190.01
PEAK-1 (kA) 114 4.86 11.80 28.64

PEAK (kA) 114 5.19 12.30 29.18
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Table 2.11  Negative first return-stroke lightning-current parameters (logarithmic
normalized) measured by Takami and Okabe [76]

Parameter 95% value 50% value 5% value
PEAK (kA) 10.1 293 84.9
PEAK-1 (kA) 9.8 27.7 78.7
Tr (08) 2.5 4.8 9.0
7:10/0.8 (us) 2.5 4.8 9.0
7:30/0.6 (us) 1.6 32 6.2
TAN-G (kA ps™ ") 7.0 18.9 51.2
$-10 (KA ps™ " 2.0 5.8 17.0
$-30 (KA ps™ " 32 8.8 23.7
TAN-10 (kA ws™h 0.6 2.1 75
T, (us) 9.5 36.5 139.7

2.8.6 Measurements of Visacro and colleagues

Visacro and colleagues [77] conducted lightning-current measurements in Brazil, the
first time that various features of return-stroke currents were measured in a tropical
region. The research mast used in the measurements was at Morro do Cachimbo
Hill, 1430 m above sea level. It is located in the outskirts of Belo Horizonte
(43° 58" W, 20° 00’ S). The height of the tower was 60 m and the current was measured
at the base of the tower using two Pearson coils. The frequency bandwidth of the
Pearson coils extended from 100 Hz to 100 MHz. The lightning-current parameters
measured in this study are summarized in Table 2.12.

2.8.7 Summary of current measurements

The median values of peak current and peak-current derivatives measured in different
studies are summarized in Table 2.13. In the same table we give the median values of
the same parameters of the subsequent return strokes of triggered lightning. Triggered
lightning flashes lack the first return stroke because they are initiated by a positive
leader that travels towards cloud either from the top of the grounded rocket in triggered
lightning or from the top of the tower in the case of upward-initiated lightning flashes
from tall towers.

The median peak current in all measurements lies in the range 30—45 kA, with
the largest value reported from the tropical region. Usually, it is assumed that
Berger’s data on d//dt are distorted by instrument response times, but the first return-
stroke current derivative extracted from Berger’s measurement by Anderson and
Eriksson, 24.3 kA s, is close to the median values of this parameter obtained in
other studies with equipment of better time resolution. From this we can conclude
that the median value of the peak-current derivative of first strokes lies close to 20—
30 kA s~ '. The median value of the subsequent return stroke currents of all
measurements lies in the range 10—18 kA. The median value of the peak-current
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Table 2.12  Lightning-current parameters observed by Visacro et al. [77]

in Brazil
Parameter Sample Percentage of cases not exceeding
tabulated values

5% 50% 95%
First stroke
PEAK-1 (kA) 31 73 40 22
PEAK (kA) 31 85 45 24
T-10 (ps) 31 3.1 5.6 9.9
T-30 (ps) 31 1.4 2.9 5.9
S-10 (kA ps™h 31 3.5 5.8 9.6
5-30 (kA ps™h 31 5.1 8.4 13.7
TAN-G (kA ps™ ") 31 11.9 19.4 314
Tso (8) 31 19.7 53.5 145.2
Subsequent strokes
PEAK (kA) 59 7.0 16.3 37.7
T-10 (ps) 59 0.2 0.7 2.3
7230 (ps) 59 0.12 0.4 1.2
$-10 (KA ps™h 59 5.6 18.7 62.7
5-30 (KA ps™ 1 59 8.1 24.7 75.0
TAN-G (kA ps™ 1 59 10.1 29.9 88.6
Tso (s) 59 2.2 16.4 122.3

derivative of subsequent return strokes observed by Berger is also similar to the
median value of this parameter observed both in the Brazilian study and in sub-
sequent strokes that struck the Peissenberg tower. However, in the case of triggered
lightning flashes, the experiments conducted at the Kennedy Space Centre (KSC)
gave a median value of 91.4 kA ps™'. At present, the reason for this discrepancy
is not known.

2.9 Statistical representation of lightning current parameters

It is a general consensus among lightning researchers that lightning-current
parameters can be approximated by log-normal distributions. According to this
distribution the logarithm of the random variable x follows the normal or Gaussian
distribution. This distribution is characterized by a median value x, and a
standard deviation o. The probability density function p(x) of x of this distribution
is given by

— 2
| os[hintu)

px) = m (2.12)
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Table 2.13  Median values of peak current and peak-current derivatives measured
in different studies

Study First stroke Subsequent stroke
Peak current Peak-current Peak current Peak-current
(kA) derivative (kA) derivative
(KA ps™") (kA ps™")
Anderson and Eriksson 31.1 (0.21) 24.3 (0.26) 12.3 39.9
[81]
Eriksson [3] 44 >13 18 >43
Fisher et al. [82] for
triggered lightning
Alabama 11
Florida 15
Total 12
Leteinturier et al. [83] 15
for triggered
lightning
Berger et al. [78] 30 12 12 40
Berger et al. [78] for 35 2.4
positive flashes
Garbagnati et al. [84] 33 (0.25) 14 (0.35)
as given in [85]
Saba et al. [86] 13.5 28.3
Depasee [87] for
triggered lightning
Florida 12 (9.0) 91.4 (97.1)
France 9.9 (4.6) 37.1 (18.6)
Visacro et al. [77] 45 (0.37) 19.4 (0.29) 16.3 (0.51) 29.9 (0.66)
Takami and Okabe [76] 293 18.9

Standard deviation of the logarithm of the variations are given in parentheses.

The probability that the value of the parameter exceeds x is given by:

P.(x) = %T J e du = 0.5erfe(uo) (2.13)

where u = In (x) — In (x,y)/ V20 and uy = In (xp) — In (x,)/V20. In many studies the
lightning parameter distributions are used in simulations of the Monte Carlo type to
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evaluate the effect of lightning flashes on various systems. In such studies it is necess-
ary to calculate the joint probability distribution of two parameters correlated with
each other. The joint probability density function of two parameters x and y is given by

0 {(ﬁ l—fzérfz)}
e P

1
= 2.14

where p is the coefficient of correlation between the two parameters. In equation (2.14),

Inx — Inxy, .
h=|—T—7 (2.15)
Oy
Inx —Inxy\ /Iny — Inyy,
f2—2p( >< i > (2.16)
X gy
Iny — Inym :
= |—— (2.17)
Ty

If the two parameters are independently distributed then p = 0 and p(x, y) = p(x)p(»).
The cumulative probability that x > xy and y > y, is given in this case by

P(x > x0, 7 > y0) = [0.5erfe(uus,)]|0-Serfelu,)] (2.18)
Similarly, the probability that x < xy and y > y, is given by
P(x < xo,y > yo) = |1 — 0.5erfc(uy,)] |0.5erfc(uy,) | (2.19)

As mentioned earlier, the log-normal distribution is completely defined by the median
or mode (50 per cent value) and the standard deviation. These values for the distri-
butions obtained by Takami and Okabe [76] and Visacro and colleagues [77] have
already been given in Tables 2.11 and 2.12. The data gathered by Berger and col-
leagues [78] were scrutinized thoroughly by CIGRE and the Institute of Electrical
and Electronic Engineers (IEEE) study committees and the median and standard devi-
ation of distributions of different lightning parameters derived by them are given in
Table 2.14. The statistical parameters for positive strokes pertinent to Berger’s data
are given in Table 2.15. IEEE suggests that the peak-current distribution of negative
ground flashes obtained by Berger can be approximated by two straight lines (when
plotted by probability) intersecting at 20 kA. According to this description, for
I, < 20 kA the median value is 61.1 kA and the standard deviation is oy,;, = 1.33.
For I, > 20 kA, the median value is 33.3 kA and the standard deviation is
Oingp = 0.605.

2.9.1 Correlation between different current parameters

The correlation coefficients between different lightning parameters as observed in the
measurements conducted by Berger and colleagues [78], Takami and Okabe [76] and
Visacro and colleagues [77] are tabulated in Tables 2.16, 2.17 and 2.18. In the same
table the parameters that provide the best fit if the correlated quantities are represented
by the equation y = ax” are also given. There is a strong correlation between the peak
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Table 2.14  The median and standard deviation of log normal distributions of
downward negative lightning-current parameters based on Berger's
data (from Reference 88)

Parameter First stroke Second stroke

Median Logarithmic standard Median Logarithmic standard

deviation, o deviation, o
Ta10/90 = T]()/g()/ 5.63 0.576 0.75 0.921
0.8 (ps)
Ta30/90 = T30/90/ 3.83 0.553 0.67 1.013
0.6 (ps)
tm = Ir/Sm (15) 1.28 0.611 0.308 0.708
Sp maximum 243 0.599 39.9 0.853
(kA ps™")
S1o at 10% 2.6 0.921 18.9 1.404
(kA ps ™
S10/90 (KA pus_l) 5.0 0.645 154 0.944
S30/90 (KA pLs*l) 7.0 0.622 20.1 0.967
PEAK-1 (kA) 27.7 0.461 11.8 0.530
PEAK (kA) 31.1 0.484 12.3 0.530

current and the impulse charge of the first return strokes in Berger’s study. The data of
Takami and Okabe [76] show a strong correlation between the peak current and the
peak-current derivative of the first strokes. Their results are depicted in Figure 2.22.
However, in the datasets of Berger and colleagues [78] and Visacro and colleagues
[77] only a weak correlation is observed between the peak current and the peak-current
derivative. The data of Berger and colleagues [78] are shown in Figure 2.23.

As mentioned previously, Berger and colleagues [78] found a strong correlation
between the charge brought to ground by negative first return strokes during the
first 2 ms (called the impulse charge) and the peak return-stroke current. The corre-
sponding dataset is shown in Figure 2.24a. For comparison a plot of the impulse
charge of positive first return strokes as a function of peak current observed in the
same study is given in Figure 2.24b. Note that the correlation is not as strong as
that of the negative counterpart. Using the same dataset of Berger and colleagues

Table 2.15  Statistical parameters of positive strokes (from Reference 89)

Parameter Sample size Median 3

PEAK (kA) 26 35 1.21
Ty, front time (ws) 19 22 1.23
Ty, stroke duration (js) 16 230 1.33

S (KA 's us™) 21 2.4 1.54
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Table 2.16  Correlation coefficients (p.) and derived functions, conditional
median, Y,./x = ax? from data presented by Anderson and Eriksson
[81] and Berger et al. [78] (from Reference 89)

Conditional median Pe a d Oin(y/x)

First negative stroke

t¢/1, (is) Anderson and Eriksson [81] 0.47 0.61 0.535 0.4855
I,/tr (kA) Anderson and Eriksson [81] 0.47 17.857 0.4132 0.4268
Sm/I, (KA ps~ ") Anderson and Eriksson [81] 0.38 4.805 0.472 0.5550
I,/Sm (kA) Anderson and Eriksson [81] 0.38 11.708 0.3062 0.4472
Ofiasn /I, (C) Berger et al. [78] 0.54 0.149 1.1392 0.8585
I,/ Onash (KA) Berger et al. [78] 0.54 18.568 0.2560 0.4069
Oimp/1, (C) Berger et al. [78] 0.77 3.20 1.4811 0.5934
I,/ Oimp (kA) Berger et al. [78] 0.77 16.074 0.40 0.3085
Efasn/1, (A%s) Berger et al. [78] 0.88 8.643 2.5481 0.6650
I,/ Eqasn (kA) Berger et al. [78] 0.88 1.127 0.3039 0.2296
Subsequent negative strokes
Sm/I, (KA ws~ ") Berger et al. [78] 0.11 25.618 0.1765 0.8448
I,/Sm (kA) Berger et al. [78] 0.11 9.554 0.0685 0.5264
Ostroke/Ip (C) Berger et al. [78] 0.43 0.11 1.0149 1.1285
I/ Oswroke (KA) Berger et al. [78] 0.43 11.569 0.1822 0.4781
Positive stroke
t¢/I,, (ws) Berger et al. [78] 0.07 17.083 0.0712 1.2270
I,/t; (kA) Berger et al. [78] 0.07 28.290 0.0689 1.2070
Sm/I, (KA ws~ ") Berger et al. [78] 0.49 0.261 0.6236 1.3425
I,/ S (kA) Berger et al. [78] 0.49 24.985 0.3850 1.0548
Ofiash/ 1, (C) Berger et al. [78] 0.62 15.525 0.4612 0.7061
I,/ Ogasn (kA) Berger et al. [78] 0.62 0.907 0.8336 0.9494
Efash/ 1 (A%s) Berger e al. [78] 0.84 5 828.489 1.326 1.0363
I,/ Eqasn (kA) Berger et al. [78] 0.84 2.823 0.5321 0.6565

Table 2.17  Correlation coefficients between different current parameters of first
strokes as observed in the study conducted by Takami and Okabe [76]

PEAK PEAK-1 Ty 10 1-30 TAN-G  §-10  S-30
PEAK 1
PEAK-1  0.988 1
Ty 0.257 0.238 1
7-10 0.241 0.223 0.995 1
1-30 0.368 0.345 0.802 0.815 1
TAN-G 0.819 0.846 —0.030 —0.042 —0.040 1
S-10 0.804 0.827 —0.350 —0.361 —0.132 0.831 1

$-30 0.758 0.787 —-0.297 —0.307 —0.293 0.889  0.931 1
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Table 2.18  Correlation coefficients between different current parameters of first
and subsequent strokes as observed in the study conducted by Visacro
etal. [77]

PEAK-1 PEAK TAN-G S$-10 S5-30 T-10 T4-10 730 T4-30

First strokes
PEAK-1 1
PEAK 0.944 1
TAN-G 0.160 0.127 1

S-10 0.290 0.306 0.178 1

S-30 0.104 0.145 0.134 0.817 1

7-10 0.736 0.651 0.071 —0.365 —0.488 1

T4-10 0.734 0.650 0.068 —0.367 —0.490 1 1

7-30 0.711 0.612 0.140 —0.217 —0.503 0.939 0939 1

T4-30 0.709 0.611 0.140 —0.218 —0.503 0.939 0939 1 1
Subsequent strokes

PEAK-1 1

PEAK - -

TAN-G 0.383 - 1

S-10 0.239 - 0.747 1

S-30 0.309 - 0.904 0.822 1

7-10 0.212 - —0.365 —0.574 —0.443 1

T4-10 0.209 - —0.364 —0.569 —0.444 1 1

7-30 0.300 - —0.531 —0.577 —0.605 0.878 0.879 1

T4-30 0.309 - —0.532 —0.566 —0.594 0.878 0.879 0.999 1

[78], Cooray and colleagues [61] analysed the charge dissipated within the first 100 s
of first strokes and within the first 50 s of subsequent strokes. They found that these
charge magnitudes strongly correlate to the peak return-stroke current. The data
obtained together with the best-fit line that passes through the origin are shown in
Figures 2.25a and b. The analysis shows that the charge and the peak current are lin-
early correlated with a correlation coefficient of 0.98 for first strokes and 0.95 for sub-
sequent strokes. This strong correlation between the charge and the peak current is
used by Cooray and colleagues [61] to extract the charge distribution along the
leader channels as a function of prospective return-stroke currents.

Figure 2.26 shows the relationship between current parameters for subsequent
return strokes of triggered lightning measured in KSC, Florida, and Fort McClellan,
Alabama. Note the reasonable correlation between the peak current and the current
derivatives, S-10 and S-30 (see Figure 2.21 and Table 2.6 for definitions of S-10
and S-30).

2.9.2 Effect of tower height

Because most of the data pertinent to lightning flashes have been obtained from instru-
mented towers, it is important to know the effects, if any, of the tower on the measured
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Figure 2.22  Correlation between the peak current and peak-current derivatives as
observed by Takami and Okabe [76]

parameters. Consider a tower of a certain height and a stepped leader that comes down
vertically at a horizontal distance y from the tower. Depending on the charge distri-
bution on the leader channel, there is a certain critical value of y below which the
stepped leader will be attracted to the tower. This critical distance depends on the
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Figure 2.24  (a) Variation of impulse charge of negative first return strokes (charge
brought to ground during the first 2 ms of the return stroke) as a func-
tion of peak current. The results were obtained by Berger et al. [78]
using the current waveforms recorded at Mount San Salvatore. The
relationship between these two parameters can be described by
Qimp = 3.21,,] 8 (b) Variation of impulse charge of positive first
return strokes (charge brought to ground during the first 2 ms of the
return stroke) as a function of peak current. The results are obtained
by Berger et al. [78] using the current waveforms recorded at Mount
San Salvatore.
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(a) Plot of the charge brought to ground by first return strokes in the first
100 us Qg 100us) as a function of the peak current (1,,). The relation-
ship between the two parameters can be represented by a straight line
(also shown in the plot) with a correlation coefficient of 0.98

(Qr100us = 0.061L,,). Results obtained by Cooray et al. [61] using

the dataset of Berger et al. /78]. (b) Plot of the charge brought to
ground by subsequent return strokes in the first 50 us (Qg sous) as a

Junction of the peak current ('1,,). The relationship between the two par-

ameters can be represented by a straight line (also shown in the plot)
with a correlation coefficient of 0.95 (Qg s9,s = 0.028L,). Results
obtained by Cooray et al. [61] using the dataset of Berger et al. [78].
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Figure 2.26  Scatterplots that relate various return-stroke current parameters. Solid
circles represent 1990 data from KSC, Florida, and the open circles
represent 1991 data from Fort McClellan, Alabama. (a) Current
peak versus 10—90 per cent rise time; (b) current peak versus S-10;
(c) current peak versus S-30; (d) current peak versus half-peak width
(from Reference 36).

interaction between the down-coming leader and the connecting leader issued from the
tower. As mentioned previously, this critical distance is called the attractive radius of
the tower for that particular leader charge. (It is not equal to the striking distance for the
reasons given in Chapter 4.) Because there is a strong correlation between the charge
on the leader channel and the return-stroke peak current (see Section 2.9.1 and Chapter
4), this attractive radius for a given tower height can be expressed as a function of the
peak of the prospective return-stroke current. The attractive radius of the tower
increases with increasing charge density on the leader and hence on the return-
stroke peak current. Thus, the area over which a lightning flash with a particular
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first return-stroke peak current is attracted to the tower increases with increasing peak
current. In other words, the tower attracts lightning flashes that have larger first return-
stroke currents from a large area, whereas flashes with small first return-stroke currents
are attracted from a smaller area. Consequently, if the ground flash density in the region
is uniform, the current distribution measured at the tower is biased towards higher cur-
rents. If the attractive radius of the tower as a function of the first return-stroke current
is known, we can correct for this bias and obtain the unbiased distribution, i.e. a dis-
tribution as seen from a point located at plane ground. This correction can be per-
formed as follows. Let us represent the probability density function of the peak
current /,, of an elevated structure by Pg4s and the probability density of strokes for
flat ground by Pg4,. Then we can show that [90,91]:

Py = o o)Pagh) (2.20)

0

J rV(h, I,)Pae(1,)dl,

where 4 is the height of the structure,  is the attractive radius of the structure (which, of
course, is a function of the peak current) and v = 2 if the structure is a towerand £ = 1
if it is a horizontal conductor. Borghetti and colleagues [85] studied this problem in
detail and evaluated the corrected distributions for different expressions for the attrac-
tive radii available in the literature. As summarized in Reference 85, several
expressions have been proposed in the literature to evaluate the attractive radius.
Those based on electrogeometrical models (see Chapter 4) can be expressed as:

r=\/r2—(rg—h)* for h <r, (2.21)

r=rs forh>rg

where 7 and 7, are the striking distance to the structure and to the ground, respectively.
The striking distance is connected to the return-stroke peak current by equation
(2.22):

re=alf ry =k (2.22)

where the values of «, 8 and k are independent of /,. Attractive radii obtained from
more complex models can be expressed as:

r=c+alf (2.23)

where the values of a, b and c are independent of /,. Tables 2.19 and 2.20 give the
values of parameters in the above equations as proposed by different authors (as
given by Borghetti and colleagues [85]). Based on these parameters, the mean and
the standard deviation of current parameters at ground level, as obtained by
Borghetti and colleagues [85], are listed in Tables 2.21 and 2.22. Note, for example,
that in the case of Berger’s study when moving from tower to ground distribution
the median peak current of first strokes may decrease from 30 kA to a value in the
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Table 2.19  Constants pertinent to equation (2.22) as proposed by different
authors (from Reference 1)

Striking distance model « B k
1 Armstrong and Whitehead [92] 6.7 0.8 0.9
2 Adopted by IEEE Std. 1243, [93] 10 0.65 0.55
3 Adopted from Golde [94] 33 0.78 1

Table 2.20  Constants pertinent to equation (2.23) as proposed by different
authors (from Reference 1)

Attractive radius expression c a b

4 Eriksson [96] 0 0.844%6 0.7h%92
5 Rizk [90] 0 4.27H%41 0.55

6 Dellera and Gabagnati [97] — 3406 0.028h 1

as given in [85]

Table 2.21  Median and standard deviations of current parameters at ground
obtained using equation (2.20) with the constants given in Tables 2.19
and 2.20 for tower measurements published by Berger et al. [78] and
Anderson and Eriksson [81] (from Reference 1)

Parameter Berger et al. [78] Anderson and Eriksson [81]

Attractive radius expression Attractive radius expression

1 2 3 4 5 6 1 2 3 4 5 6

PEAK (kA) 17.5 189 17.3 174 203 20.8 22.1 23.0 21.7 21.8 24.1 24.1

PEAK-1 (kA) 20.2 21.1 20.0 20.1 22.0 222

tr (ps) 43 45 43 43 46 47 32 33 31 32 33 33

TAN-G 99 102 99 99 104 10.5 20.8 21.1 20.6 20.7 21.6 21.6
(maximum)

Time to half 553 57.6 548 552 599 61.0 614 632 60.7 60.9 65.0 653
value

Impulse charge 24 26 24 24 29 29 29 31 28 29 33 33
©




Lightning parameters of engineering interest 67

Table 2.22  Median and standard deviations of current parameters at ground
obtained using equation (2.20) with the constants given in Tables 2.19
and 2.20 for the tower measurements of Garbagnati et al. [84] (from
Reference 1)

Parameter Garbagnati et al. [84]

Attractive radius expression

1 2 3 4 5 6
PEAK (kA) 21.6 21.8 20.5 20.1 23.0 23.8
PEAK-1 (kA)
tr (s) 5.7 5.7 53 5.2 6.1 6.3
TAN-G (maximum) 12.5 12.5 12.3 12.2 12.7 12.8
Time to half value 46.0 46.2 45.0 44.5 47.2 48.3
Impulse charge (C) 1.7 1.8 1.6 1.6 1.9 1.9

range 17-21 kA, depending on the expression for the attractive radius used in
the calculation.

2.9.3  Mathematical representation of current waveforms

The mean current waveforms of first and subsequent return strokes as measured by
Berger are shown in Figure 2.27. These current waveforms were constructed by
Berger and colleagues [98] first by normalizing each individual waveform to a
common amplitude (i.e. setting the peak value to unity) and then aligning the peaks
and averaging.

The first 10 ps of the median current waveform of first and subsequent return
strokes observed in several other studies together with that extracted by Berger and
colleagues [98] (marked in the figure as San Salvatore) are shown in Figures 2.28
and 2.29.

In theoretical analysis, either in connection with the mechanical and thermal
effects of lightning currents or in evaluating the electromagnetic fields generated by
lightning flashes, it is necessary to represent the current waveform using analytical
expressions. Several analytical expressions that represent the first and subsequent
return-stroke currents are available in the literature and a few of these expressions
are given below.

2.9.3.1 Current waveform recommended by the CIGRE study group

According to CIGRE [99] the initial rising part of the first return-stroke current wave-
form, including the peak, can be represented by

1(t) = At + B¥ (2.24)
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Figure 2.27  The mean current wave shapes of (a) first and (b) subsequent return-
stroke current waveforms based on the experimental data of Berger
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Figure 2.28  The mean curve representing the first 10 us of the first return-stroke
current waveform. The peak current is normalized to unity.
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Figure 2.29  The mean curve representing the first 10 us of the subsequent return-
stroke current waveform. The peak current is normalized to unity.

where A4 and B are constants and ¢ is the time. The rising part of the subsequent return-
stroke current, including the peak, is represented by

1(t) = smt (2.25)

where s, is the maximum steepness. According to equation (2.24) the current shape
reaches its maximum steepness (90 per cent of amplitude) at a time #, that depends
on the exponent y. Both variables (i.e. s, and #,) have to be evaluated by an iterative
solution of the generalized equation:

1 —3x Cx(x—1) 1 —3xy
<2SN >(1x)X 5 +( . )(lx) (2.26)

with

tr tr
Sy = sm§; Xy = 0.6ti (2.27)

n

where f; is the duration of the front. Sufficiently accurate solutions can be obtained
using equations (2.28) and (2.29) for y and ¢,:

1
x=1+2(Sy — 1)<2+§> (2.28)
and
2
1y = 0.6t (134;%;*2) (2.29)
N
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The constants 4 and B are given by

1 1
A=— [0.9—-X—sm] (2.30)
X~ 1 In
1
B=———[Sm tn, — 091 2.31

The tail of the current waveform is represented by

] = [le—(f—tn)/tl _ [ze—(t—fn)/fz (2.32)

where I, and I, are constants, and #, and #, are time constants. The time constants are
given by:

(th - tn)
= 2-
4] n2 ( 33)
1
th=0.1— (2.34)
Sm
where #, is the time-to-half value. The constants /; and /, are given by
t -t 1
L =12 [sm +0.9] (2.35)
Hh—0b 15)
H-t 1
L= [sm +0.9—] (2.36)
h—0h 4

2.9.3.2 Analytical form of the current used in the International Electrotechnical
Commission standard

In the International Electrotechnical Commission (IEC) lightning protection standard
the Heidler function [100] is used to represent the return-stroke current waveform.
According to this, the current waveform at the channel base can be represented by

Ip k' L

(1) = ——>—¢ 2.37

i(?) 771+k;’e2 (2.37)
t

ks = — (2.38)
Ti

In these equations /,, is the peak current, 7 is a correlation factor of the peak current, n is
the current steepness factor (assumed to be 10) and 7 and 7, are time constants that
determine the current rise time and decay time. The parameters of the current waveforms
to be used for different protection levels (actually, only the peak current varies from one
level of protection to another; see also Chapter 4) are tabulated in Table 2.23.
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Table 2.23  Parameters of equation (2.37)

Parameters First stroke current Subsequent stroke current
LPL LPL
I I HI-1v I II HI-1v
1 (kA) 200 150 100 50 37.5 25
] 0.93 0.93 0.93 0.993 0.993 0.993
T (us) 19.0 19.0 19.0 0.454 0.454 0.454
72 (s) 485 485 485 143 143 143

LPL, lightning protection level.

2.9.3.3 Analytical expression of Nucci and colleagues

Nucci and colleagues [101] represented the current at the channel base of subsequent
return strokes by the expression

_ o (t/m)

— e ™ 4 Lp(e7 4 et 2.39
Y 02( ) (2.39)

i(f)

Using this equation, we can independently vary the peak current and peak-current
derivative by changing I5; and 7. The parameters used to represent a typical
subsequent return-stroke current are Iy = 9.9 kA, m=0.845, 7, =0.072 ps,
T = 5 WS, [02 =175 kA, T3 = 100 LS and T4 = 6 LS.

2.9.3.4 Analytical expression of Diendorfer and Uman

Diendorfer and Uman [102] represented the first and subsequent return-stroke currents
as a sum of two Heidler functions. Their expression is given by

o @Yy I @T0)

O Gy 41 m(t/12) + 1

(2.40)

To represent the first return strokes, the authors recommended the parameters
]01 =28 kA, m= 073, T11 = 0.3 WS, T = 6 WS, 102 =16 kA, = 053,
T1o = 10 ps and 7, = 50 ps. The parameters recommended for the subsequent
strokes are IOl =13 kA, m = 077, T11 = 0.15 WS, 721 = 3 WS, [02 =7 kA,
1, = 0.64, 71, = 5 ps and 7, = 50 ps. With these parameters the peak current and
peak-current derivative of first return strokes become 30 kA and 80 kA s~ ', respect-
ively. For subsequent strokes the corresponding parameters are 14 kA and
75 kA ps L.
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2.9.3.5 Analytical expression of Delfino and colleagues

Delfino and colleagues [103] used an expression similar to that used by Diendorfer and
Uman [102] to represent the current of first and subsequent return strokes. The current
is given by

(l‘/Tll)2 eft/‘rz] +[ (t/le)z e*I/Tzz

i(t) = Iy m 02 (t/mo)* +1

(2.41)

In the case of first return strokes only the first term of equation (2.41) is used together
with the parameters /y; = 28 kA, 17 = 1.8 psand 7; = 95 ws. For subsequent return
strokes both terms of (2.41) are used with the parameters /; = 10.7 kA, 711 = 0.25 ps,
T = 2.5 WS, ]02 =65 kA, T2 = 2 [V and Tro = 230 MS.

2.9.3.6 Analytical expression of Cooray and colleagues

Cooray and colleagues [104] constructed the analytical expression (2.42) to represent
the first return-stroke currents that contain a slow front followed by a fast transition:

(t/m)"

i(t) = Io1 W +

Ios [1 e >} (ae /™ 1 bet/™) (2.42)

For a typical first return-stroke current these authors suggested the parameters:
Iy =7.8kA, 71 =5ps, n =100, lpo =32.5kA, m =4 ps, 73 =100 s, a = 0.2
and b = 0.8. This waveform has a slow front duration of ~5 s, 10 to 90 per cent
rise time of 4.5 s, total charge of 3 C, action integral of 4.5 x 10* A>s™" and a

peak current derivative of 37 kA ps ™.

2.9.4  Current wave shapes of upward-initiated flashes

If a grounded structure such as a mast or a tower is taller than ~100 m or a structure of
moderate height is located on a hill or a mountain, it might launch an upward lightning
flash provided that the background electric field is high enough for it to do so (see
Chapter 4). In the case of upward-initiated negative ground flashes, a positive upward-
moving leader is initiated from the grounded structure and travels upwards, bridging
the gap between the ground and the charge centre in the cloud.

Several researchers have studied the parameters of lightning flashes initiated by
upward-moving leaders [63,105,107,109]. In these flashes, when the upward-moving
leader bridges the gap, an initial continuing current that flows for hundreds of milli-
seconds and whose amplitude can be as high as tens to thousands of amperes is
established. A typical current waveform of an upward negative ground flash measured
at the Peissenberg tower is shown in Figure 2.30. In some cases this initial continuing
current contain pulses known as continuing current pulses (CCPs). After cessation of
the continuing current the channel may be traversed by several dart leader—return
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Figure 2.30  Current waveform of a negative upward ground flash as recorded at the
Peissenberg Tower (from Reference 73)

stroke sequences that generate current pulses at the channel base. These pulses are
marked as subsequent impulse currents in Figure 2.30. They are similar to the sub-
sequent return-stroke current pulses as recorded in instrumented towers and triggered
lightning flashes and therefore we concentrate here on the initial continuing current.

In the current waveforms recorded at Peissenberg tower, approximately two-thirds
of the flashes consist of only an initial continuing current without any superimposed
pulses. The remaining one-third contains pulses that ride on the continuing current. If
the initial continuing current is followed by subsequent impulse currents, then the
probability of having pulses on the continuing current is also increased. Statistics con-
cerning the duration of the initial stage, average current of the initial stage, the integral
of the initial stage current and its action integral are given in Table 2.24. In Reference
109, a comparison is made between the initial stages of tower-initiated currents
(natural upward) and triggered lightning currents. The authors concluded that the
characteristics of pulses superimposed on the initial continuing current in tower-
initiated lightning in different geographical regions are similar within a factor of
two, but differ more significantly from their counterpart in rocket-triggered lightning.
For example, the ICC pulses in tower-initiated lightning exhibit larger peaks, shorter
rise times and shorter half-peak widths than do the ICC pulses in rocket-triggered
lightning.

A typical current waveform of a positive upward-initiated lightning flash recorded
at Gaisberg tower is shown in Figure 2.31. In the first few milliseconds of the positive
upward-initiated flashes, there is a steady increase in the current ramp with superim-
posed pulses, as shown in Figure 2.32. The peak current and duration of these pulses
are ~5 kA and ~30 s, respectively. Parameters of these pulses together with the

transferred charge, the peak current and the duration of these pulses are tabulated in
Table 2.25.
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Table 2.24  Average characteristics of the initial stage of rocket triggered and
natural upward lightning (from Reference 109)

Study Sample Duration Charge Average Action
size (ms) transfer current integral,
© (A) (10° A™%)

Rocket-triggered 45 305 30.4 99.6 8.5
lightning, Florida

Gaisberg tower, 74 231 29.1 126 1.5
Austria

Peissenberg tower, 21 290 38.5 133 35
Germany

Fukui chimney, Japan 36 82.5 38.3 465 40

2.10 Electric fields from first and subsequent strokes
For electromagnetic fields generated by first and subsequent return strokes, the most

important parameters are the peak values of the electric field and the peak time deriva-
tive of the magnetic field. For distances larger than ~ 1 km from the lightning channel,

12

10

peak

Current (kA)
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L

f ash

0 T
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Figure 2.31  Example of a current waveform of a positive upward-initiated lightning
discharge (from Reference 110)



Lightning parameters of engineering interest 75

Current (kA)

0 1 2 3 4 5
Time (ms)

Figure 2.32  First 5 ms of the current shown in Figure 2.31 (from Reference 110)

the electric field peak is radiation. Thus, if the peak value of the electric field at any
given distance larger than ~1 km is known, the peak value that corresponds to any
other distance can be obtained by using the inverse distance relationships appropriate
for radiation fields. The data on the peak values of radiation fields normalized to
100 km (using inverse distance relationships) as observed by different authors are
tabulated in Table 2.26.

The values given in Table 2.26 cannot be normalized to distances closer than
~1 km and unfortunately we do not have many statistics concerning how the peak
of the first return-stroke electric field varies with distance for distances less than
~1 km. However, we can study how the first return-stroke electric field varies
within 1 km by simulations based on different return-stroke models available in the
literature. For example, Figure 2.33 shows how the electric fields of first return
strokes associated with 30 and 120 kA peak currents vary as a function of distance
as calculated by using the return-stroke model of Cooray and Rakov [115]. In the
model the channel base current is represented by the analytical expression developed
by Delfino and colleagues [103] (also given in Section 2.9.3.5) and the charge neutral-
ized by the return stroke is based on the stepped leader charge distribution given by
equations (2.6) to (2.9), but also includes the positive charge induced on the
channel during the return-stroke stage. The corona current is represented by an expo-
nential function with a decay-time constant that increases with height. The value of the
decay-time constant is assumed to be 10 ns at ground level and its rate of increase with

height is assumed to be 1 ws km ™.
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Table 2.26  Peak value of the electric field (normalized to 100 km) observed by
different authors (from Reference 30)

Study Number Mean Standard
vVmh deviation (V m ™)
Heidler and Hopf  Period 1988—1989
[30] Negative — 19 6.5 4.0
Positive — 03 —21.6 6.3
Period 1988—1993 5.3 32
Negative — 148 3.6 2.0
Negative subsequent — 302 —10.8 6.8
Positive — 45
Willett et al. [111] 125 8.6 4.4
Krideret al. [112] 65 8.5 2.5
Willett and Krider 76 7.9 3.6
[113]
Rakov et al. [27] All first strokes — 76 5.9 0.22 (log)
First stroke in multiple-stroke 6.2 0.23
flashes — 63
First strokes in single-stroke 4.7 0.12
flashes — 13
All subsequent strokes — 270 2.9 0.30
Subsequent strokes creating a 4.1 0.23
new termination — 38
Subsequent strikes in previously 2.7 0.30
formed channel — 232
Filho et al. [114]  All first strokes 6.35
First strokes in single-stroke 6.04
flashes
First stroke in multiple-stroke 6.53
flashes

For subsequent return strokes the close electric fields can be evaluated from the data
collected by triggered-lightning experiments. The peak values of the electric fields
obtained from such experiments are tabulated in Table 2.27.

For electric and magnetic field time derivatives, the distance data can be interp-
olated using inverse distance relationships down to distances as small as 50 m. The
reason is that, even at these distances, the radiation field dominates in the peak electric
field time derivative. Moreover, because the fields are radiation the magnetic field time
derivative can be obtained from the electric field time derivative because these two
field components are related by £ = BC, where c is the speed of light in free space.
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Figure 2.33  Electric field at different distances from a first return stroke obtained
using the return-stroke model of Cooray and Rakov [115] for (a)
30kA and (b) 120 kA. The input parameters of the return-stroke
models are the channel base current, distribution of the charge depos-
ited by the return stroke along the channel and the corona discharge
time constant. The current at channel base is represented by the
analytical expression given by Delfino et al. [103]. The charge distri-
bution is obtained by appealing to the bi-directional leader concept
assuming that the background electric field produced by the cloud
remains the same during the leader and return-stroke stages. The
corona decay time constant, T(s), is assumed to vary along the
channel according to the equation = 10"%+107° * (z/1 000.0),
where z is a coordinate directed along the channel. The curves i, ii,
iii, iv and v represent electric fields at 30, 50, 100, 200 and
500 m, respectively.

Measurements at coastal stations of the peak-time derivatives of the electric field
of return strokes in lightning flashes that strike sea have been reported by Weidman
and Krider [118], Willett and colleagues [111] and Cooray and colleagues [119].
The results obtained by these authors are summarized in Table 2.28. The largest
value for an electric field peak-time derivative normalized to 100 km observed in
these studies is ~100 V. m ™~ 'ps™'. Importantly, the large content of high frequencies
in the electric field time derivative means this field component attenuates very rapidly
when it propagates along finitely conducting ground. Such attenuation does not affect
the electromagnetic fields of lightning flashes significantly when they propagate over
the sea because of the high conductivity of sea water. Both Willett and Krider [113]
and Murray and colleagues [120] observed a strong linear correlation between the
peaks of electric field and electric field time derivatives. Their data are shown in
Figure 2.34. Measurements conducted by Heidler and Hopf [30] over land show
that the peak electric field time derivatives at different distances are smaller than
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Table 2.27  Peak electric field measured for triggered lightning at distances less

than 1 km
Study Distance (m) Sample Average (kV m™)
Crawford [116] 10 8 97
20 3 48
30 10 35
50 4 28
110 4 13
500 4 2.0
Leteinturier et al. [117] 50 40 119

Table 2.28  Peak values of electric field time derivatives of return strokes observed
in different studies (corrected values after removing propagation
effects are given in parentheses)

Reference Number of Mean Standard Comments
observations (Vm'us™)  deviation
(Vm'ps™
Willett ez al. [111] 131 37 (42) 12 First strokes
Krider et al. [112] 63 39 (46) 11 (13) First strokes
Weidman and 97 29 12 First and
Krider [118] subsequent
Cooray et al. 40 25 11.6 Positive first
[119] strokes

those observed in Florida when extrapolated to the same distance. The data obtained
by Heidler and Hopf [30] are given in Table 2.29. Based on this comparison, the latter
authors suggested that the electric field peak derivatives of return strokes are different
in Florida and Germany. Fernando and Cooray [121] suggested that this difference
probably results from the propagation effects. However, the studies of Cooray and
Rakov [122] show that ground conductivity can also affect the current derivative of
the return stroke at the channel base. According to their study the current derivative
decreases with decreasing conductivity. If this is correct, we can expect the current
derivatives in lightning flashes that strike salt water to be higher than those in lightning
flashes that strike ground. Because a smaller current derivative can lead to a smaller
peak electric field time derivative the differences in the two datasets probably result
from both propagation and source effects.

In analysing the effects of electromagnetic fields on electrical and telecommunica-
tion systems it is necessary to know the amplitude of electromagnetic fields from



80

(@)

Negative peak E (v/m@ 100 km)

(b)

Peak E (v/m)

Lightning Protection

12

-
o
i

oo

0 = r : . : ; r T -
0 10 20 30 40 50 60 70 80 90 100
Negative peak dE/dt (v/m/us@ 100 km)
Types A, B, and C
30
25 y-0.256x-0.6
r*-0.503
N-37
20 y-0.159x+0.9
r?-0.501
N-45 # Type A
1 5 y—02.057x+8.8 i Tl'yzee 2
r*-0.013
N-49
10 4
5 4
0
0 20 40 60 80 100 120

Peak dE/dt (v/m/us)

Figure 2.34  Relationship between electric field and electric field time derivative as

observed in the studies of (a) Willett and Krider [113] and (b) Murray
etal. [120]. Type A strokes have a single, dominant peak in dE/dt. The
electric field waveforms for Type B strokes tend to have an inflection
point (or shoulder) within or near the fast (negative-going) transition
in the E field or, if the additional dE/dt pulse contains a (positive-
going) zero crossing, multiple peaks in E. Type C strokes contain one
or more large pulses in dE/dt near the beginning or during the slow
front, and the corresponding E signatures have a structure that
depends on the amplitude and duration of these pulses (or bursts)
and when they occur relative to the dominant peak.
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Table 2.29  Peak amplitudes of electric field time derivative normalized to 100 km

(from Reference 30)
Year Return stroke Sample Mean Standard Maximum
(\% m_lus_l) deviation (\% m_lp,s_l)
(Vm s
1984—1985  Negative 19 6.5 4.5 17
Positive 3 —12.6 9.6 —24
1986 Negative first 39 3.0 1.5 9
Negative 76 3.0 1.3 7
subsequent
1988—1993  Negative first 148 5.4 34 20
Negative 302 4.4 2.2 20
subsequent
Positive 45 —-7.1 2.4 —18

lightning flashes at different frequencies, i.e. the electromagnetic spectrum. The spec-
trum of electromagnetic fields can be calculated from the measured broadband electric
or magnetic field, or it can be obtained by conducting narrow-band measurements at a
given frequency. Figure 2.35a shows the spectrum of a return-stroke electromagnetic
field normalized to 100 km as obtained from Fourier transformation of broadband data
by Willett and colleagues [123]. Figure 2.35b depicts the electric field spectrum con-
structed from data pertinent to narrow-band measurements.

2.11 Peak electric radiation fields of first and subsequent strokes

In lightning-protection studies it is usually assumed that the first stroke has the largest
peak current. Although this assumption is true on average, there is a certain percentage
of flashes in which at least one subsequent return-stroke current peak is larger than that
of'the first. Analysis of the current waveforms of Berger [125] by Thottappillil and col-
leagues [32] shows that in ~15 per cent of the negative downward flashes there was at
least one subsequent return stroke with a current amplitude larger than the that of the
first. A similar tendency is also seen in the electromagnetic fields generated by first and
subsequent return strokes. For example, the percentage of flashes in which at least one
subsequent stroke had an amplitude larger than the first was 33 per cent in Florida,
24 per cent in Sweden, 35 per cent in Sri Lanka and 38.2 per cent in Brazil. In the
Brazilian study [114], one flash in which all the subsequent strokes were larger than
the first was found. How the average peak field varies with stroke order as obtained
in that study is shown in Figure 2.36. The authors of that study conjectured that
strokes 2 to 5 were larger than strokes 6 to 11 because the former can make
multiple terminations.
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Figure 2.35  Spectrum of lightning electromagnetic radiation obtained (a) using

Fourier transformation of broadband return-stroke electric fields (nor-
malized to 50 km) [123] and (b) using narrow-band receivers (normal-
ized to 50 km) [124] (reference in the figure are taken from Reference
124). Note that in the case of narrow-band receivers all the events in
the flash contribute to the spectrum.



Lightning parameters of engineering interest 83

Mean peak field (um)

Yk

F Yo > o6 oA 2 00
& &
N

Stroke order

Figure 2.36  Mean peak value (V m™") of return-stroke fields normalized to 100 km
versus stroke order. Results are based on negative cloud-to-ground
flashes observed in Brazil (from Reference 114).

If the transmission-line model is used to interpret the electric field data, assuming
that the return-stroke speed is more or less the same in first and subsequent strokes, we
could conclude that in 30 per cent of the flashes at least one subsequent stroke may
have a current larger than the first. It is important to take this into account in a risk
evaluation for lightning protection studies because risk evaluation for lightning protec-
tion usually assumes that the first return stroke has the highest peak current amplitude.
Based on this the external lightning protection system is designed in such a way that a
first return-stroke current that could bypass it will have an amplitude smaller than a
critical value. Given the above information we can infer that there is a risk that,
once the system is bypassed by a weak first return stroke, a heavy subsequent stroke
with a peak current larger than the critical value may follow the same channel and ter-
minate on the structure.

Table 2.30  Characteristics of continuing currents in downward
negative ground flashes observed in Germany

(from Reference 30)
Number of strokes Duration of continuing
currents (ms)
Mean 4.79 221
Standard deviation 2.08 103
Maximum 11 551
Minimum 1 67
5% value 8.54 391

95% value 2 82.7
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Figure 2.37  Histogram of very short continuing current durations observed by Saba
et al. [25]: (a) duration below 40 ms and (b) duration above 40 ms
(from Reference 24)

2.12 Continuing currents

Although the currents associated with return strokes usually reach zero within several
hundred microseconds, in some return strokes the current amplitude decreases
to ~100 A or so within this time but then, instead of decreasing to zero, maintains
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this amplitude for a few milliseconds to a few hundreds of milliseconds. Such currents
are known in the literature as continuing currents.

The existence and the duration of continuing currents can be identified by the close
electric fields produced by lightning flashes. Based on the results obtained from such
records, the continuing current can be divided into several categories. Kitagawa and
colleagues [26] and Brook and colleagues [126] defined continuing currents longer
than 40 ms as long continuing currents, whereas Shindo and Uman [127] defined
the continuing currents of duration between 10—40 ms as short continuing currents.
They also found examples in which the continuing current duration was 1—10 ms.
Saba and colleagues [25] defined these as very short continuing currents. However,
this division, although it helps the bookkeeping, does not have a physical basis.
That is, it could be the same physical process that gives rise to continuing currents,
irrespective of their duration.

Heidler and Hopf [30] studied continuing currents in lightning flashes in Germany
using electric-field records. The mean, maximum and minimum durations observed in
that study are tabulated in Table 2.30. According to Heidler and Hopf [30], 48 per cent
of negative flashes were hybrid flashes that contained at least one continuing current
(these are long continuing currents). In a study conducted by Thompson [128] it was
found that in 34 multiple-stroke flashes, 47 per cent had at least one continuing current.
In a study conducted by Shonland [48], this value was 20 per cent. According to the
observations of Livingston and Krider [129] the frequency of flashes that have
continuing currents range from 29 to 46 per cent. In a study conducted by Shindo
and Uman [127] 22 out of 90 negative flashes contained long continuing currents
and 11 contained short continuing currents.
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Figure 2.38 Peak current versus continuing current duration for 248 negative
strokes and nine positive strokes (from Reference 132)
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Figure 2.39  Histogram of very short continuing current durations as observed by
Ballarotti et al. [131]

Saba and colleagues [25], using high-speed video cameras, managed to obtain data
on continuing currents in lightning flashes in Brazil. Analysing 233 negative ground
flashes that contained 608 strokes, they found that 50 per cent of the strokes supported
continuing currents longer than ~1 ms and 35.6 per cent of the strokes were followed
by short or long continuing currents. The distribution of the duration of continuing
currents observed in the study is given in Figure 2.37. Saba and colleagues [132] ana-
lysed 454 negative strokes followed by continuing currents and observed that

1000
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=
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Figure 2.40 A current record showing one return stroke followed by several
M-components (Icc, continuing current level; AT,, M-interval;
ATy elapsed time) (from Reference 133)
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Figure 2.41  An expanded portion of the continuing current current (1cc ) record of
Figure 2.40 showing the definitions used in the measurement of
M-current magnitude (1y,), 10—90 per cent rise time ( RT), duration
( Ty, and half-peak width ( Tyy)

combinations of stroke amplitudes greater than 20 kA and continuing currents longer
than 40 ms are highly unlikely to occur (as shown in Figure 2.38). However, such a
restriction was not observed for positive ground flashes. They also observed that the
peak currents of the strokes (estimated from electric-field records) that supported
long continuing currents are smaller, on average, than those of other strokes. This
observation is similar those made by Rakov and Uman [130]. Ballarotti and colleagues

Table 2.31  Summary of statistics of M-components (from Reference 133)

Parameter Sample GM Standard deviation Cases exceeding
logio(x) tabulated value

95% 50% 5%

Magnitude (A) 124 117 0.50 20 121 757

Rise time (us) 124 422 0.42 102 415 1785

Duration (ms) 114 2.1 0.37 0.6 20 7.6

Half-peak width 113 816 0.41 192 800 3580
(us)

Charge (mC) 104 129 0.32 33 131 377

Continuing current 140 177 0.45 34 183 991
level (A)

M-interval (ms) 107 4.9 0.47 0.8 49 23

Elapsed time (ms) 158 9.1 0.73 0.7 7.7 156
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[131] analysed 890 strokes of 233 negative ground flashes and found that the geo-
metric mean duration of continuing currents was 5.3 ms. The histogram of very
short continuing-current durations observed by Ballarotti and colleagues [130] is
shown in Figure 2.39. According to the study, about 28 per cent of all negative
strokes observed were followed by continuing currents longer than 3 ms.

2.13 M-components

M-components are discharge events travelling from cloud to ground along the light-
ning channels that support a continuing current 1. The statistics concerning these cur-
rents are important in the study of ageing effects and failure modes of surge-protection
devices. The M-components measured at the channel base typically have some
hundreds of amperes of current and a rise time of some hundreds of microseconds.
A current record that shows several M-components is given in Figure 2.40, and
a typical M-component current is depicted in Figure 2.41. The statistics of
M-components are summarized in Table 2.31. Thottappillil and colleagues [133]
did not find much correlation between current magnitudes and other current
parameters of M-components.
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Chapter 3

Rocket-triggered lightning and new insights
into lightning protection gained from
triggered-lightning experiments

V.A. Rakov

3.1 Introduction

An understanding of the physical properties and deleterious effects of lightning is
critical to the adequate protection of power and communication lines, aircraft, space-
craft, and other objects and systems. Many aspects of lightning are not yet well under-
stood and are in need of research that often requires the termination of lightning
channel on an instrumented object or in the immediate vicinity of various sensors.
The probability of natural lightning striking a given point on the earth’s surface or
an object or structure of interest is very low, even in areas of relatively high lightning
activity. Simulation of the lightning channel in a high-voltage laboratory has very
limited applications, because it does not allow the reproduction of the many features
of lightning important for lightning protection, and it does not allow the testing of
large distributed systems such as overhead power lines. One promising tool for study-
ing both the direct and induced effects of lightning is an artificially initiated (or trig-
gered) lightning discharge from a thunderstorm cloud to a designated point on the
ground. In most respects the triggered lightning is a controllable analogue of natural
lightning. The most effective technique for artificial lightning initiation is the so-called
rocket-and-wire technique. This technique involves the launching of a small rocket
extending a thin wire (either grounded or ungrounded) into the gap between the
ground and a charged cloud overhead.

The possibility of artificially initiating lightning by ground-based activity was
apparently first discussed by Newman [1] and by Brook and colleagues [2]. Brook
and colleagues [2] showed that, in the laboratory, a spark discharge could be triggered
by the rapid introduction of a thin wire into an electric field, while the steady presence
of the wire did not result in a spark. They suggested that the corona discharge from a
stationary conductor acts to shield this conductor so that the high fields necessary to
initiate electrical breakdown are not obtained, whereas the field enhancement due to
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the rapid introduction of a conductor is not significantly reduced by the corona,
because there is insufficient time for its development.

The first triggered lightning discharges were produced in 1960 by launching small
rockets trailing thin grounded wires from a research vessel off the west coast of Florida
[1,3,4]. The first triggering over land was accomplished in 1973, at Saint-Privat
d’Allier in France [5,6]. In the following decades, a number of triggered-lightning pro-
grammes have been developed in different countries, as summarized in Table 3.1.
Rocket-triggered lightning experiments in France have been reviewed by Fieux and
colleagues [6], in Japan by Horii [7], Kito and colleagues [8], Nakamura and col-
leagues [9,10] and Horii and colleagues [11], in New Mexico by Hubert and col-
leagues [12], at the Kennedy Space Center, Florida, by Willett [13], at Camp
Blanding, Florida, by Uman et al. [14] and Rakov et al. [15—17], in China by Liu
et al. [18] and Liu and Zhang [19], and in Brazil by Pinto et al. [20].
Triggered-lightning experiments conducted in different countries have been reviewed
by Uman [21], Horii and Nakano [22], Rakov [23], and Rakov and Uman [24].

In all published experiments, the triggering wires were made of either steel or
copper with a diameter of typically ~0.2 mm, wound on a spool located either on
the ground or on the rocket. Various rockets made of plastic and of steel have been
used, with the rocket length being typically ~1 m. Most of the experiments in
Japan were conducted in the winter, the several attempts made to trigger in the
summer months being unsuccessful. At Camp Blanding, Florida, lightning has been
triggered in both summer and winter storms. All other triggering sites have apparently
been operated only during the summer. The results from these programmes have made
possible a number of new insights into the various lightning processes and effects.

Descriptions of the classical and altitude rocket and wire triggering techniques are
given in Sections 3.2.1 and 3.2.2, respectively. Probably close to a thousand lightning
discharges have been triggered using these techniques to date. An overview of
lightning-triggering facilities is found in Table 3.1, with a description of the Camp
Blanding facility being given in Section 3.2.3. Over 300 lightning flashes have
been triggered to date at the Camp Blanding site. The properties of rocket-triggered
lightning (including its close electromagnetic environment) are reviewed in
Sections 3.3 to 3.6. The use of rocket-triggered lightning for testing various objects
and systems is described in Section 3.7.

3.2 Triggering techniques

Two techniques for triggering lightning with a small rocket that extends a thin wire in
the gap between a thundercloud and the ground are discussed here. ‘Classical’ trigger-
ing is described in Section 3.2.1 and ‘altitude’ triggering in Section 3.2.2. These
descriptions primarily apply to triggering negative lightning.

3.2.1 Classical triggering

This triggering method involves the launching of a small rocket trailing a thin
grounded wire toward a charged cloud overhead, as illustrated in Figure 3.1. Still



99

Rocket-triggered lightning and new insights

‘[621] e1ssny ur pue [g7 ] eisouopu] ul [£z]] AUeULIdD) Ul PIONPUOD UIQ dARY SjuSWILIddXe Suruysi-pared3Ly ‘A[feuonippy
"SNONUNUOD AJLILSS00U 10U PUE FUNLIM S} JO SV 4

[szroc] 1300y Jaddop LO0T—6661 0LS [1zeig ‘eIsi[neq eIlooyoe)

[L1sTp1] 1000y Toddop uasard—¢661 $T—0T epuo] ‘Surpue[g duwe)

[611°89] 1300y 1ddop S661—1661 061 BWRqe[Y ‘UR[[O[DIN 1O
NQMQU Euumwoﬂﬁ.—Om

[61°81] 393001 JO PunoIn) 19ddos 10 091§ juosard—g861 SNOLIBA PUE WIdYLIOU Ul SAJIS INO,{

[o1°6] 103001 10 pUNoID [ESN 8661—9861 0€6 uede[ ‘mIYSIYSNYQ
(€861
ul epLIof ‘QUINOq[A

[09°65°¢T] 1300y Joddop 1661—€861 0 Jo yynos) epuol ‘DS
OJIXOIA] MON

[69°C1] punoin 1991 juosaxd—g/61 0€Z € ‘K10je10qQRT JINW3UE |
uede[ 9seoo

[8°L] punoin [0918 S861—LL6T 0 MWLYo ‘eleSnyjoyey]
Jouel]

[vzi9] 333001 10 punoin) 1oddoo 10 [e03g 9661 —¢€L6] 001 1 TV P 1eALI JuTeS

SIIUIIJAA [oods (ur) [9A3] ©as
LEIBRIEIN AIIM JO UONBI0| [BLI9)BW QAIAN suonerado jo saedax JA0qe JYSIPH IS [eyudwLIddXY

Soutun.13o4d Sutuy3ij-pato33Li) L0[bwl [0 Ma1A12A0 U [°E 2IqD]



100  Lightning Protection

fo - S N *-_k..l_.q:,.f
:
Natural
channel '
/ . 107m/s| 1
105 m/s ] v \
L] i
+ ¥ r
+ g i
+ 3 3
' i
Copper i '
, wire Wire-trace 1 i
2x10°m/s ? ~300m s - Channel !
I [
1-2s | (Hundreds (Tens of ms)
l I of ms)
Ascending Upward Initial No-current Downward  Upward
rocket positive continuous interval negative return
leader current leader stroke

Figure 3.1  Sequence of events (except for the attachment process [25]) in classical
triggered lightning. The upward positive leader (UPL) and initial con-
tinuous current (ICC) constitute the initial stage (IS) (adapted from
Reference 15).

photographs of classical triggered lightning flashes are shown in Figure 3.2. To decide
when to launch a triggering rocket, the cloud charge is indirectly sensed by measuring
the electric field at ground, with absolute values of 4—10kV m™' generally being
good indicators of favourable conditions for negative lightning initiation in Florida,
as seen in Figure 3.3. However, other factors, such as the general trend of the electric
field and the frequency of occurrence of natural lightning discharges, are usually taken
into account in making the decision to launch a rocket. The triggering success rate is
generally relatively low during very active periods of thunderstorms, one reason being
that during such periods the electric field is more likely to be reduced by a natural light-
ning discharge before the rocket rises to a height sufficient for triggering.

When the rocket, ascending at ~200 m s~ 1, is about 200 to 300 m high, the field
enhancement near the rocket tip launches a positively charged leader that propagates
upwards towards the cloud. This upward positive leader (UPL) vaporizes the trailing
wire, bridges the gap between the cloud charge source and ground, and establishes an
initial continuous current (ICC) with a duration of some hundreds of milliseconds that
transports negative charge from the cloud charge source to the triggering facility. The
ICC can be viewed as a continuation of the UPL when the latter has reached the main
negative charge region in the cloud. At that time the upper extremity of the UPL is
likely to become heavily branched. The UPL and ICC constitute the initial stage
(IS) of a classical triggered lightning discharge. After the cessation of the ICC, one
or more downward dart leader/upward return stroke sequences may traverse the
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Figure 3.2 Photographs of lightning flashes triggered at Camp Blanding, Florida.
Top, a distant view of a strike to the test runway; middle, a strike to the
test power system initiated from the tower launcher; bottom, a strike
initiated from the underground launcher at the centre of a 70 x 70 m*
buried metallic grid.
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(below the horizontal axis) classical triggering attempts in 1983 to
1991 at the NASA Kennedy Space Center. Individual histogram bins cor-
respond to different positive and negative values of surface electric field
at the time of rocket launch. The upward-directed field is considered
negative (atmospheric electricity sign convention) (adapted from
Reference 26).

same path to the triggering facility. The dart leaders and the following return strokes in
triggered lightning are similar to dart leader/return stroke sequences in natural light-
ning, although the initial processes in natural downward and classical triggered light-
ning are distinctly different.

In summer, the triggering success rate for positive lightning is apparently lower
than for negative lightning [6], one known exception being the triggered lightning
experiment in northern China [18,19], although all discharges triggered there were
composed of an IS only; that is, no leader/return stroke sequences occurred.

There is contradictory information regarding whether the height A of the rocket at
the time of lightning triggering depends on the electric field intensity £ at ground at the
time of launching the rocket. Hubert and colleagues [12] found a strong correlation
(correlation coefficient = —0.82) between H and E for triggered lightning in New
Mexico. They gave the following equation between H (in metres) and £ (in kV m™ ")

H =3900E '3 (3.1)
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In the study by Hubert and colleagues [12], E varied from ~5 to 13 kV m™ ' and H
from ~100 to 600 m, with a mean value of 216 m. On the other hand, in winter
triggered-lightning studies at the Kahokugata site in Japan (Table 3.1), no clear
relation was observed between H and E for either sign of £ [22; figure 6.2.3].

Willett and colleagues [27], who used electric field sounding rockets in Florida,
studied ambient-field conditions that are sufficient to initiate and sustain the propa-
gation of upward positive leaders in triggered lightning. It was found that lightning
can be initiated with grounded triggering wires ~400 m long when the ambient
fields aloft are as small as 13 kV m~'. When lightning occurred, ambient potentials
with respect to earth at the triggering-rocket altitude were 3.6 MV (negative with
respect to earth). These potentials were referred to as triggering potentials by Willett
and colleagues [27].

3.2.2  Altitude triggering

A stepped leader followed by a first return stroke in natural downward lightning can be
reproduced to some degree by triggering lightning via a metallic wire that is not
attached to the ground. This ungrounded-wire technique is usually called altitude trig-
gering and is illustrated in Figure 3.4, which shows that a bidirectional (positive charge
up and negative charge down) leader process is involved in the initiation of the first
return stroke from ground. Note that the ‘gap’ (in this case, the length of the insulating
kevlar cable) between the bottom end of the upper (triggering) wire and the top end of
the grounded (intercepting) wire is some hundreds of metres. Altitude triggering can
also be accomplished without using an intercepting wire, whose only function is to
increase the probability of lightning attachment to the instrumented rocket-launching
facility. In some triggered-lightning experiments, the bottom end of the triggering wire
has been attached to an air gap of up to 10 m in length [10]. Such triggering is not
considered as being of the altitude type, because it was not intended to simulate the
downward stepped leader (discussed below) from the bottom of the triggering wire.
On the other hand, altitude triggering may also occur as a result of the accidental
breakage of the wire during classical triggering, so that the wire connection to
ground is unintentionally lost. Additionally, altitude triggering has been accomplished
using a two-stage rocket system in which the two rockets separated in the air with the
triggering wire extending between them [10]. The properties of altitude triggered
lightning are discussed in papers by Laroche et al. [28], Lalande et al. [29,30],
Uman et al. [31], Rakov ef al. [15,32], Wang et al. [33], Chen et al. [34] and Saba
et al. [35].

In the following, we briefly discuss the sequence of processes involved in altitude
triggered lightning, as illustrated in Figure 3.4. A downward negative leader is usually
launched from the lower end of the elevated triggering wire some milliseconds after
the initiation of the upward positive leader from the upper end of the wire
[30; figure 6]. The downward negative leader shown in Figure 6 of a paper by
Lalande et al. [30] was apparently initiated after two unsuccessful attempts. As the
negative downward leader approaches the triggering facility, an upward connecting
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Figure 3.4  Sequence of events in altitude triggered lightning leading to the estab-
lishment of a relatively low-resistance connection between the upward-
moving positive leader tip and the ground (except for the attachment
process [30]), based on the event described by Laroche et al. [28].
The processes that follow the sequence of events shown, the ICC and
downward leader/upward return-stroke sequences, are similar to
their counterparts in classical triggered lightning (see Figure 3.1)
(adapted from Reference 15).

leader (not shown in Figure 3.4) is initiated from the grounded intercepting wire. Once
the attachment between the two leaders is made, the return stroke is initiated. Because
(i) the length of the channel available for the propagation of the first return stroke in
altitude triggered lightning is relatively small (of the order of 1 km) and (ii) the return-
stroke speed is two to three orders of magnitude higher than that of the leader, the
return stroke catches up with the tip of the upward leader within 10 ps or so. As a
result, the upward leader becomes strongly intensified. The processes that follow,
the ICC and downward leader/upward return-stroke sequences, are probably similar
to those in classical triggered lightning (see Figure 3.1). Thus the downward-moving
negative leader of the bidirectional leader system and the resulting return stroke in alti-
tude triggered lightning serve to provide a relatively low-resistance connection
between the upward-moving positive leader tip and the ground. The IS of altitude trig-
gered lightning can be viewed as composed of an initial upward leader, a bidirectional
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leader (part of which is a continuation of the initial upward leader), an attachment
process, an IS return stroke, an intensified upward leader and an ICC.

Wang and colleagues [33] reported on a positive flash that was initiated using the
altitude triggering technique from a summer thunderstorm in China. This is the first
documented triggering of a positive lightning using the altitude triggering technique.
For this flash, the length of grounded intercepting wire was 35 m and the length of
insulating cable was 86 m. The flash was apparently initiated when the rocket was
at an altitude of 550 m, so that the length of the ungrounded triggering wire was
429 m.

3.2.3  Triggering facility at Camp Blanding, Florida

The lightning-triggering facility at Camp Blanding, Florida, was established in 1993
by the Electric Power Research Institute (EPRI) and Power Technologies, Inc. (PTI).
Since September 1994, the facility has been operated by the University of Florida
(UF). Over 40 researchers (excluding UF faculty, students and staff) from 15 countries
representing 4 continents have performed experiments at Camp Blanding concerned
with various aspects of atmospheric electricity, lightning and lightning protection.
Since 1995, the Camp Blanding facility has been referred to as the International
Center for Lightning Research and Testing (ICLRT) at Camp Blanding, Florida. A
summary of the lightning triggering operations conducted for various experiments
from 1993 to 2005 is presented in Table 3.2. Over the 13-year period, the total
number of triggered flashes was 315, that is, on average about 24 per year, with
about 17 (~70 per cent) of them containing return strokes. Of the total of 315
flashes in Table 3.2, 312 transported negative charge and 3 either positive or both
negative and positive charge to ground.
The principal results obtained from 1993 through 2005 at the ICLRT include

e characterization of the close lightning electromagnetic environment [15,36—40]
first lightning return-stroke speed profiles within 400 m of ground [41,42]
new insights into the mechanism of the dart-stepped (and by inference stepped)
leader [15,41]
identification of the M-component mode of charge transfer to ground [15,36,43]
first optical image of the UCL in lightning strokes developing in previously con-
ditioned channels [25]

e clectric fields in the immediate vicinity of the lightning channel core, inside the
radial corona sheath [44]

e inferences on the interaction of lightning with ground and with grounding
electrodes [15,45—47]

e discovery of X-rays produced by triggered-lightning strokes [48—52]

e new insights into the mechanism of cutoff and reestablishment of current in the
lightning channel [53,54]

e first direct measurements of NO, production by lightning [55]

e direct estimates of lightning input energy [56]
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3.3 Overall current waveforms

In this Section, we discuss currents measured at the rocket launcher. For both classical
and altitude triggered lightning, the emphasis will be placed on the IS, with the
characterization of current waveforms due to return strokes (primarily from classical
triggered lightning) being presented in Section 3.4. Initial-stage return strokes in alti-
tude triggered lightning are discussed in Section 3.3.2. For classical triggered light-
ning, IS current initially flows through the triggering wire until the wire is destroyed
and replaced by a plasma channel [53,54]. For altitude triggered lightning, current
exceeding some amperes is first measured when an UCL (not shown in Figure 3.4)
emanates from the launcher (or from a grounded intercepting wire) in response to
the approaching downward-extending, negative part of the bidirectional leader system.

3.3.1 Classical triggering

The overall current record for a typical negative classical triggered lightning flash is
presented in Figure 3.5a, and portions of this record are shown on expanded timescales
in Figure 3.5b and c. The record is intentionally clipped at the 2-kA level in order to
accentuate the current components in the hundreds of amperes range. Other research-
ers [59,60] used recorders with a logarithmic scale in order to be able to view both
small currents and large currents on the same record. Median values of the overall
flash duration from triggered lightning experiments in France and New Mexico are
350 and 470 ms [61], respectively. The median flash charges from the same studies
are 50 and 35 C, respectively. Both the flash duration and charge transferred are
comparable, within a factor of 2 to 4, to their counterparts in object-initiated lightning
and in natural downward lightning.

We first consider the overall characteristics, that is, the duration, the charge transfer,
and the average current, of the IS, and then discuss (i) the current variation at
the beginning of the IS, termed the initial current variation (ICV), and (ii) the
current pulses superimposed on the later part of the IS current, referred to as ICC
pulses. Parameters of the return-stroke current pulses (three pulses are shown in
Figure 3.5a) that often follow the IS current are discussed in Section 3.4.

Miki and colleagues [62], based on data from Camp Blanding, Florida (see
Table 3.1), reported that the IS had a geometric mean (GM) duration of 305 ms
and lowered to ground a GM charge of 30 C. The average IS current in an individual
lightning discharge had a GM value of 100 A.

In many cases the initial current variation includes a current drop, as illustrated in
Figure 3.5b where it is labelled ABC. This current drop is associated with the disin-
tegration of the copper triggering wire (abrupt current decrease from A to B in
Figure 3.5b) and the following current re-establishment (abrupt current increase
from B to C in Figure 3.5b). The processes of current cutoff and re-establishment
were studied in detail by Rakov and colleagues [53] and Olsen ef al. [54].

The ICC usually includes impulsive processes, illustrated in Figure 3.5c, that
resemble the M processes observed during the continuing currents that often follow
return strokes in both natural and triggered lightning [63—65]. Wang and colleagues
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Figure 3.5  (a) Example of the overall current record of a triggered lightning at

Camp Blanding, Florida, containing an IS and three return strokes.
The initial tens of milliseconds of IS are due to the upward positive
leader (UPL), and the rest of the IS is due to the ICC. The record is inten-
tionally clipped at ~2 kA (adapted from Reference 57). (b) Initial
current variation (ICV) shown in Figure 3.5a but on an expanded time-
scale (adapted from Reference 57). (c) First two ICC pulses of
Figure 3.5a on an expanded timescale. This figure illustrates the defi-
nitions of the ICC pulse magnitude 1y, 10—90 per cent rise time Ry,
duration Tp, half-peak width Ty, interpulse interval T; and preceding
continuous current level 1cc. All these parameters have been found
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Figure 3.5 (Continued) to be similar to the corresponding parameters of
M-component current pulses analysed by Thottappillil et al. [58]
(adapted from Reference 57).

[57], from a comparison of various characteristics of the ICC pulses with the charac-
teristics of the M-component current pulses analysed by Thottappillil and colleagues
[58], concluded that these two types of pulses are similar and hence likely due to
similar lightning processes. Like M component pulses, the ICC pulses sometimes
have amplitudes in the kiloamperes range.

3.3.2  Altitude triggering

As noted in Section 3.2.2, the IS of altitude triggered lightning includes an initial
upward leader, a bidirectional leader (which includes a continuation of the initial
upward leader), an attachment process, an initial-stage return stroke, an intensified
upward leader and an ICC. Because the triggering wire is ungrounded, no current
can be directly measured at ground during the initial upward leader and bidirectional
leader stages. Shown in Figure 3.6b is the current associated with an upward positive
connecting leader initiated in response to the approaching downward negative leader
of the bidirectional leader system (Figure 3.4), with the corresponding electric field
measured 50 m from the lightning attachment point being shown in Figure 3.6a. This
current record, reported by Lalande and colleagues [30], suggests that the upward
positive connecting leader is stepped, with the interstep interval being 20 ps or so.
When contact is established between the downward leader and the UCL, the IS
return stroke begins. The current waveform of this return stroke differs appreciably
from a typical return-stroke current waveform in that the former appears to be
chopped soon after reaching its peak value (see, e.g. figure 7c of Reference 61).
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Figure 3.6 (a) Electric field measured 50 m _from the lightning attachment point and
(b) current produced by the upward connecting positive leader from the
grounded 50 m wire in altitude triggered lightning 9516 at Camp
Blanding, Florida (adapted from Reference 30)

As a result, the width of the current waveform produced by the IS return stroke is
appreciably smaller than that of the following return strokes in the same flash. As dis-
cussed in Section 3.2.2, the IS return stroke front catches up with the upward-moving
leader tip after 10 ws or so. This is likely to produce an opposite polarity downward-
moving reflected current wave that is presumably responsible for the chopped shape of
both the channel-base current and the close magnetic field waveforms. Examples of
the latter are shown, along with waveforms produced by ‘normal’ return strokes,
in Figure 3.7. The IS characteristics of altitude triggered lightning, after the return
stroke has established a relatively low-resistance connection between the upward-
moving positive leader tip and ground (see Figure 3.4), are apparently similar to
their counterparts in classical triggered lightning [66]. Further, the downward
leader /upward return-stroke sequences that follow the IS in altitude triggered light-
ning are thought to be similar to those in classical triggered lightning (see Figure 3.1).

3.4 Parameters of return-stroke current waveforms

In this Section, we discuss return-stroke current peak and current waveform parameters
such as rise time, rate of rise (steepness) and half-peak width. We will additionally con-
sider interstroke intervals and characteristics that may involve both the return-stroke
current component and the following continuing current component, such as the
total stroke duration, the total stroke charge, [I(r) d¢, and the total stroke action
integral, f]z(t) dt. The action integral is measured in A s, which is the same as
JO ™', and represents the joule or ohmic heating energy dissipated per unit resistance
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Figure 3.7 The magnetic fields produced by the first two strokes of the Camp
Blanding altitude triggered lightning flashes 9514 (a, first stroke; c,
second stroke; four strokes total) and 9516 (b, first stroke; d, second
stroke; four strokes total). In each case, the waveshapes of all the
higher-order strokes are similar to the second-stroke waveshape. The
measuring system's decay time constant was ~120 us. The difference
in polarity of the waveforms is due to different positions of the lightning
channel with respect to the magnetic field antenna, all strokes lowering
negative charge to ground. Note that the first-stroke magnetic field
pulses in (a) and (b) are appreciably shorter than the corresponding
second-stroke magnetic field pulses in (c) and (d), respectively
(adapted from Reference 15).

at the lightning attachment point. The action integral is also called the specific energy.
We will additionally discuss correlations among the various parameters listed above.
The characterization of the return-stroke current waveforms presented in this Section is
based primarily on data for classical triggered lightning. It is possible that some of the
samples on which the statistics presented here are based contain a small number of IS
return strokes from altitude triggered lightning, but their exclusion would have essen-
tially no effect on the statistics.

Some researchers [61,67], in presenting statistics on triggered lightning currents, do
not distinguish between current pulses associated with return strokes and those
produced by other lightning processes such as M components and processes giving
rise to the initial current variation and ICC pulses described in Section 3.3.1. In this
Section, we consider only return-stroke current pulses. These can usually be
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distinguished from other types of pulses by the absence of a steady current immedi-
ately prior to a pulse [68]. Further, we do not consider here three unusual New
Mexico triggered lightning flashes, each of which contained 24 return strokes [69].
For these three flashes, the geometric means of the return-stroke current peak and inter-
stroke interval are 5.6 kA and 8.5 ms, respectively, each considerably smaller than its
counterpart in either natural lightning or other triggered lightning discussed below.

We first review measurements of the peak values of current and current derivative.
Summaries of the statistical characteristics of measured return-stroke currents, /, and
derivatives of current with respect to time, d//d¢, taken from a paper by Schoene and
colleagues [40], are given in Tables 3.3 and 3.4, respectively. As seen in Table 3.3,
the geometric mean values of current peak range from ~12 to 15 kA. These values
are similar to the median value of 12 kA reported by Anderson and Eriksson [70]
for subsequent strokes in natural lightning. The geometric mean values of d//d¢ peak
based on data from two studies presented in Table 3.4 are 73 and 97 kA s~ .

Scatter plots of d7/dr peak vs. I peak from the triggered lightning experiments in
Florida (1985, 1987 and 1988) and in France (1986) are shown in Figure 3.8.
Correlation coefficients are 0.87, 0.80 and 0.70 for the 1985, 1987 and 1988
Florida data, respectively, and 0.78 for the 1986 data from France. The largest
measured value of d7/dz is 411 kA ps~ ', as reported from Florida (KSC) studies by
Leteinturier and colleagues [71]. The corresponding measured peak current is
greater than 60 kA, the largest value of this parameter reported for summer triggered
lightning to date. Also shown in Figure 3.8 are the linear regression line and the
regression equation for each of the four subsets of the data. Note that the correlation
coefficients between the logarithms of d//d¢ and [ for the same data were found to
be lower: 0.79, 0.56 and 0.60 for the 1985, 1987 and 1988 Florida data, respectively,
and 0.71 for the 1986 data from France [72; table 10].

Fisher and colleagues [68] compared a number of return-stroke current parameters
for classical triggered-lightning strokes from Florida and Alabama with the corre-
sponding parameters for natural lightning in Switzerland reported by Berger et al.
[73] and Anderson and Eriksson [70]. This comparison is given in Figures 3.9 to
3.17. Recall that triggered-lightning strokes are considered to be similar to subsequent
strokes in natural lightning. Therefore, the comparison in Figures 3.9 to 3.17 applies
only to subsequent strokes that are usually initiated by leaders that follow the path of
the previous stroke. Both Berger and colleagues [73] and Anderson and Eriksson [70]
fitted a straight line representing a lognormal approximation to the experimental stat-
istical distribution in order to determine the percentages (95, 50 and 5 per cent) of
cases exceeding the tabulated values, while Fisher and colleagues [68] used the
nearest experimental point instead. Distributions of peak currents are very similar,
with median values being 13 and 12 kA for triggered and natural lightning, respect-
ively. On the other hand, there appear to be appreciable differences between the
triggered-lightning data of Fisher and colleagues [68] and the natural-lightning data
of Berger and colleagues [73] and Anderson and Eriksson [70] in terms of current
wavefront parameters, half-peak width and stroke charge. The shorter rise time and
higher average slope (steepness) in the triggered-lightning data may be explained by
the better time resolution of the measuring systems used in the triggered-lightning
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Figure 3.8  Relation between peak current rate of rise, dl/dt, and peak current 1,
from triggered-lightning experiments conducted at the NASA Kennedy
Space Center, Florida, in 1985, 1987 and 1988 and in France in
1986. The regression line for each year is shown, and the sample size
and the regression equation are given (adapted from Reference 71).
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Figure 3.9  Total stroke charge. RS is the return stroke, CC is the continuing current,
GM the geometric mean and SD the standard deviation of the logarithm
(base 10) of the parameter (adapted from Reference 68).
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Figure 3.10  Total stroke action integral. RS is the return stroke, CC the continuing
current, GM the geometric mean and SD the standard deviation of the
logarithm (base 10) of the parameter (adapted from reference 68).
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Interstroke interval. RS is the return stroke, CC the continuing current,

GM the geometric mean and SD the standard deviation of the logar-
ithm (base 10) of the parameter (adapted from Reference 68).
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ation of the logarithm (base 10) of the parameter (adapted from

Reference 68).
! 0.91h
<
e b
>
o
0.1/p
R —
T-10
Time ==
Symbol Reference Sample | Unit | GM sp |Percent cases exceeding
size 10g44(X) the tabulated value

95% 50% 5%

Fisher et al. (1993) 43 us | 0.37 0.29 0.20 0.32 1.1

Anderson and 114 us - - 0.1 0.6 2.8
Eriksson (1980)

Figure 3.13  The 10—90 per cent rise time. GM is the geometric mean and SD the
standard deviation of the logarithm (base 10) of the parameter
(adapted from Reference 68).
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Figure 3.14  The 30—90 per cent rise time. GM is the geometric mean and SD the
standard deviation of the logarithm (base 10) of the parameter

(adapted from Reference 68).
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Figure 3.15  The 10—90 per cent average slope (steepness). GM is the geometric
mean and SD the standard deviation of the logarithm (base 10) of
the parameter. S-10 = 0.81,/T-10 (adapted from Reference 68).
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Figure 3.16  The 30—90 per cent average slope (steepness). GM is the geometric
mean and SD the standard deviation of the logarithm (base 10) of
the parameter. S-30 = 0.61,/T-30 (adapted from Reference 68).
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Figure 3.17  Half-peak width. GM is the geometric mean and SD the standard devi-

ation of the logarithm (base 10) of the parameter (adapted from
Reference 68).
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3.18 Scatterplots relating various return stroke parameters. Solid circles

represent 1990 data from KSC, Florida, and open circles represent
1991 data from Fort McClellan, Alabama. (a) Current peak versus
10-90 per cent rise time. (b) Current peak versus S-10. (c) Current
peak versus S-30. (d) Current peak versus half-peak width.
Regression lines and correlation coefficients (v) are given in (b) and
(c) (adapted from Reference 68).

studies. The Swiss data were recorded as oscilloscopic traces with the smallest
measurable time being 0.5 ws [74].

Fisher and colleagues [68] also studied relations among some return-stroke
parameters, the results being shown in Figure 3.18. They found a relatively strong
positive correlation between the 10—-90 per cent average steepness (S-10) and
current peak (correlation coefficient = 0.71) and between the 30-90 per cent
average steepness (S-30) and current peak (correlation coefficient = 0.74). As seen
in Figure 3.18a, there is essentially no linear correlation between current peak and
10—90 per cent rise time.
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3.5 Return-stroke current peak versus grounding conditions

In examining the lightning current flowing from the bottom of the channel into the
ground, it is convenient to approximate lightning by a Norton equivalent circuit
[75], i.e. by a current source equal to the lightning current that would be injected
into the ground if that ground were perfectly conducting (a short-circuit current) in
parallel with a lightning-channel equivalent impedance Z, assumed to be constant.
The lightning grounding impedance Z,, is a load connected in parallel with the light-
ning Norton equivalent. Thus the ‘short-circuit’ lightning current / effectively splits
between Z,, and Z, so that the current measured at the lightning-channel base is
found as /ineas = I Zen/(Zen + Zg,). Both source characteristics, / and Zg, vary from
stroke to stroke, and Z, is a function of channel current, the latter non-linearity
being in violation of the linearity requirement necessary for obtaining the Norton
equivalent circuit. Nevertheless, if we are concerned only with the peak value of
current and assume that for a large number of strokes the average peak value of /
and the average value of Z., at current peak are each more or less constant, the
Norton equivalent becomes a useful tool for studying the relation between lightning
current peak and the corresponding values of Z.;, and Z,,,. For example, if the measured
channel-base current peak statistics are similar under a variety of grounding con-
ditions, then Zy, must always be much larger than Z,, at the time of the current
peak. In the following, we will compare the geometric mean current peaks from trig-
gered lightning experiments in which similar rocket launchers having a relatively
small height of 4—5 m were used, but grounding conditions differed considerably.
All the information needed for this comparison is given in Table 3.5.

As seen in Table 3.5, Camp Blanding measurements of lightning currents that
entered sandy soil with a relatively poor conductivity of 2.5 x 10~*Sm™" without
any grounding electrode resulted in a value of the geometric mean return-stroke
current peak (13 kA) that is similar to the geometric mean value (14 kA) estimated
from measurements at KSC made in 1987 using a launcher of the same geometry
that was much better grounded into salt water with a conductivity of 3-6 Sm ™! via
underwater braided metallic cables. Additionally, fairly similar geometric mean
values were found from the Fort McClellan, Alabama, measurements using a
poorly grounded launcher (10 kA) and the same launcher well grounded (11 kA) in
1993 and 1991, respectively. Also, Ben Rhouma and colleagues [76] give arithmetic
mean values of return-stroke current peaks in the range from 15 to 16 kA for the
Florida triggered-lightning experiments at Camp Blanding in 1993 and at KSC in
1987, 1989 and 1991.

The values of grounding resistance (probably the dominant component of Z,,)
given in Table 3.5 should be understood as the initial values encountered by a lightning
downward leader before the onset of any breakdown processes in the soil or along the
ground surface associated with the return stroke. Note from Table 3.5 that the ground-
ing resistance varies from 0.1 () to 64 k(), whereas Z,, assumed to be a real number,
was estimated from the analysis of the current waves travelling along the 540-m-high
tower to be in the range from hundreds of ohms to some k() [77,78]. The observation
that the average return-stroke current is not much influenced by the level of manmade
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Figure 3.19  Photograph of surface arcing associated with the second stroke
(current peak of 30 kA) of flash 9312 triggered at Fort McClellan,
Alabama. The lightning channel is outside the field of view. One of
the surface arcs approached the right edge of the photograph, a dis-
tance of 10 m from the rocket launcher (adapted from Reference 68).

grounding, ranging from excellent to none, implies that lightning is capable of lower-
ing the grounding impedance it initially encounters (Table 3.5) to a value that is always
much lower than the equivalent impedance of the main channel. On the basis of (i) the
evidence of the formation of plasma channels (fulgurites) in the sandy soil at Camp
Blanding [14,79—81] and (ii) optical records showing arcing along the ground
surface at both Camp Blanding and Fort McClellan [15,82], it can be inferred that
surface and underground plasma channels are important means of lowering the

Figure 3.20  Evidence of surface arcing on a golf course green in Arizona (courtesy
of E.P. Krider)
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Cabla (a) Cable (b)

Figure 3.21

Cable (c)

Lightning damage to underground power cables. (a) Coaxial cable in
an insulating jacket inside a PVC conduit, note the section of vertical
Sfulgurite in the upper part of the picture (the lower portion of this ful-
gurite was destroyed during excavation) and the hole melted through
the PVC conduit. (b) Coaxial cable in an insulating jacket, directly
buried; note the fulgurite attached to the cable. (c) Coaxial cable for
which the neutral (shield) was in contact with earth; note that many
strands of the neutral are melted through. The cables were tested at
Camp Blanding, Florida in 1993. (Photos in (a) and (b) courtesy of
V.A. Rakov and in (c) of PP, Barker.)
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lightning grounding impedance, at least for the types of soil at the lightning triggering
sites in Florida and Alabama (sand and clay, respectively). A photograph of surface
arcing during a triggered-lightning flash from Fort McClellan, Alabama, is shown
in Figure 3.19, and evidence of surface arcing in natural lightning is presented in
Figure 3.20. Injection of laboratory currents up to 20 kA into loamy sand in the pres-
ence of water sprays simulating rain resulted in surface arcing that significantly
reduced the grounding resistance at the current peak (M. Darveniza, personal com-
munication, 1995). The fulgurites (glassy tubes produced by lightning in sand,;
Figures 3.21 and 3.22) found at Camp Blanding usually show that the in-soil
plasma channels tend to develop towards the better conducting layers of soil or
towards buried metallic objects that, when contacted, serve to further lower the
grounding resistance. The percentages of return strokes producing optically detectable
surface arcing versus return stroke peak current, from the 1993 and 1995 Fort
McClellan experiments, are shown in Figure 3.23. The surface arcing appears to be
random in direction and often leaves little if any evidence on the ground. Even
within the same flash, individual strokes can produce arcs developing in different
directions. In one case, it was possible to estimate the current carried by one arc
branch which contacted the instrumentation. That current was approximately 1 kA,

Figure 3.22 A Florida fulgurite of ~5 m length excavated by the University of
Florida lightning research group
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Figure 3.23  Percentages of return strokes producing optically detectable surface
arcing as a function of return-stroke current peak (Fort McClellan,
Alabama, 1993 and 1995). The numbers above each histogram
column indicate the number of strokes producing optically detectable
arcing (numerator) and the total number of strokes in that current
peak range (denominator) (adapted from Reference 15).

or 5 per cent of the total current peak in that stroke. The observed horizontal extent of
surface arcs was up to 20 m, which was the limit of the photographic coverage during
the 1993 Fort McClellan experiment. No fulgurites were found in the soil (red clay) at
Fort McClellan, only concentrated current exit points at several spots along the 0.3 or
1.3 m steel earthing rod (Table 3.5). It is likely that the uniform ionization of soil,
usually postulated in studies of the behaviour of grounding electrodes subjected to
lightning surges, is not an adequate assumption, at least not in the southeastern
United States, where distinct plasma channels in the soil and on the ground surface
appear to contribute considerably to lowering the grounding resistance.

3.6 Characterization of the close lightning
electromagnetic environment

A knowledge of close lightning electric and magnetic fields is needed for the evalu-
ation of lightning-induced effects in various electric circuits and systems [83] and
for the testing of the validity of lightning models [84,85]. The close (within tens to
hundreds of metres) lightning electromagnetic environment is most easily studied
using rocket-triggered lightning for which the termination point on ground is
known [15,36-40,63,86—88].

Rubinstein and colleagues [88,89] measured and analysed electric field waveforms
at 500 m for 31 leader/return-stroke sequences and at 30 m for two leader/return-
stroke sequences in lightning flashes triggered at the Kennedy Space Center, Florida,
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in 1986 and 1991, respectively. They found that, at tens to hundreds of metres from the
lightning channel, leader/return-stroke vertical electric field waveforms appear as
asymmetrical V-shaped pulses, the negative slope of the leading edge being lower
than the positive slope of the trailing edge. The bottom of the V is associated with
the transition from the leader (the leading edge of the pulse) to the return stroke (the
trailing edge of the pulse). The first multiple-station electric field measurements
within a few hundred metres of the triggered-lightning channel were performed in
1993 at Camp Blanding, Florida [90] and at Fort McClellan, Alabama [82]. Detailed
analyses of these data have been presented by Rakov and colleagues [15]. From the
1993 experiment, the geometric mean width of the V at half of peak value is 3.2 ps
at 30 m, 7.3 ps at 50 m and 13 s at 110 m, a distance dependence close to linear.

In 1997, the multiple-station field measuring experiment at Camp Blanding, Florida,
was extended to include seven stations at distances of 5, 10, 20, 30, 50, 110 and 500 m
from the triggered-lightning channel [91]. Most of the data obtained at 5 m appeared to
be corrupted, possibly due to ground surface arcs (see Section 3.5) and are not
considered here. Leader/return-stroke electric field waveforms in one flash (S9721)
simultaneously measured at 10, 20, 30, 50, 110 and 500 m are shown in Figure 3.24.
The evolution of the leader/return-stroke electric field waveform as distance increases
is consistent with previous measurements [15,85] and reflects an increasing contri-
bution to the field from progressively higher channel sections.
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Figure 3.24  Electric field waveforms of the first leader/return-stroke sequence of
flash S9721 as recorded in 1997 at distances (a) 10, 20 and 30 m
and (b) 50, 110 and 500 m at Camp Blanding, Florida. The initial
downward-going portion of the waveform is due to the dart leader,
and the upward-going portion is due to the return stroke (adapted
from Reference 91).
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Crawford and colleagues [39] analysed net electric field changes due to dart leaders
in triggered lightning from experiments conducted in 1993, 1997, 1998 and 1999 at
Camp Blanding, Florida, and in 1993 at Fort McClellan, Alabama. In 1997 to 1999,
the fields were measured at 2 to 10 stations with distances from the lightning
channel ranging from 10 to 621 m, while in 1993 the fields were measured at three dis-
tances, 30, 50 and 110 m, in Florida, and at two distances, ~10 and 20 m, in Alabama.

Table 3.6  Dart-leader electric field change as a function of distance from the
lightning channel for events recorded at the ICLRT in 1993—1999
(adapted from Reference 39)

Year Flash  Stroke Number of I, (kA) AE. = f(r) (kY m~') Distances (m)
stations

1993 9313 2 3 9.7 61708 30/50/110
3 3 11 691030 30/50/110

4 3 13 761030 30/50/110

5 3 11 56102 30/50/110

9320 1 3 9.6 1.7 x 10% 03! 30/50/110

2 3 8.4 1.0 x 107 %4 30/50/110

1997 S9711 1 3 6.5 1.6 x 10° 1 50/110/500
S9712 1 3 5.3 1.4 x 107 p~%° 10/20/30

S9718 1 5 12 2.1 x 10° 1! 20-500

3 14 x10° 10 30/50/110

S9720 1 4 21 2.6 x 103 71 30-500

3 1.7 x 10 7% 30/50/110

S9721 1 6 11 1.3 x 10° 710 10-500

3 9.9 x 10% %% 30/50/110

3 7.1 x 107 708 10/20/30

1998 U901 1 10 8.7 2.8 x 10° 12 102-410
U9822 1 10 11 2.6 x 10° 711 92-380
U9824 1 10 17 5.1 x 103712 102-410
U9825 1 10 NR 5.8 x 10° 712 102-410
U9827 1 9 41 7.1 x 103 712 92-380
S9806 1 10 9.1 1.5 x 103 709 67-619

1999  U9901 1 10 8.2 33 x 10° 712 91-380
U9902 1 10 12 2.1 x 103 71 91-380

S9915 1 9 11 1.0 x 10° 7% 15-621

S9918 1 9 26* 53 x 10° 712 15-621

$9930 1 3 39 4.0 x 103,710 15-507

S9932 1 4 19 3.6 x 103711 15-507

S9934 1 4 30 3.0 x 103 710 15-507

S9935 1 3 21%* 2.1 x 103,710 15-507

NR = not recorded. I, = return-stroke peak current. *Peak current estimated from peak magnetic field
recorded at 15 m from the channel using Ampere’s law for magnetostatics.
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The data on the leader electric field change as a function of distance for Florida are
presented in Table 3.6. With a few exceptions, the 1997 to 1999 data indicate that
the distance dependence of the leader electric field change is close to an inverse
proportionality (+ '), in contrast with the 1993 data (from both Florida, shown in
Table 3.6, and Alabama, not shown) in which a somewhat weaker distance dependence
was observed. The typically observed ' dependence is consistent with a uniform
distribution of leader charge along the bottom kilometre or so of the channel. This
observation simply indicates that for such a relatively short channel section a non-
uniform charge density distribution will appear approximately uniform. Cooray and
colleagues (2004) compared Crawford and colleagues’ (2001) experimental results
with theoretical predictions for a vertical conductor in an external electric field and
found a fairly good agreement. A variation of AE; with distance slower than »~ '
dependence implies a decrease of leader charge density with decreasing height.

3.7 Studies of interaction of lightning with various
objects and systems

In Sections 3.7.1 to 3.7.3 we consider the triggered-lightning testing of overhead
power distribution lines, underground cables, and power transmission lines, respect-
ively. Lightning interaction with lightning protective systems of a residential building
and an airport runway lighting system is discussed in Sections 3.7.4 and 3.7.5, respect-
ively. In Section 3.7.6, we briefly review the use of triggered lightning for testing com-
ponents of power systems, different types of lightning rods, and other objects, and also
for measuring step voltages and for making fulgurites.

3.7.1 Overhead power distribution lines

Most of the published studies concerned with the responses of power distribution lines
to direct and nearby triggered-lightning strikes have been conducted in Japan and in
Florida.

3.7.1.1 Nearby strikes

From 1977 to 1985, a test power distribution line at the Kahokugata site in Japan (see
Table 3.1) was used for studying the induced effects of close triggered-lightning
strikes to ground [7]. Both negative and positive polarity flashes were triggered.
The wire simulating the phase conductor was 9 m above ground, and the minimum
distance between the test line and the rocket launcher was 77 m. The peak value of
induced voltage was found to be linearly related to the peak value of lightning
current, with 25-30 kV corresponding to a 10-kA stroke. Installation of a grounded
wire 1 m above the phase conductor resulted in a reduction of the induced voltage peak
by ~40 per cent. Horii and Nakano [22; figure 6.4.2] show a photograph of the test
distribution line being struck directly during the induced-effect experiments. All
triggered-lightning experiments in Japan were performed in winter.

In 1986, the University of Florida lightning research group studied the interaction
of triggered lightning with an unenergized, three-phase 448-m overhead test line at the
NASA Kennedy Space Center. Lightning was triggered 20 m from one end of the line,
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and acquired data included induced voltages on the top phase (10 m above ground)
and fields at a distance of 500 m from the lightning channel [92]. Two types of
induced-voltage waveforms were recorded: oscillatory and impulsive. The former
exhibit peak values that range from tens of kilovolts to ~100 kV, while the latter
show peak voltages nearly an order of magnitude larger. The oscillatory nature of
the waveforms is due to multiple reflections at the ends of the line. Both types of
voltage waveforms were observed to occur for different strokes within a single
flash. The time domain technique of Agrawal and colleagues [93] as adopted by
Master and Uman [94], Rubinstein and colleagues [95] and Georgiadis and colleagues
[96] was used to model the observed voltages. Some success was achieved in the mod-
elling of the oscillatory voltage waveforms, whereas all attempts to model the impul-
sive waveforms failed, probably because these measurements had been affected by a
flashover in the measuring system. Rubinstein and colleagues [92] used only the
return-stroke electric field as the source in their modelling, assuming that the contri-
bution from the leader was negligible. In a later analysis of the same data, Rachidi
and colleagues [97] found that the overall agreement between calculated and measured
voltages of the oscillatory type was appreciably improved by taking into account the
electric field of the dart leader.

From 1993 to 2004, studies of the interaction of triggered and natural lightning with
power distribution systems were conducted at Camp Blanding, Florida. An overview
of the Camp Blanding facility in 1997 is given in Figure 3.25.

During the 1993 experiment at Camp Blanding, the voltages induced on the
overhead distribution line shown in Figure 3.25 were measured at poles 1, 9 and 15.
The line had a length of ~730 m. The distance between the line and the triggered
lightning strikes was 145 m. The line was terminated at both ends with a resistance
of 500 (), and its neutral (the bottom conductor; see Figure 3.25) was grounded at
poles 1, 9 and 15. The results of this experiment have been reported by Barker and
colleagues [98] and are briefly reviewed next. Waveforms of the induced voltage
and of the total lightning current were obtained for 63 return strokes in 30 triggered
flashes. The typical induced voltage waveform at pole 9 and corresponding lightning
return-stroke current waveform are shown in Figure 3.26. A strong correlation was
observed between the peak values of the return-stroke current, ranging from 4 to
44 kA, and the voltage, ranging from 8 to 100 kV, induced at pole 9, with a correlation
coefficient of 0.97 (see Figure 3.27). Voltages induced at the terminal poles were typi-
cally half the value of the voltage induced at pole 9.

In the period 1994 to 1997, the test distribution system at Camp Blanding shown
in Figure 3.25 was subjected to both direct (see Section 3.7.1.2) and nearby
triggered-lightning strikes. A large number of system configurations were tested,
and several important results were obtained. It was observed, for example, that
when lightning strikes earth at tens of metres from the system’s grounds, an appreci-
able fraction of the total lightning current enters the system from earth [99-101].
The observed peak values of current entering the system from earth, in per cent of
the total lightning current peak, were (for three different events) 10 per cent at 60 m
(see Figure 3.28), 5 per cent at 40 m and 18 per cent at 19 m from the ground
strike point. These observations have important implications for modelling of
lightning-induced effects on power lines.
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Figure 3.26  Typical induced voltage at pole 9 and corresponding lightning return-
stroke current (93-05) reported by Barker and colleagues [98]
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Figure 3.27  Peak induced voltage (8 to 100 kV) at pole 9 versus return-stroke peak
current (4 to 44 kA), n = 63 (adapted from Reference 98)

In 2003, the vertical-configuration, three-phase plus neutral, power distribution line
(see Figure 3.29) at Camp Blanding, Florida, was subjected to induced effects of
triggered-lightning strikes to ground 7 and 15 m from the centre of the line and
11 m from one of its termination poles. The line was equipped with surge arresters
(at 4 out of 15 poles), and its neutral was grounded at 6 poles (4 poles with arresters
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Figure 3.28  Current versus time waveforms for flash 9516, displayed on a 50 us
scale: (a) total lightning current, CENG, (b) ground-rod current,
Al19, measured 60 m from the lightning strike point (adapted from
Reference 46)
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Figure 3.29  Overview of the ICLRT at Camp Blanding, Florida, 2000—2003

and 2 termination poles). At the termination poles, 500-() resistors were connected
between each phase conductor and the neutral. Paolone and colleagues [102] com-
pared measured lightning-induced currents along the line with those predicted by
the LIOV-EMTP96 Code [103] and found a reasonably good agreement for most,
although not all, current measurement locations.

3.7.1.2 Direct strikes

As noted above, various configurations of distribution system at Camp Blanding
(see Figure 3.25) were tested in the period 1994 to 1997. In 1996, the responses of
MOV arresters in the system, composed of an overhead line, underground cable,
and padmount transformer with a resistive load, were measured during very close,
direct lightning strikes to the overhead line. Arresters were installed on the overhead
line at two locations 50 m apart (on either side of the strike point) and at the
primary of the padmount transformer, which was connected to the line via the under-
ground cable. Simultaneously recorded arrester discharge current and voltage wave-
forms were obtained. Additionally, the energy absorbed by an arrester on the line as
a function of time for the first 4 ms for one lightning event was estimated. The total
energy absorbed by the arrester was 25 kJ (~60 per cent of its maximum energy
capability). The energy absorbed during the initial 200 s was ~8 kJ.

Mata and colleagues [104] used EMTP to model a direct lightning strike to the
overhead power line shown in Figure 3.25. Overall, measured voltages and currents
have been fairly well reproduced by EMTP simulations.

More details on findings from the 1994 to 1997 experiments at Camp Blanding are
found in References 14, 99 and 104—106.

Presented below are results of triggered-lightning experiments conducted in 2000,
2001 and 2002 at the ICLRT at Camp Blanding, Florida, to study the responses of
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four-conductor (three-phase plus neutral) overhead distribution lines to direct light-
ning strikes (see Figure 3.29). Presented first are direct-strike results for the line
with horizontally configured phase conductors obtained in 2000 and then for the
line with vertically configured phase conductors obtained in 2001 and 2002.

Horizontal configuration distribution line

The horizontal configuration, 856-m line was subjected to eight lightning flashes
containing return strokes between 11 July and 6 August 2000 [107]. The line was
additionally subjected to two flashes without return strokes that are not considered
here. The lightning current was injected into the phase C conductor in the middle
of the line. Six of the eight flashes with return strokes produced damage to the
phase C arrester at pole 8. Of the two that did not, one had a triggering wire over
the line and the other produced a flashover at the current injection point. The eight trig-
gered flashes contained 34 recorded return strokes. These return strokes were charac-
terized by submicrosecond current rise times and by peak currents having geometric
and arithmetic means between 15 and 20 kA with a maximum peak current of 57 kA.
Each triggered flash also contained an ICC of the order of hundreds of amperes, which
flowed for a time of the order of hundreds of milliseconds, and some flashes contained
a similar continuing current after subsequent strokes. The placement of conductors and
arresters on the test distribution line is illustrated in Figure 3.30. A total of six three-
phase sets of arresters were installed on the line, at poles 2, 5, 8, 11, 14 and 17, the
arresters being connected between the phase conductors and the neutral conductor.
The neutral of the line was grounded at these poles and at the two line-terminating
poles, 1 and 18. The 856-m three-phase line was terminated at each end in an
impedance of ~500 () The distance between poles of the line varied from 47 to 73 m.

The grounding of the neutral at each arrester-equipped pole and at each of the two
terminating poles was accomplished by means of 24 m vertically driven ground rods.
The low-frequency, low-current grounding resistance of each pole ground was
measured on several occasions using the fall-of-potential method. The measured
grounding resistances in September 2000 were 41, 47, 28, 52, 55, 46, 37 and 22 ()
for the ground rods at poles 1, 2, 5, 8, 11, 14, 17 and 18, respectively. Two different
brands of 18-kV MOV arresters were used in the experiment: arresters installed at
poles 2, 5, 14, 17 were from manufacturer A and those installed at poles 8 and 11
were from manufacturer B. Polymer insulators were used at the terminating poles
and ceramic insulators on all other poles, all 35-kV rated.

Arrester currents, line currents, and neutral currents were measured with current
transformers (CTs), and currents through the terminating resistors at pole 1 and at
each pole ground location with 1-m{) current viewing resistors (shunts). The
current signals were recorded on Lecroy digitizing oscilloscopes at a sampling rate
of 20 MHz. The total triggered-lightning current was measured at the rocket launching
unit with a 1-m{) shunt and recorded with a Lecroy digitizing oscilloscope having a
sampling rate of 25 MHz.

The focus of the study was on the paths of return stroke current and charge transfer
from the current injection point on one phase, C, between poles 9 and 10, to the eight
grounds. This current division was examined in detail only for the case, flash 0036, in
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Figure 3.30  Placement of conductors and arresters on the test distribution line
(adapted from Reference 107)

which arrester failure did not occur or had not yet occurred in the flash, except for
Figure 3.34 where all strokes recorded in 2000 without severe saturation were
included. In flash 0036, an ICC and five return strokes were injected into phase C
between poles 9 and 10 prior to the arrester failure at pole 8. The arrester on pole 8
failed following the fifth stroke, perhaps from the accumulation of energy from the
ICC and the five strokes or from those currents and any following unrecorded continu-
ing current and additional strokes. As an example, Figure 3.31 depicts the division of
the incident current for the first stroke of flash 0036. This stroke had a peak current of
~26 kA. Note that the arrester current at pole 8§ was lost due to instrumentation
(fibre-optic link) malfunction, but it was likely similar to the arrester current at pole
11, given the symmetry of the other currents on the line. Also, the current through
the terminating resistor at pole 18 was not measured.

Figure 3.32 shows the arrester and terminating-resistor peak currents recorded for
all five strokes of flash 0036, while Figure 3.33 gives the peak currents entering all
eight pole grounds for the five return strokes. It is evident from Figures 3.31 to 3.33
that the bulk of the peak current injected into phase C passed through the arrester at
pole 11, and by inference at pole 8, and also went to ground mostly at poles 8 and 11.

Figure 3.34 shows the measured distribution of peak current to ground for all
strokes triggered to the horizontal configuration line in 2000. In many of these
events there were line flashovers. It is evident that all strokes show a behaviour
similar to that in the example above for flash 0036.

Figure 3.31 shows current waveforms only to 100 s, although the total duration of
current records is 10 ms. Figure 3.35 shows percentages of charge transfer through
arresters and terminating resistor at pole 1, and Figure 3.36 percentages of charge
transfer through ground rods, at 100 ws, 500 s and 1 ms.

It is clear from Figure 3.31, an observation also illustrated in Figure 3.36, that after
25 s or so the current from the neutral to ground no longer flows primarily through
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Measured peak currents through arresters and terminating resistor at
pole 1 for strokes 1 through 5 (in ascending order from left to right)
of flash 0036. Arrester currents at pole 8 were lost due to instrumenta-
tion malfunction. Currents through the terminating resistor at pole 18
were not measured (adapted from Reference 107).
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Measured peak currents to ground for strokes I through 5 (in ascending
order from left to right) of flash 0036 (adapted from Reference 107)

the grounds closest to the strike point but is more uniformly distributed among the
eight grounds. In fact, the currents after 25 ps are distributed roughly inversely to
the measured low-frequency, low-current grounding resistance. Figure 3.36 shows
that the percentage of charge transferred to a given ground rod in the first 100 s is
not much different from that transferred in the first millisecond.

As seen in Figure 3.31, there are considerable differences among the waveshapes of
currents measured in different parts of the test system. As a result, the division of peak
current to ground (Figure 3.33) is very different from the division of associated charge
transfer (Figure 3.36). It appears that the higher-frequency current components that are
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Percentage of total charge transferred through phase C arresters at
different poles and terminating resistor at pole 1, calculated at three
different instants of time (100 us, 500 ws and I ms from the beginning
of the return stroke) for stroke 1 of flash 0036. No measurements are
available at pole 8 and pole 18 (adapted from Reference 107).
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Figure 3.36  Percentage of total charge transferred to ground at different poles, cal-
culated at three different instants of time (100 ws, 500 ps and 1 ms
from the beginning of the return stroke) for stroke 1 of flash 0036
(adapted from Reference 107)

associated with the initial current peak tend to flow from the struck phase to ground
through the arresters and ground rods at the two poles closest to the current injection
point (see also Figure 3.34). The low-frequency, low-current grounding resistances of
the ground rods apparently have little or no effect on determining the paths for these
current components. The lower-frequency current components that are associated with
the tail of current waveforms are distributed more evenly among the multiple ground
rods of the test system and appear to be significantly influenced by the low-frequency,
low-current grounding resistances of the ground rods. In fact, the distribution of
charge transfer in Figure 3.36 is very similar to the distribution of the inverse of the
low-frequency, low-current grounding resistances of the ground rods, with poles
5 and 18 having the largest charge transfer and the lowest grounding resistances.
Because the current waveshapes may differ considerably throughout the system,
charge transfer is apparently a better quantity than the peak current for studying the
division of lightning current among the various paths in the system.

In summary, for the 856-m, horizontally configured four-conductor, unenergized
test power distribution line equipped with six sets of MOV arresters and each phase
terminated at each end in a 500-() resistor, the following statements can be made.

e There are considerable differences among the waveshapes of currents flowing
from the struck phase to neutral and from the neutral to ground at different
poles of the line.

e The higher-frequency current components that are associated with the initial
current peak tend to flow from the struck phase to neutral and then to ground at
the two poles adjacent to the lightning current injection point.
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e The division of lightning charge among the multiple paths between the
struck phase and neutral is different from the division of charge among the mul-
tiple ground rods. The charge transfer from the struck phase to neutral tends to
occur at the two poles adjacent to the lightning current injection point, while
the charge transfer from the neutral to ground is apparently determined by the
low-frequency low-current grounding resistances of the ground rods.

Vertical configuration distribution line

The vertical configuration, 812-m line was subjected to four lightning flashes contain-
ing return strokes (also to four flashes without return strokes) between 26 July and
5 September 2001 and to ten flashes with return strokes between 27 June and
13 September 2002 [108,109]. In 2001, return-stroke peak currents ranged from
6 to 28 kA and in 2002 from 6 to 34 kA. Arresters were installed at poles 2, 6, 10
and 14. Lightning current was injected into the top conductor near the centre of
the line.

In 2001, for one of the flashes having return strokes, an arrester failed early in the
flash, probably during the IS. The three other flashes with return strokes were triggered
with failed arresters already on the line, those failures being caused by previous flashes
without return strokes and by the one flash that likely caused an arrester failure during
its IS. Two flashes without return strokes did not damage arresters. One flash with
return strokes was triggered when the line contained two damaged arresters, resulting
in the failure of a third arrester. Note that the charge transfer associated with the IS
current is of the order of tens of coulombs, more than an order of magnitude larger
than the charge transfer associated with triggered-lightning return strokes.

In 2002, in order to reduce arrester damage during the IS of rocket-triggered
lightning, a different configuration of the tower launching system was used. This
new configuration allowed the diversion of most of the IS current to ground at the
tower base. Additionally, two arresters were installed in parallel on the struck (top)
phase conductor. In 2002, arresters failed on three storm days out of a total of five
(60 per cent), compared with two out of three storm days (67 per cent) in 2001.
Flashovers on the line were very frequent during the direct strike tests. Significant
currents were detected in phase B, which was not directly struck by lightning, with
the waveshape of phase B currents being similar to that of the corresponding
current in phase A that was directly struck.

Overall, the results presented in this section suggest that many direct lightning
strikes to power distribution lines are capable of damaging MOV arresters, unless
alternative current paths (flashovers, transformers, underground cable connections,
and so on) are available to allow the lightning current to bypass the arrester.

In 2003, the vertical configuration line was equipped with a pole-mounted
transformer. With the transformer on the line, the bulk of the return-stroke current
injected into the line after ~1 ms flowed from the struck phase to the neutral
through the transformer primary protected by an MOV arrester. Very little lightning
current was passing through the transformer primary during the first few hundred
microseconds.
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3.7.2  Underground cables

In 1993, an experiment was conducted at Camp Blanding to study the effects of light-
ning on underground power distribution systems. All three cables shown in
Figure 3.25 were used in this experiment. The cables were 15-kV coaxial cables
with polyethylene insulation between the centre conductor and the outer concentric
shield (neutral). One of the cables (Cable A) had an insulating jacket and was
placed in a PVC conduit, another one (Cable B) had an insulating jacket and was
directly buried, and the third one (Cable C) had no jacket and was directly buried.
The three cables were buried 5 m apart at a depth of 1 m. Thirty lightning flashes
were triggered, and lightning current was injected into the ground directly above
the cables, with the current injection point being approximately equidistant from
instrument stations 1 and 2 (see Figure 3.25) but at different positions with respect
to the cables. The cables were unenergized. Transformers at instrument stations 1,
2, 3 and 4 were connected to Cable A. More details on this test system configuration
are found in Reference 105.

Barker and Short [110—112] reported the following results from the underground
power cables experiment. After lightning attachment to ground, a substantial fraction
of the lightning current flowed into the neutral conductor of the cable, with ~15 to 25
per cent of the total lightning current (measured at the rocket launcher) being detected
70 m in either direction from the strike point at instrument stations 1 and 2. The largest
voltage measured between the centre conductor and the concentric neutral of the cable
was 17 kV, which is below the cable’s basic insulation level (BIL) rating. Voltages
measured at the transformer secondary were up to 4 kV. These could pose a threat
to residential appliances. The underground power cables were excavated by the
University of Florida research team in 1994. Lightning damage to these three cables
is illustrated in Figure 3.21.

Paolone and colleagues [113] measured, at Camp Blanding, Florida, currents
induced by triggered (and natural) lightning events at the end of a buried coaxial
cable, both in the cable shield and in the inner conductor. The horizontal magnetic
field above the ground surface was also measured. The obtained experimental data
have been used to test the theoretical models and the developed time- and frequency-
domain computer codes. In general, a reasonably good agreement has been found
between numerical simulations and experimentally recorded waveforms.

3.7.3  Power transmission lines

Extensive studies of the interaction of triggered lightning with an unenergized power
transmission line, the Okushishiku test line, were performed in Japan. The line was
designed to operate at a voltage of 275 kV and had six conductors and one ground
wire suspended on seven steel 60-m towers. The total length of the test line was
2 km. All experiments were conducted in winter, primarily using the altitude
triggering technique.

The distribution of triggered lightning current injected into the tower top among the
four tower legs and the overhead ground wire was studied. The currents through the
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four legs were not equal, presumably because of the differences among the grounding
impedances of the individual legs. It was observed that the higher-frequency com-
ponents of current tended to flow to ground through the struck tower, and the lower-
frequency components appeared to travel to other towers along the ground wire.
Currents in the phase conductors and voltages between each phase conductor and
the tower were also measured.

3.7.4 Residential buildings

In 1997, the grounding system of a test house (labelled ‘simulated house’ in
Figure 3.25) at Camp Blanding was subjected to triggered-lightning discharges for
three different configurations, with the house’s electrical circuit being connected
to the secondary of a transformer in IS1, about 50 m distant. The primary of the trans-
former was connected to the underground cable which was open-circuited at IS4. The
cable’s neutral was grounded at IS1 and IS4. The test system was unenergized. The
division of lightning current injected into the grounding system of the test house
among the various paths in the overall test system was analysed. The waveshapes of
currents in the ground rods of the test house differed markedly from the current wave-
shapes in other parts of the overall system. The ground rods at the test house appeared
to filter out the higher-frequency components of the lightning current, allowing the
lower-frequency components to enter the house’s electrical circuit. In other words,
the ground rods exhibited a capacitive rather than the often expected and usually mod-
elled resistive behaviour. This effect was observed for d.c. resistances of the ground
rods (in typical Florida sandy soil) ranging from more than a thousand ohms to
some tens of ohms. The peak value of the current entering the test house’s electrical
circuit was found to be over 80 per cent of the injected lightning current peak, in con-
trast with the 25 or 50 per cent assumed in two IEC-suggested scenarios, illustrated in
Figure 3.37. Similarly, the percentages of current flowing (i) to the transformer sec-
ondary neutral and (ii) through the SPDs were observed to be approximately a
factor of two to four greater than those expected in the IEC hypothetical scenario
shown in Figure 3.37a. Selected current waveforms for one of the configurations
tested are presented in Figure 3.38. Because the current waveshapes may differ con-
siderably throughout the system, charge transfer is apparently a better quantity than
the peak current for studying the division of lightning current among the various
paths in the system.

3.7.5 Airport runway lighting system

In 1997 to 1998, the University of Florida conducted a major experiment to study the
interaction of lightning with an airport lighting system, shown in Figure 3.39. The
experiment was conducted at Camp Blanding, Florida (see Figure 3.25). The test
airport lighting system was subjected to a total of 16 lightning strikes, 12 of which con-
tained one or more return strokes. The total number of return strokes was 47 (24 in
1997 and 23 in 1998). Lightning current injection points were (i) the pavement, (ii)
one of the stake-mounted lights, (iii) the counterpoise, and (iv) the ground directly
above the counterpoise or between the counterpoise and the edge of the pavement.
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Figure 3.39  Schematic representation of the test runway and its lighting system. The
horizontal dimensions of the lighting system are ~106 m x 31 m. The
cable is buried at a depth of 0.4 m with the counterpoise placed in
the same trench 0.1 m or so above the cable. The counterpoise was con-
nected to the light stakes and cans (adapted from Reference 47).

The system was energized using a generator and a current regulator for some of the
tests and unenergized for others. The total lightning current and the currents and
voltages at various points on the lighting system were measured.

The results of these experiments are presented by Bejleri and colleagues [47]. They
include the first measurements of the responses of an underground bare conductor
(counterpoise) to direct lightning strikes. These measurements can serve as ground
truth for the testing of the validity of various counterpoise models. Overall results
of the experiments can be summarized as follows.

Current decay along the counterpoise

When lightning struck a stake-mounted light or directly struck the counterpoise, 10 to
30 per cent of the total lightning current was dissipated locally, within 3 m of the strike
point (from measurements made at a distance of 3 m on either side of the strike point),
while 70 to 90 per cent was carried by the counterpoise further away from the
strike point. Measurements of the counterpoise current at four different locations
(two on each side of the strike point) made it possible to estimate that ~63 per cent
of the current detected 3 m from the strike point was dissipated in the ground after pro-
pagating along 50 m of the counterpoise, and ~73 per cent of the current detected 3 m
on the other side from the strike point was dissipated in the ground after propagating
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along 67 m of the counterpoise. The average per cent current decay rate is ~ 1 per cent
per metre, independent of the peak current at the origin (peak current measured 3 m
from the strike point). The current waveshape changes as the current wave propagates
along the counterpoise; however, the rise time remains more or less the same, a plateau
or a broad maximum, not seen in the total lightning current waveform, is observed at
distances of 50 and 67 m. The plateau duration is approximately between 10 and
50 ps. In some cases, when the lightning current is smaller than 10 kA, current wave-
forms do not exhibit the plateau.

Currents in vertical ground rods
During experiments with configurations 1 and 2 (a total of four configurations were
tested) the entry point of current in the counterpoise was ~12 m from the north
ground rod (see Figure 3.39). In this case, the current through the ground rod was
as high as 1 to 2 kA, accounting for 10 to 15 per cent of the total lightning current.
During experiments with configurations 3 and 4 the entry point of current in the
counterpoise was ~36 m from the south ground rod. Shown in Figure 3.40 are the
waveforms of the injected lightning current and the current through the ground rod
for the first stroke of triggered lightning flash U9841. In this particular case the
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Figure 3.40  Lightning channel current, 1, and ground rod current, l,,,, for flash
U9841, first return stroke (adapted from Reference 47)
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current through the ground rod accounted for ~1.3 per cent of the lightning channel
current (peak values). For all the lightning strikes 36 m from the south ground rod, the
maximum value of current leaving the system through this ground rod was ~300 A,
which was less than 5 per cent of the total lightning current. The ground rod current
waveform had approximately the same rise time as the lightning current but shorter
duration. This suggests that the ground rod is a better path than the counterpoise for
the higher-frequency current components.

Cable currents

From the data recorded, it appears that the current flowing in the counterpoise induced
current in the cable. The largest currents in the cable were observed near the current
injection point. No evidence of direct lightning current injection into the cable or flash-
over to the cable from the counterpoise was found, but they definitely cannot be ruled
out. Voltage pulses between the cable and the counterpoise had magnitudes of some
tens of kilovolts (likely underestimated due to insufficiently short sampling interval
of 50 ns) and very short durations, ranging from a few hundred nanoseconds to a
few microseconds.

Lightning damage to the system

Several elements of the test airport runway lighting system sustained damage caused
by one or more lightning strikes. The damage included (i) failure of one of the elec-
tronic boards of the current regulator (CCR), (ii) minor damage to the light fixture
and to the glass cover of the light bulb of the stake-mounted light under the launcher,
(ii1) multiple burn marks on the surface of the secondary cable of the current transfor-
mers (at the strike point and at a distance of 36 m from it), (iv) pinholes on the second-
ary cable of the current transformer, and (v) melting of the counterpoise conductor at
the point where the lightning attached to the system.

3.7.6  Miscellaneous experiments

Besides the tests described above, triggered-lightning experiments have been per-
formed in order to study the interaction of lightning with a number of miscellaneous
objects and systems and for a variety of other reasons. Some of those studies are
briefly reviewed below. Triggered lightning has been used to test power transformers
[7], lightning arresters [22,115,116], overhead ground wires [22], lightning rods
including so-called early-streamer-emission rods [117] and high-resistance (tens to
hundreds of k(}), current-limiting rods [118], explosive materials [6] and explosives
storage facilities [119]. Various aspects of lightning safety have been studied using a
mannequin with a hairpin on the top of its head and a metal-roof car with a live
rabbit inside [7,11]. The car was confirmed to be a lightning-safe enclosure. Step
voltages have been measured within a few tens of metres of the triggered-lightning
strike point [7,82,120]. Voltages have been measured across a single overhead
power line tower and between the tower footing and remote ground (over a distance
of 60 m), along with the lightning current injected into the tower [121].
Additionally, triggered lightning has been used to make fulgurites [79,80,
122,123]. Photographs of fulgurites are found in Figures 3.21 and 3.22. Oxide
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reduction during triggered-lightning fulgurite formation has been examined by Jones
and colleagues [81].

3.8 Concluding remarks

The rocket-and-wire technique has been routinely used since the 1970s to artificially
initiate (trigger) lightning from natural thunderclouds for purposes of research and
testing. Leader/return stroke sequences in triggered lightning are similar in most
(if not all) respects to subsequent leader/return-stroke sequences in natural downward
lightning and to all such sequences in object-initiated lightning. The initial processes
in triggered lightning are similar to those in object-initiated (upward) lightning and are
distinctly different from the first leader/return-stroke sequence in natural downward
lightning. The results of triggered-lightning experiments have provided considerable
insight into natural lightning processes that would not have been possible from
studies of natural lightning due to its random occurrence in space and time. Among
such findings are the observation of an UCL in a dart leader/return-stroke sequence,
identification of the M-component mode of charge transfer to ground, the observation
ofa lack of dependence of return-stroke current peak on grounding conditions, discov-
ery of X-rays produced by lightning dart leaders, new insights into the mechanism
of cutoff and reestablishment of current in the lightning channel, direct measurements
of NO, production by an isolated lightning channel section and the characterization of
the electromagnetic environment within tens to hundreds of metres of the lightning
channel. Triggered-lightning experiments have contributed significantly to testing
the validity of various lightning models and to providing ground-truth data for the
US National Lightning Detection Network (NLDN). Triggered lightning has proved
to be a very useful tool to study the interaction of lightning with various objects
and systems, particularly in view of the fact that simulation of the lightning channel
in a high-voltage laboratory does not allow the reproduction of many lightning features
important for lightning protection and it does not allow the testing of large distributed
systems such as overhead power lines.
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Chapter 4

Attachment of lightning flashes to grounded
structures

Vernon Cooray and Marley Becerra

4.1 Introduction

As a stepped leader approaches the ground, the electric field at the extremities of
grounded structures increases to such a level that some of these structures or different
parts of the same structure may launch connecting leaders towards the down-coming
stepped leader. The first return stroke is initiated at the instant contact is made between
the down-coming stepped leader and one of these connecting leaders. The strike point
of the lightning flash is the place from which the connecting leader that made the
successful connection to the stepped leader was initiated.

An exact evaluation of the point of lightning strike of a structure should take into
account the development of streamers from the extremities of the structure, the sub-
sequent streamer-to-leader transition, the inception of a stable propagating leader
and the final encounter between the upward-moving connecting leader and the down-
coming stepped leader. However, current international standards on lightning protec-
tion of structures and power transmission and distribution lines are based on different
concepts and models, namely the protective angle method and the electro-geometrical
method (of which the rolling sphere method was a derivative); these neglect most of
the physics associated with the attachment process of lightning flashes with structures.
However, lightning research has progressed significantly over the last several decades,
resulting in a deeper understanding of the physics of the process of attachment and the
possibility of representing this physics in computer simulation procedures. Today, the
possibility exists of simulating the inception and propagation of leaders from grounded
structures under the influence of down-coming stepped leaders, so that the point of
lightning strike of any complex structure may be predicted.

The goal of this chapter is to present the current state of the art of lightning inter-
ception, and to show how the computer simulation programs that accommodate the
physics of lightning interaction could be used to complement the protection pro-
cedures based on either the electro-geometrical model or the rolling sphere method.
First, let us explain the basics of the simple procedures used by engineers to protect
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structures from lightning flashes. Some of these procedures are explained also in
Chapters 6 and 21. However, for the sake of completeness they are described here too.

4.1.1 The protection angle method

Determining the volume protected by a vertical conductor has been the subject of dis-
cussion since the time of Benjamin Franklin. In 1823, Gay-Lussac stated that a light-
ning rod protects effectively against a lightning strike in a circular space around it, the
radius of the space being twice the height of the rod [1]. Subsequent modifications to
the definition of the zone of protection were later published by Lodge [2], and repro-
duced and discussed by Golde [3]. The results presented by Golde are shown in
Figure 4.1. Note that with the exception of the work by Preece [4], the protection
zone of a vertical conductor is viewed as a cone. The apex angle of the cone is
known as the angle of protection of the vertical conductor. For a protective ratio
(the ratio of the base radius of the cone to the rod height) of 1:1, the angle between
the vertical rod and the lateral surface of the cone is 45°. A protective of ratio 2:1 cor-
responds to an angle of 60°. Until recently, the protection angle method was the one
recommended by lightning protection standards [5—7]. The concept of the cone of
protection can be used to locate lightning conductors on a building, as illustrated in
Figure 4.2. Note that the smaller the angle of protection assumed in the analysis,
the smaller is the separation between the adjacent lightning conductors located on
the structure (and the more reliable the protection offered by the lightning conductors).

During the early decades of the twentieth century, the problem of lightning protec-
tion of grounded structures was brought to the fore by the construction of power trans-
mission lines that extended over long distances. Because of the increased exposure of
the power grid to lightning, shielding ground conductors were used to protect the
phase conductors in transmission lines. The location of the shield wires was based
on the concept of protective angle. The volume of space protected by a horizontal
conductor according to this concept is shown in Figure 4.3. In designing the power
lines, the phase conductors were placed inside the volume of protection offered by

100

100 100 50 50 75 25

Figure 4.1 Zones of protection of a vertical rod, a JBCK cylinder, Gay Lussac
(1823); a BAC cone, DeFonville (1874); a DAE cone, Paris
Commission (1875); an LFGM cylinder, Chapman (1875); an FAG
cone, Adams (1881);, an OHIP cylinder hypothesis and FAG cone,
Preece (1880), an HAI cone, Melsens (adapted from Reference 3)
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the shield wire. Initially, based on empirical criteria and scaled laboratory models, the
apex angle of the cone was assumed to range between 20 and 75° [8]. Values of the
protective angle were formalized by Wagner and colleagues, and protective angles
of 30—45° are used in the design of power line geometry [8—10].

4.1.2  The electro-geometrical method

In long laboratory sparks created by switching voltage impulses, the breakdown
process is mediated by a leader travelling from the high-voltage electrode towards
ground. The propagation of the leader is facilitated by a streamer system emanating
from the tip of the leader channel (see Section 4.3.1). This streamer system supplies
the current necessary to heat the air and consequently extends the leader channel in
the gap. However, if the voltage is suddenly removed, the propagation of the leader
will be arrested and no electrical breakdown will take place in the gap. As the
leader continues to propagate towards the grounded electrode, a situation will be
reached in which the streamers will bridge the gap between the leader tip and the
ground. This situation is known as the final jump condition. When the final jump con-
dition is reached, the discharge cannot be arrested by removing the voltage and the
breakdown of the gap follows immediately.

Experimental observations and theoretical calculations show that the streamers
maintain a constant potential gradient along their axes. Thus, during the final jump
condition the average potential gradient between the tip of the leader and the grounded
electrode is equal to the potential gradient of the streamers. For positive streamers this
potential gradient is ~450—500 kV m ™' and for negatives it is 1 000—1 500 kV m ™"
[11,12]. In many applications 500 and 1000 kV m~ ' are taken as typical values.
Based on this laboratory observation one can hypothesize that when the average poten-
tial gradient between the leader tip and the ground is equal to the potential gradient of
the streamers, electrical breakdown takes place between the leader tip and the ground.
The critical distance between the leader tip and the ground when this condition is
reached is called the striking distance to flat ground. This concept of striking distance
is the basis of the electro-geometrical method (EGM). This method assumes that when
the stepped leader reaches a critical distance from a grounded structure where the
average potential gradient in the gap between the leader tip and the grounded structure
is equal to the streamer potential gradient, electrical breakdown takes place in the gap
immediately, and the lightning flash will be attracted to the grounded structure.
According to this scenario, the first point on a grounded structure that will come
within striking distance of the tip of the stepped leader channel will be the point of
strike of the lightning flash. Note that the striking distance to flat ground depends
only on the potential of the tip of the leader channel. This potential in turn depends
on the charge distribution of the leader channel. Because the return stroke current is
a result of the neutralization of leader charge, the peak return stroke current that will
result when the stepped leader makes ground contact (i.e. prospective return stroke
current) depends on the charge distribution of the leader channel. The larger the
charge on the leader, the larger will be the prospective return stroke current. This
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connection between the leader potential, leader charge and the prospective return
stroke current makes it possible to express the striking distance either as a function
of leader charge or as a function of the peak of the prospective return stroke current.
Because the striking distance decreases with decreasing leader charge, it also
decreases with decreasing return stroke current. Consequently, a leader channel with
a smaller prospective return stroke current has to come much closer to a structure
than a leader channel associated with a larger prospective return stroke current
before the leader becomes attached to the structure.

Electro-geometrical theory as used today for designing the shielding of power
transmission lines was first proposed by Armstrong and Whitehead [13]. In order to
illustrate how this concept is applied in power transmission lines, consider an infinitely
long horizontal conductor located at height /# above ground, as shown in Figure 4.4.
Let us denote the striking distance 7. According to the electro-geometrical concept,
if the down-coming stepped leader intercepts the horizontal planes generated by the
projection of line segments AB and CD in a horizontal direction perpendicular to
ABCD, it will be attracted to ground. However, if the stepped leader intercepts the
semicircular arc BC or the surface generated by projecting the semicircular arc in a
horizontal direction perpendicular to ABCD, it will be attracted to the horizontal con-
ductor. Now consider a power transmission line as shown in Figure 4.5. According to
the EGM, if the tip of the stepped leader reaches any point on the arc CD it will be
attracted to the shielding conductor. If it reaches arc BC it will be attracted to the
phase conductor and a shielding failure would occur (Figure 4.5a). If it reaches any

.
~_ Horizontal
conductor

Ground

Figure4.4  Attachment of a lightning flash to a horizontal conductor according to the
electro-geometrical method (EGM). If the down-coming stepped leader
intercepts the horizontal planes generated by the projection of line seg-
ments AB and CD in a horizontal direction perpendicular to ABCD, it
will be attracted to ground. On the other hand, if the stepped leader inter-
cepts the semicircular arc BC or the surface generated by projecting the
semicircular arc in a horizontal direction perpendicular to ABCD it will
be attracted to the horizontal conductor.
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Figure 4.5  Sketch of a power transmission line and the lightning exposure arcs of
the conductors according to the electro-geometrical method (EGM).
This example shows a transmission line with (a) expected shielding
failures and (b) perfect lightning performance.

other point on the line AB it will be attracted to ground. One can see from this figure
that by changing the angle 6 one can reduce the length of the exposure arc CD of the
phase conductor. Power engineers use this concept to locate the overhead ground con-
ductors in such a way as to screen the phase conductors from lightning flashes, as
shown in Figure 4.5b. In practical applications the striking distance associated with
overhead conductors is assumed to be slightly higher (about 10 per cent) than that
corresponding to flat ground. The reason why a longer striking distance is selected
for the overhead conductors will be explained in Section 4.3.

4.1.3  The rolling sphere method

In the early 1960s, based on the concept of protected spaces boarded by circular arcs as
introduced by Schwaiger [14], Horvath [15] proposed the use of a fictitious sphere for
the location of lightning conductors on structures; this was soon introduced into the
Hungarian standard. The term ‘rolling sphere’ originates from the studies conducted
in the United States by Lee [16,17]. The concept of the rolling sphere is directly
related to the electro-geometrical models in that it is based on the assumption that a
stepped leader has to approach to a critical distance, i.e. striking distance, before it
will be attracted to the structure. In other words, this concept assumes that there is a
spherical region with radius equal to the striking distance and located around the tip
of the stepped leader, with the property such that the first point of a grounded structure
that enters into this spherical volume will be the point of attachment of the stepped
leader. In layman terms one can consider this region as the ‘visual region’ of the
stepped leader. Based on this concept, the air terminals of a grounded structure are
located in such a way that when a sphere with a given radius (i.e. striking distance)
is rolled around the structure, it should touch only the conductors of the lightning
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Figure 4.6  In the protection of structures using the rolling sphere method, when a
sphere of radius R (the magnitude of which depends on the peak
return stroke current) is rolled over the surface of the structure it
should touch only the external lightning protection system. Note that if
the height of the building is larger than the radius of the sphere
(diagram (a)) the lightning protection system should also cover the
sides of the vertical walls. This is the case because the rolling sphere
method predicts the possibility of lightning strikes to the sides of the
building. However, if the height of the structure is smaller than the
radius of the sphere (diagram (b)) this precaution is unnecessary.

protection system. Two examples of the application of the rolling sphere method are
shown in Figure 4.6. Note that the rolling sphere predicts the possibility of lightning
strikes below the top of the structure as have been observed in field observations.
Figure 4.7 shows an example of a lightning strike below the top of the CN tower in
Toronto, Canada [18].

Consider a lightning protection system designed using a rolling sphere of a given
radius. This radius, being the striking distance, is associated with a certain peak
return stroke current. Let us denote this /... Any stepped leader associated with a pro-
spective peak return stroke current larger than /. will be associated with a rolling
sphere of larger radius; such a stepped leader will not be able to penetrate the lightning
protection system. On the other hand, a stepped leader associated with a current



172 Lightning Protection

Figure 4.7 Photograph showing a lightning flash striking a point below the top of
CN tower in Canada (photograph courtesy of Prof.- A.M. Hussein)

smaller than 7; will have a smaller rolling sphere radius and such strokes may be able
to penetrate through the lightning protection system and strike the structure. Thus, fora
more sensitive structure for lightning strikes a smaller sphere radius should be used in
creating the lightning protection system.

In lightning protection standards such as the IEC standards [5—7], the protection
levels are defined as I, II, III and IV. A structure lightning protection system based
on level I would not allow a return stroke peak current larger than 2.9 kA to penetrate
the lightning protection system. The corresponding currents for levels I, III, IVare 5.4,
10.1 and 15.7 kA, respectively. The rolling sphere radii associated with these protec-
tion levels are given in Table 4.1. Based on the statistical distribution of the first return
stroke peak currents, one can estimate that level I provides complete protection against
99 per cent of all ground flashes and level IV provides protection against 84 per cent of
all ground flashes. Note that the statement ‘protection against 84 per cent of all ground
flashes’ does not mean that the remaining 16 per cent of the lightning flashes will strike
the structure. In other words, not all the return strokes with peak currents less than
15.7 kA will penetrate through the protection system and strike the structure.
Depending on the location of the down-coming stepped leader, some of these low-
current flashes will also be captured by the lightning protection system.

One can utilize the rolling sphere method to determine the volume of space pro-
tected by a structure and the equivalent protective angle for the cone of protection.
This is illustrated in Figure 4.8a. The shaded region shows the volume of space pro-
tected by the conductor (only one side of the protected space is shown). Note that
for a given rolling sphere radius, the equivalent cone angle varies with the height of
the structure. For a rolling sphere with a 20-m radius (corresponding to level I protec-
tion), the equivalent cone angle is about 45° for a 10-m-high structure and 25° for a
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,f”""““\

(a)

Figure 4.8  (a) The rolling sphere method can be used to estimate the angle of pro-
tection offered by a vertical conductor. (b) The critical contour in space
that will decide whether the down-coming leader will strike the vertical
lightning rod or ground. If the down-coming leader intercepts the semi-
circular arc marked by a dotted line symmetrically located around and
over the lightning rod, then the leader will be intercepted by the rod. If
the down-coming stepped leader intercepts the horizontal lines (again
marked by dotted lines) then it will be attracted to ground.

20-m-high structure. As one can see from Table 4.1, for a given height of the structure
this angle increases when moving from level I to IV. In addition to the volume of space
protected by a vertical conductor as dictated by the rolling sphere method, Figure 4.8b
also shows the critical contour in space that will decide whether the down-coming
leader will strike the conductor or the ground. If the down-coming leader intercepts
the semicircular arc marked by a dotted line symmetrically located around and
over the conductor, then the leader will be intercepted by the conductor. If the
down-coming stepped leader intercepts the horizontal lines (again marked by dotted
lines), then it will be attracted to the ground.

Despite the widespread use of the rolling sphere method, there are several factors
that call for modifications to its present form [19]. First, the rolling sphere method
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predicts that the probability of a lightning strike is the same irrespective of whether it
strikes flat ground or a flat surface, a sharp point, an edge or a corner of a structure.
However, field observations of buildings struck by lightning in Malaysia and
Singapore [20,21] have shown that nearly all observed strikes, i.e. more than 90 per
cent of the observed cases, terminate on sharp points or protruding corners. Only a
few lightning strikes occurred to exposed horizontal or slanting edges (less than
5 per cent) and to elevated vertical edges (less than 2 per cent). Second, the radius
of the rolling sphere used in the standard is obtained from a gross oversimplification
of the physical nature of the lightning discharge. The magnitude of the radius in
current use is actually a product of different compromises made by standardization
committees [22]. At the time when the rolling sphere method as it is being used
today was created [16,17], the radius of the sphere was taken directly from the striking
distance derived and ‘calibrated’ for power transmission lines according to EGM
theory [13]. Owing to the lack of data available at that time, this extension of EGM
theory to other structures was done without any further validation. However, the
leader progression models proposed to study the interception of lightning flashes
with structures (introduced in Section 4.4) have shown that the attachment of lightning
flashes to grounded structures depends not only on the prospective return stroke peak
current but also on the geometry of the structure to be protected. Thus the assumption
that the radius of the rolling sphere is only a function of the prospective return stroke
peak current and is independent of the geometry of the structure may lead to serious
errors in some situations.

4.1.4 The mesh method

In 1838 Maxwell suggested that the installation of a lightning protection system
increases the occurrence of lightning strikes to a building, and the best procedure to

~ Conducting
mesh

Figure 4.9 Sketch of the mesh method for the design of external lightning
protection systems
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Figure 4.10  The rolling sphere method predicts that the lightning can strike the
building if the mesh is laid directly on the building. In order to avoid
such incidences there should be a certain clearance distance
between the mesh and the protected structure, as shown.

protect a building from lightning strikes is to encase the building in a Faraday cage [3].
Even though the statement that the lightning protection system will increase the
number of strikes to a building is not correct, the Faraday cage concept is the best pro-
cedure to protect a building from lightning strikes. However, because encasing a build-
ing completely with a metal cage is not practical, one can encase the building within a
conducting mesh to achieve a practical Faraday cage. This method is called a mesh
method and is illustrated in Figure 4.9. The protected zone given by the mesh is
shown by the dashed zone. The mesh width D suggested by the IEC standards for
the four protection levels is documented in Table 4.1. Note that the rolling sphere
method predicts that the lightning can strike the building if the mesh is laid directly
on the building. In order to avoid such incidences there should be a certain clearance
distance between the mesh and the protected structure, as shown in Figure 4.10. This
clearance distance decreases with increasing level of protection.

4.2 Striking distance to flat ground

Based on the information gathered from long sparks, the striking distance of a stepped
leader to flat ground can be obtained by estimating the separation between the leader
tip and ground when the average potential gradient between them is equal to the poten-
tial gradient of the streamer channels. As mentioned in Section 4.1.2 for negative strea-
mers, this potential gradient is about 1 000 kV m™', and 500 kV m™' for positive
streamers. However, in the case of a negative stepped leader the streamer system
may consists of streamer channels of both polarities, negative emanating from the
tip of the leader and positive from a space stem [23]. Thus, the average potential
gradient of a streamer region of negative stepped leaders may lie somewhere between
500 and 1 000 kV m™",

Once the average potential gradient between the tip of the leader and the ground at
striking distance is specified, the only other parameter necessary to estimate the
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striking distance is the charge distribution along the leader channel. Let us consider the
striking distance to flat ground as derived by different researchers. We will take up the
question of striking distance to structures in Section 4.3.

4.2.1 Golde

In his derivation, Golde [24] assumed that the line charge density ps on the
vertical stepped leader channel decreases exponentially with increasing height
above ground,

Py = pye” @.1)

where py is the value of p; at z = 0 and A is the decay height constant. Golde estimated
that A = 1 000 m. The total charge on the leader channel is given by

0 = pA[l — e 1] 4.2)

where H is the total length of the channel. In calculations, Golde assumed that
H=2.5 x 10> m. Moreover, making several arguments concerning the possible
length of striking distance corresponding to a typical stepped leader, Golde concluded
that a stepped leader that gives rise to a return stroke of 25 kA is associated with a
stepped leader charge of about 1 C. Furthermore, he assumed that the return stroke
peak current increases linearly with increasing leader charge,

I, = kQ (4.3)

where 1, is the return stroke peak current in kA, O is in C and k£ = 25 kA C~'. (Note
that in another study Golde [25] suggested k = 20 kA C~'.) Golde did not give any
justification for the assumed linear relationship in equation (4.3) between the return
stroke peak current and stepped leader charge. Combining equations (4.1), (4.2) and
(4.3) one obtains

py = 4.36 x 1071, (4.4)

Equations (4.1) and (4.4) completely define the charge distribution along a stepped
leader channel associated with a prospective return stroke peak current of 1,. The strik-
ing distance to flat ground obtained from this charge distribution is shown by curve a
in Figure 4.11. In this calculation the average potential gradient between the leader tip
and ground at striking distance is assumed to be 500 kV m ™"

4.2.2  Eriksson [26]

As outlined in Chapter 2, Berger [27] found a relatively strong correlation between the
first return stroke current peak /;, and the charge brought to ground within 2 ms from
the beginning of the return stroke (termed the impulse charge), O;,. The relation can
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Figure 4.11  Striking distance to flat ground proposed by different authors: (a)
Golde [3], (b) Eriksson [26], (c) Dellera and Garbagnati [28], (d)
Cooray and colleagues [31], (e) Armstrong and Whitehead [13] and

(f) equation (4.18)

be represented by the equation

I, = 10.60,,°” (4.5)
According to equation (4.5), a 25-kA peak current corresponds to a stepped-leader
charge of 3.3 C. Based on Golde’s [25] suggestion that only the charge located on
the lower portions of the leader channel is related to the peak current (i.e. a 25 kA
peak current corresponds to a stepped leader charge of 1 C) and after comparing
some of the measured striking distances with analytical results, Eriksson modified
the above relationship to

I, = 29.40"7 (4.6)

where [, is in kA and Q in C. Eriksson assumed that the charge is distributed linearly
along a vertical leader channel of length 5 km. When this assumption is combined
with equation (4.6) one obtains the following relationship between the charge per
unit length on the leader channel at ground level:

Py = 3.2 x 107°7,!4 4.7
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Recall that the charge density decreases linearly along the channel and it
decreases to zero at a height of 5 km. The striking distance obtained from this
charge distribution by assuming 500 kV m ™" for the potential gradient is shown by
curve b in Figure 4.11.

4.2.3  Dellera and Garbagnati [28]

In some of the first return stroke currents measured by Berger [27,29] and Vogelsanger
one can observe a secondary peak (or a change in slope) appearing in the waveform
after a few tens of microseconds from the beginning of the waveform. The time of
occurrence of this secondary peak may change from one stroke to another. Dellera
and Garbagnati assumed that this subsidiary peak is associated with a return stroke
current reflection from the upper end of the leader channel. It is important to note
that this subsidiary peak is probably generated by the neutralization of a branch in
the stepped leader channel (i.e. a branch component) and may not have any connection
to the termination of the lightning channel in the cloud. They selected current
waveforms exhibiting this secondary peak from different studies and calculated the
charge associated with these current waveforms up to this subsidiary peak (or the
change in slope). They assumed that this is the charge originally located on the
leader channel. In order to evaluate the charge distribution along the leader channel
they needed information concerning the time taken by the return stroke to reach the
assumed point of reflection and the form of the charge distribution. The former was
obtained by assuming that the return stroke speed is a function of peak current and
is given by the equation derived by Wagner [30]. The charge distribution along the
leader channel was assumed to be uniform. From their analysis, Dellera and
Garbagnati obtained the following relationship between py and

pyo = 3.8 x 1071 % (4.8)

where pgisin C m~ ' and I, is in kA. The striking distance obtained from this charge
distribution by assuming 500 kV m~' for the potential gradient is given by curve ¢
in Figure 4.11.

4.2.4 Cooray and colleagues

Cooray and colleagues [31] measured the charge brought down by first return strokes
during the first 100 ws. They assumed that this charge is the sum of the positive
charge that is necessary to neutralize the negative charge stored on the leader
channel and the additional positive charge induced on the channel after the return
stroke. Utilizing this information in a model that treats the leader channel as a finitely
conducting channel, they studied how the charge distribution on the stepped leader
channel varies as it propagates towards the ground. According to this study, the
charge distribution along the stepped leader channel when its tip is zo metres above



180  Lightning Protection

the ground is given by

+b
p(§) = ao <1 - rZO) G(zo)p + 1, %J@o)a zg > 10m  (4.9)
G(z0) = 1 — (20/H) (4.10)
J(zo) = 032+ 0.7 @.11)
@ = o105 (4.12)
2
B— (1 _E> (4.13)

In these equations H is the height of the channel, p(§) is the charge per unit length
(in C/m), ¢ is the distance along the leader channel (in metres) with origin at
the leader tip, I, is the return stroke peak current in kA, ap= 1.48 x 1073,
a=486x10"° b=391 x107% ¢=0.52 and d = 3.73 x 10" >. The striking
distance obtained from this charge distribution, again by assuming that the potential
gradient in the streamer region is 500 kV m ™', is shown by curve d in Figure 4.11.

4.2.5 Armstrong and Whitehead

Instead of utilizing the charge distribution on the leader channel, Armstrong and
Whitehead [13] utilized experimental data obtained from the laboratory together
with theory to derive an expression for the striking distance. First they assumed that
the striking distance 7, can be expressed in the form

ro=al,’ (4.14)
where I, is the return stroke peak current in kA and a and b are constants. Second, they
used the return stroke model of Wagner [30] to derive the potential of the downward
leader channel ¥ in MV as a function of the prospective return stroke current /;, in kA.
From the analysis they obtained

Ve=3.71,%% (4.15)
Analysis of the laboratory data of the rod—rod gap configuration of lengths up to 5 m

available to the authors showed that the breakdown voltage of the gap is related to the
gap length s by the equation

s=14V12 (4.16)
They assumed that the striking distance is related to the voltage of the stepped

leader by an identical relationship. Utilizing this relationship in equation (4.15),
they obtained the following well known relationship between the striking distance
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and the prospective return stroke current:
re=6.721 % 4.17)

This relationship is depicted in Figure 4.11 by curve e.

Small changes to coefficients a and b in equation (4.14) have also been suggested
by Brown and Whitehead [32], Gilman and Whitehead [33], Love [34] and Whitehead
[35], based on the refinement of equation (4.15). Other values for these coefficients
have also been proposed in different IEEE standards [36,37]. The values of the
parameters a and b in equation (4.14) proposed by the different authors are shown
in Table 4.2.

Note that according to these authors equation (4.14) defines the striking distance
associated with the structure (or power line conductors). The striking distance to flat
ground is obtained by multiplying the right-hand side of equation (4.14) by the
proportionality constant K, (also shown in Table 4.2).

Note that in the case of rod—rod gaps the final jump condition is achieved when the
streamers from leaders of opposite polarity emanating from the two rods meet each
other. The distance s in equation (4.16) is therefore somewhat larger than the final
jump condition (i.e. the distance between the two tips of leaders when the two streamer
fronts meet each other). However, because the results are based on gap lengths of a
few metres, where the leader development is not significant, equation (4.17) may
still be used to approximate the striking distance to flat ground (i.e. K5, = 1) provided
that Wagner’s return stroke model is capable of generating the correct relationship
between the peak return stroke current and leader potential.

On the other hand, the potential of the leader channel obtained in equation (4.15)
can be directly converted to striking distance to flat ground by finding the height of the
leader tip from the ground when the average potential gradient in the gap is

Table 4.2 Coefficients of the striking distance according to expression (4.14)

Source a b K;rg
Armstrong and Whitehead [13] 6.7 0.8 0.9
Brown and Whitehead [32] 7.1 0.75 0.9
Gilman and Whitehead [33] 6.7 0.8 1

6.0%* 0.8% 1*
Love [34] 10 0.65 1
Whitehead CIGRE survey [35] 9.4 0.67 1

8.5% 0.67* 1*
IEEE Working Group [36] 8 0.65 0.64—1
IEEE Working Group [37] 10 0.65 0.55-1

*Recommended for design of new lines.
Tng, proportionality constant.
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500 kV m~'. The result of this exercise will be
rs = 7.41, % (4.18)

This curve is also shown by curve f in Figure 4.11. Note that the exponents in
equations (4.17) and (4.18) are different.

4.3 Striking distance to elevated structures

According to the definition of striking distance, it is the maximum distance at which
the conditions necessary for electrical breakdown are established between the stepped
leader and the grounded structure. In the case of flat ground this can be estimated
without much difficulty as illustrated in the last section. However, in the case of struc-
tures, the final attachment of the stepped leader is mediated by upward-connecting
leaders emanating from the structures. To take this into account, Golde [3] defined
the striking distance of tall structures as the distance of the leader tip from the structure
when a connecting leader is initiated from the structure. This definition assumes that
once an upward leader is initiated the conditions necessary for the attachment of the
stepped leader to the structure are fulfilled. Of course there are situations in which a
launch of an upward-connecting leader may not result in an attachment. For
example, in the presence of a down-coming stepped leader, several connecting
leaders may be issued either from several structures at ground level or from different
parts of the same structure. Only one of these leaders may succeed in making the
connection with the down-coming stepped leader.

The striking distance of elevated structures defined above (note that the above defi-
nition differs to the way in which the striking distance to flat ground is defined) is a
function not only of the charge on the leader channel, and hence the peak return
stroke current, but also of the dimension of the structure and the angle of approach
of the stepped leader with respect to the structure. Several researchers have utilized
the concept of striking distance of tall structures as defined above to evaluate how
this parameter varies as a function of height of the structure. It is important to note
that when calculating the striking distance using this concept, one has to estimate
when a connecting leader is issued from the structure under the influence of the electric
field generated by the down-coming stepped leader. As we will see in Section 4.3.2,
there are many models that attempt to predict the background electric field necessary
for the initiation of upward leaders. Different models predict different conditions for
the inception of upward leaders. Thus, depending on the connecting leader inception
model used, different researchers may obtain different values for striking distances.
Indeed, the differences in the results obtained by different researchers are partly due
to the differences in these inception models and partly due to the different assumptions
made concerning the charge distribution of the stepped leader channel. It is also impor-
tant to point out that the inception and subsequent propagation of the connecting
leader is mediated by the electric field configuration in the vicinity of the top of the
structure. In reality, this electric field configuration depends not only on the height
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of the structure, but also on the other dimensions of the structure. However, many
researchers plot their results as a function of structure height only.

As one can infer directly, the reliability of the inception models of connecting
leaders is vital for the accurate determination of the striking distance of tall structures.
In Section 4.4 this point will be considered. However, before doing that it is necessary
to provide a brief review of the characteristic of positive leaders as observed in long
laboratory sparks and in nature.

4.3.1 Positive leader discharges

Les Renardiéres group [11] have identified the main features of positive leader dis-
charges by using electrical measurements and time-resolved photography. The basic
features of long sparks as documented by them are schematically shown in
Figure 4.12. When the electric field on the surface of the positive electrode is high
enough to initiate streamers, a condition known as streamer inception, a first corona
burst is created (stage ). In the first stage of development of the corona burst, a strea-
mer starts propagating from the electrode and then splits into many branches, forming
a conical volume [11]. These branched streamers usually develop from a common
stem. For small-diameter electrodes, the space charge injected into the gap by the
first corona distorts and reduces the electric field close to the electrode, giving rise
to a dark period where no streamers are created. The duration of the dark period
depends upon the injected charge and the rate of increase of the voltage applied to
the electrode.

As the external applied voltage grows, the total electric field on the surface of the
electrode increases until a second corona burst is initiated (stage b). Depending upon
the energy supplied by the streamers, the temperature of the stem of the second corona
burst can reach a critical value around 1 500 K [38], which leads to the creation of the
first leader segment. This transition from streamer to leader (stage c), called the
unstable leader inception, takes place if the total charge in the second or successive
corona bursts is equal to or larger than about 1 wC [38]. This value corresponds to
the critical charge required to thermalize the stem of a corona discharge, after at

B

Corona front .

Figure 4.12  Streak image and sketch of the development of positive leaders in
laboratory long air gaps (adapted from Reference 71)
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least one corona burst (first corona) has occurred. However, this condition is not suffi-
cient to guarantee the stable propagation of the newly created leader. Only when the
energy that is being supplied by the streamer discharges emanating from the leader
tip is high enough to sustain the thermalization and the creation of new leader seg-
ments does the leader start to propagate continuously (stage d in Figure 4.12), with
corona streamers developing at its tip (Figure 4.13). This condition defines the
stable leader inception.

In the laboratory, it has been observed that positive leaders propagate continuously
with an approximately constant velocity [11]. The estimated velocity of positive
leaders in the laboratory ranges between 1 x 10% and 3 x 10*ms~'. The leader
velocity has been correlated to the leader current through a proportionality term,
which represents the charge per unit length required to thermalize a leader segment
[11,39,40]. This parameter, which depends mainly on the rise time of the applied
voltage (and hence on the rise time of the electric field) and the absolute humidity,
has been estimated to lie somewhere between 20 and 50 wC m ™' [38].

The last stage of the leader propagation is the “final jump’ (stage e). This takes place
when the streamers of the leader corona reach the opposite electrode and is character-
ized by the creation of a conducting path in air that short circuits the gap, leading to
collapse of the voltage and a rapid increase in the current.

(a)

(b) Corona zone front

Corona
zone

Leader Leader channel

velocity

| - Electrode

Figure 4.13  Details of the structure of positive leader discharges. (a) Frame image
(from Reference 71); (b) sketch of the leader channel and the corona
zone at its tip.
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Even though positive leaders in nature are not easily detectable with streak photo-
graphs [41], optical measurements of upward leaders triggered by tall towers (without
a descending downward leader) are available in the literature. The estimated velocity
of'the observed upward lightning leaders, which sometimes exhibit a kind of stepping,
range between 4 x 10* and 1 x 10°m s ' [42,43]. Later measurements [44,45]
gave estimates of the velocity of upward leaders ranging between 6 x 10* and
1.4 x 10°m s~ ". However, all the upward leaders that were observed propagated
continuously without any stepped motion [45].

The first measurements of upward connecting leaders generated under the influence
of downward stepped leaders reported in the literature appeared in 1990 [46]. The
average propagation velocity of the observed upward connecting leaders initiated
from a tall tower ranged from 0.8 x 10° to 2.7 x 10° m's~'. Unfortunately, it is not
possible to distinguish between positive or negative upward connecting leaders in the
dataset reported in Reference 46, because the polarity of the current was not reported.
Recently, the propagation of an upward connecting leader initiated from a tower
under the influence of a branched descending stepped leader was detected using a
high-speed camera in the United States (see Saba M. High speed video measurements
of an upward connecting positive leader, personal communication, 2007). The
minimum detected velocity of the upward connecting leader was 2.7 x 10* ms™!
after inception and then the velocity gradually increased to a value close than
2.5 x 10° m s ' just before the connection with the downward leader. The descending
stepped leader propagated with an average velocity of 2.5 x 10° m's~'. No record of
the upward leader current was available for this example.

Rocket-triggered lightning experiments have also been a good source of infor-
mation on upward positive leaders generated under natural conditions [47].
Experiments with triggered lightning can provide information concerning upward
leaders initiated either by the thundercloud electric field in classical triggered lightning
or by the descent of a triggered downward stepped leader in altitude-triggered light-
ning (see also Chapter 3). In the case of classical triggering, an upward positive
leader is launched from the tip of a rocket trailing a thin grounded wire under an
active thundercloud [48]. The inception of the self-propagating upward leader
usually takes place when the rocket is at an altitude of 200 to 300 m [47]. As the
rocket ascends, several current pulses are usually measured before the inception of
the self-propagating upward leader [49—51]. These current pulses are attributed to
unstable aborted leaders (precursors), which stop propagating after a few metres,
launched from the tip of the triggering rocket. The charge associated with these indi-
vidual pulses has been estimated to be in the order of several tens of microcoulombs
[49]. After these pulses, the current gradually damps out and merges into a slowly
varying current of a few amperes [51]. As the upward leader keeps moving towards
the thundercloud, the measured current can reach a few hundred amperes [49,52].
Streak images in classical rocket-triggered lightning experiments report upward
leader velocities ranging between 2 x 10* and 1 x 10° m s~ ' [50]. In some exper-
iments [50,53], the triggered upward leader appears to propagate with discontinuous
luminosity of its tip, which has been interpreted as stepping [48]. In some other exper-
iments [52], the upward positive leaders appear to propagate continuously.
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In the triggering technique called altitude triggering [48], the ascending rocket
trails a thin wire that is not grounded. Usually, this floating wire is connected to an
insulating wire followed by a grounded wire. Similar to classical triggering, an
upward positive leader is launched from the rocket tip by the ambient thundercloud
electric field. Some microseconds later, an upward connecting positive leader is
also initiated from the grounded wire under the influence of a downward negative
leader triggered from the bottom end of the floating wire. To date, few experiments
with altitude rocket triggered lightning have been reported in the literature [49,50].
It has been reported that a small current of a few amperes with superimposed pulses
starts to flow in the ground wire when the upward connecting leader is incepted
[49]. However, as the descent of the triggered downward stepped leader continues,
the upward leader current increases continuously with superimposed pulses [49].
The presence of these pulses suggests some stepping behaviour in the upward
moving leader. Because upward connecting leaders created in altitude rocket-triggered
lightning are very faint, no streak image or velocity estimations are available at present.

4.3.2  Leader inception models

Because leader inception from the high-voltage electrode is a necessary condition
for the breakdown of long gaps when stressed by switching impulses, different
models have been proposed to predict the voltages and hence the electric fields
necessary for leader inception in a given electrode configuration and applied
voltage waveshape. These models were soon used and extrapolated to study the
initiation of upward lightning leaders under natural conditions. Several other
models were also developed based on either the physics of the streamer-to-leader tran-
sition or the observations made in laboratory long sparks for the sole purpose of tack-
ling the problem of leader inception from grounded structures. In the sections to
follow, the assumptions of these models used in lightning attachment studies are pre-
sented and discussed.

4.3.2.1 The critical radius concept

Over the last few decades, many experiments have been conducted in high-voltage
laboratories to extract information to understand the physics of the streamer-to-leader
transition and the subsequent electrical breakdown in long laboratory gaps. Because
positive electrical breakdown is of more industrial relevance than negative breakdown,
most of the experiments have been conducted with different types of gap configur-
ations where the high-voltage electrode is of positive polarity. These experiments
have managed to collect a wealth of information concerning the inception and sub-
sequent propagation in the gap of leader discharges and how electrical breakdown
is mediated by it in long gaps. One of the most important results relevant to lightning
inception came from careful analysis of breakdown in rod—plane gaps by Carrara and
Thione [54] — the critical radius concept. In order to illustrate this concept, consider
the data obtained by Carrara and Thione [54], which is reproduced in Figure 4.14. In
this experiment positive switching voltages of critical front times were applied to rod—
plane gaps and the 50 per cent breakdown voltage of the gap was studied as a function
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Figure 4.14  Fifty per cent breakdown voltage as a function of the radius of the
electrode for different gap spacing as experimentally determined
by Carrara and Thione [54]

of the tip radius of the high-voltage electrode. The results show that for a given gap
length the breakdown voltage remained the same with increasing electrode radius
until a critical radius is reached. Further increase of the radius led to an increase of
the breakdown voltage. The radius at which the breakdown voltage starts to increase
is named the critical radius. These experiments show that for radii below the critical
value the inception of the leader is preceded by one or more corona bursts followed
by a dark period. However, at the critical radius, the inception of the leader is immedi-
ately followed by the inception of the corona. As one can see from the data, the critical
radius is not a constant but increases with increasing gap length. The way in which the
critical radius varies as a function of gap length as observed by Carrara and Thione
[54] is shown in Figure 4.15. Note that the critical radius initially increases with
gap length, but reaches a more or less asymptotic value for large gap lengths. These
results show that the initiation of a stable leader requires the attainment of an ionization
field, i.e. 3 x 10°Vm™!, over a volume bounded by the critical radius. In other
words, corona inception alone is not a sufficient criterion for leader inception, but
the volume of corona discharge around the conductor should increase to a critical
size before a leader is incepted. This study was later extended by Les Renardieres
group [11,40] for other voltage wave shapes. It was found that the value of the critical
radius changes for different time to crest of the applied voltage.

In the configuration used by Carrara and Thione [54] the rod is located above the
ground plane and raised to a high voltage. The positive leader is incepted from the
high-voltage electrode. However, in the case of lightning attachment the positive
leader is incepted from a grounded rod under the influence of the down-coming
stepped leader. In order to make the laboratory experiments more realistic to the
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Figure4.15  The variation of critical radius for sphere—plane and conductor—plane
gaps as a function of gap length [54]

problem under consideration, researchers have conducted experiments with inverted
rod—plane gaps. Here, the rod is grounded and the plane located above it is raised
to a negative high voltage so that a positive leader is initiated from the grounded
rod. From such experiments Gary and colleagues [55] found 0.1 m to be the critical
radius for 3-m gaps, whereas Carrara and Thione came up with 0.17 m for the same
gap length. A similar experiment was conducted by Bernardi and colleagues [56] in
which two electrode configurations were tested: a sphere and a horizontal conductor
with different radii and height from ground. In this case, the asymptotic value of
the critical radius was ~0.28 m for both configurations. A similar experiment was con-
ducted recently by D’Alessandro and colleagues [57] with 5-m gaps and obtained
0.27 m as the critical radius. Indeed, it is difficult to understand why the leader incep-
tion should differ in the rod—plane gaps depending on whether the rod is at high
voltage, as in the case of Carrara and Thione [54], or when the rod is grounded, as
in the case of Bernardi and colleagues [56]. If the electric field distribution is the
same in both configurations one should observe the same results in the two configur-
ations. The differences observed are probably caused by the different electric field
configurations in the different experiments.

Eriksson was the first to use the critical radius concept in lightning studies [26].
Since then, the critical radius concept has been widely used in the literature to
compute the leader inception conditions in rods, masts, power lines [28,58—60] and
buildings [61]. In these studies any sharp point on a structure such as the tips of
lightning rods or corners and edges of a building are rounded off to the critical
radius and it is assumed that a stable leader is initiated when the electric field on
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the surface is equal to the critical corona inception electric field, which is about
3MV m ! at atmospheric pressure.

It is important to note that the critical radius depends both on the gap length and the
voltage waveshape. Moreover, the documented critical radius is based on 50 per cent
breakdown voltage. That means that there is a large spread in the breakdown voltage of
individual application of waveforms and hence in the observed critical radius.
Furthermore, in the case of lightning, the electric field to which a grounded rod is
exposed during the earthward progression of the stepped leader is very different to
a rod exposed to an electric field produced by a switching impulse. This may also
produce a change in the critical corona volume necessary for the launch of a connect-
ing leader. In addition the application of the technique itself may lead to different
results depending on the shape of the rod. In order to illustrate these facts, the magni-
tude of the background electric field (assumed to be uniform) necessary for the
initiation of leaders from two grounded rods of different shapes is computed for
two different values of critical radii. The values selected for the critical radii are
0.36 m [54] and 0.28 m [56]. Both values are utilized in lightning studies. One of
the rods had a cylindrical shape with a hemispherical tip and the other rod had
the form of a semi-ellipsoid. The results obtained for different rod heights are
shown in Figure 4.16. For a given rod, the change in the critical radius from 0.28 to
0.36 m resulted in about 25 per cent difference in the background electric field necess-
ary for the launch of connecting leaders. For a given critical radius, the differences in
the rod shapes led to variations as large as 30 to 80 per cent in the background electric
field necessary for leader inception. Not withstanding these differences both rod
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Figure4.16  Background leader inception electric fields of a lightning rod computed
with the critical radius concept for a semi-ellipsoidal rod and for a
hemispherically capped rod
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shapes are used in lightning studies [28,58—61]. Furthermore, the results presented in
Figure 4.16 clearly show that the critical radius concept as used today for lightning
studies is strongly geometry dependent and does not lead to a unique solution.

4.3.2.2 RizKk’s generalized leader inception equation

Initially Rizk [62] analysed the leader inception criterion for the case of rod—plane
gaps in the laboratory. Subsequently, the results were modified for the case of
leader inception from grounded structures under the influence of thunderstorm electric
fields. First, let us consider the rod—plane gap in the laboratory. The geometry relevant
for the problem under consideration is shown in Figure 4.17.

Rizk assumed that in the configurations of interest the corona inception voltage was
smaller than the leader inception voltage from the rod. He also assumed that for the
initiation of a stable leader from the rod, the difference between the applied electric
field E). and the electric field generated by the streamer space charge Ey, at the tip
of the streamer stem zone must equal or exceed a certain critical voltage gradient
E.. That is

E\c — Ein = E¢ (4.19)
These electric fields were then converted to potentials by assuming that the applied

electric field can be represented by that due to a point charge located at a distance
Feq from the tip of the streamer zone. Then

Eie = Uie/req (4.20)
Ein = ann/Veq (4.21)
E. = U/req (4.22)
(@) ' (b)
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Figure 4.17  Geometry relevant to the calculation of positive leader inception
according to Rizk [62] for (a) a rod—plane gap and (b) a conduc-
tor—plane gap
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where « is the proportionality constant between r.q and the distance from the streamer
stem zone tip to the equivalent centre of the space charge region. Equation (4.19) can
now be written in terms of potentials as

Ue — alUy, = U (423)

where Uy, is the connecting leader inception voltage, U;, the voltage at the tip of the
streamer stem zone generated by the space charge under critical condition and U, the
critical potential. The potential created by the space charge can now be divided into
two parts as follows:

(]in = Via — l]ib (424)

where Uy, is the potential produced by a point charge O located at a distance s from the
streamer stem zone and the other part due to induced charges in the ground plane and
other conductors. Based on this definition

Uia = Qo/47eo(s — so) (4.25)

where s is the distance to the streamer tip zone from the tip of the electrode. Now, Uy,
can be written as

U, = Qo/4me0R (4.26)

where R is a function that depends on geometry. This parameter can be estimated using
numerical techniques such as charge simulation procedure. Using these new defi-
nitions equation (4.23) can be written as

a0y aQy

B 4reo(s — So) + 4re0R e

4.27)

Ute

Now it is assumed that the critical charge in the streamer zone at the leader inception is
proportional to the voltage necessary for leader inception. Thus

Qo = cUi (4.28)

where c is a constant which characterizes the discharge. It has dimensions of capaci-
tance and varies with the high voltage electrode geometry.
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Combining this with the previous equations one obtains

Uco
= ——— 4.2
Ye =T 4R (4.29)
ac ac
A=— l]——— 4.
41ey / [ 4meo(s — so)} (4.30)
ac
w=Ue /|l = 431
v U/{ 47T80(S—S0)} (3D

Note that 4 and U, depend on the configuration of the high-voltage arrangement.
In the case of rod—plane gaps

O 1

Up = — 4.32
b dareg 2d ( )
and therefore R = 2d. Substituting this in the above equation one obtains
Ucoo
Ue=—— 4.33
I 1 + 2%, ( )

Rizk made a comparison of this equation with the experimental data obtained in the
laboratory and obtained Ugo, = 1 556 kVand 4 = 7.78 m. Similar analysis conducted
for the conductor plane gap resulted in

515~ 5.49Ina
Ue =2247 / [1 4+ 22— 20041 gy, 434
: / { tameda | & (439

where d is the gap spacing and « is the conductor radius. After this derivation, Rizk
proceeded to adapt the equations for the case of leader initiation from a grounded con-
ductor under the influence of a stepped leader. The relevant geometry is shown in
Figure 4.18. The main differences between the two cases, as pointed out by Rizk,
are the following:

1. The tip of the streamer stem zone is practically at ground potential and not at the
applied voltage as in the case of rod—plane gaps.

2. The gap distance d and the height / above ground of the equivalent streamer space
charge Oy are completely different.

In this case Rizk redefined equation (4.19) by replacing £y, with the induced electric
field E;. necessary for the positive leader inception:

Ei. — En = E¢ (435)
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Figure 4.18 Geometry relevant to the calculation of positive leader inception
according to Rizk [96], for (a) a lightning rod and (b) a hori-
zontal conductor

The electric field E;. is related to the induced potential U, in the absence of the light-
ning conductor through an equivalent radius 7.4 as in the case for the laboratory gaps.
From this it follows that

l]ic - ann = Uc (436)

while the expression for U;, remains the same. Moreover, at the positive leader incep-
tion the distance to the descending leader from the tip of the conductor will have prac-
tically no influence on the image charge of the equivalent streamer charge. Thus the
distance R in the equations corresponding to the laboratory gap will be approximately
equal to 24, where 7 is the height of the conductor. Thus the potential generated at the
tip of the vertical conductor by the stepped leader at leader inception is given by

p— Ucoo
1+

Usc (4.37)

where U, and 4 have the same values as in laboratory discharges. For a conductor—
plane gap configuration, Rizk derived the equation

B 5.15 — 5.49In(a)

First, it is important to note that the equations are ‘calibrated’ using the data on
leader inception characteristics of long gaps excited by switching impulses. For this
reason it is doubtful whether the results are applicable to lightning conductors
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exposed to the electric fields generated by stepped leaders. Second, it is necessary to
justify the assumption involved in converting the electric field at the tip of the rod to
the background electric potential in the absence of the rod using the same 7.4 as that
used in the case of leader inception from high-voltage electrodes in the laboratory.

4.3.2.3 Critical streamer length concept

According to Petrov and Waters [63], the streamer initiated from a given point on a
structure under the influence of the electric field generated by the stepped leader
must extend to a critical length before an upward leader is initiated from that point.
Moreover, the total electric field, i.e. the sum of the ambient electric field and the elec-
tric field generated by the structure due to the induced charges on it by the ambient
electric field, must exceed a critical electric field over the streamer zone. Based on
the results given by Chernov and colleagues [64], the critical streamer length is esti-
mated to be 0.7 m. The critical electric field is taken to be 500 kV m ™" for positive
streamers and 1 000 kV m ™" for negative.

This study was extended by Petrov and D’Alessandro [65] to include the con-
ditions necessary for the continuous propagation of the leader once incepted.
Because there is a potential drop along the leader channel, these authors assumed
that the external voltage drop generated by the down-coming stepped leader along
the leader length should not be less than the drop of the internal potential along
the leader channel. Based on this the condition necessary for the propagation of
the leader is evaluated as

—~ _E 4.39
o= Ew (4.39)

where U is the external voltage drop produced by the background electric field along
the leader channel, E| is the internal electric field of the leader and v is the speed of
the leader. Taking an average leader speed of 6 x 10*ms™' and £, = 100 kV m™',
the condition necessary for leader propagation is estimated to be

%] > 6kV s ! (4.40)

Under these assumptions, the critical background electric field E, required to
initiate an upward leader from a structure of height /# was obtained as

Eo ~ 697/h%%  (kVm™) (4.41)

Even though the critical length of the streamer extension necessary for leader incep-
tion was assumed to be 0.7 m by Petrov and Waters [63], experiments conducted by
the Les Renardieres group show that the critical streamer length necessary for
leader inception increases with gap length, reaching an asymptotic value of ~3 m
for long gaps. For example, Figure 4.19 shows how the critical streamer length
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Figure 4.19  The critical streamer length necessary for leader inception as a func-
tion of gap length [40]

varies as a function of the gap length as observed in the Les Renardieres study. In a
study conducted by Akyuz and Cooray [66] the critical streamer length necessary
for leader inception was assumed to be 3 m. In their analysis they assumed that the
positive streamers extend to the periphery of the region where the background
electric field (sum of ambient and the induced by the structure) is larger than
500 kVm™ .

4.3.2.4 Bazelyan and Raizer’s empirical leader model

Bazelyan and Raizer [67] proposed in 1996 a model to determine the conditions
required to initiate upward leaders from grounded conductors based on semi-empirical
expressions derived from experiments in laboratory long gaps. This model considers
that the unstable leader inception takes place when the potential drop between the elec-
trode tip and a point about 1 m from it is equal to a critical value AU,,, which is
assumed to be approximately equal to 400 kV. Because 400 kV m ™" is approximately
equal to the potential gradient of positive streamers, this criterion assumes that the
energy injected in the gap is high enough to thermalize the streamer stem if the strea-
mers produced in front of the electrode extend up to 1 m. After the inception of the first
leader segment, it is assumed that a leader with length /i propagates as far as the poten-
tial difference AU(/;) between the potential of the leader tip Uy (/1) and the potential
produced by the external field Uy(/p) as the leader tip position continuously increases.
In the model, the leader potential U(/;) is iteratively solved as the leader propagates by
using the following set of empirical equations for the leader velocity vy, current i; and
potential gradient 7 :

v = a/AU(lL) (4.42)

. (28
I, = <m) . AU(]L) VL (443)
=2 (4.44)
i

UL(lL) = ELlL (4.45)



196  Lightning Protection

where @ and b are empirical constants equal to 15ms 'V~ *° and
3 x 10* Vm~ ' A7, respectively, and & is the permittivity of vacuum. The parameter
R, 1s the effective radius of the space charge cover around the leader channel, which
is assumed to be approximately equal to the length of the streamer zone. Thus, the
effective radius R.,, is computed by the ratio between the potential difference
AU(I;) and the streamer potential gradient Ey. (assumed to be ~500 kV m ") [68].

Based on this set of equations, the background external electric field E, that is
necessary to sustain the propagation of a leader from a grounded electrode of height
h can be computed as

Eo~3700/h" (kvm™) (4.46)

Because the model is based on laboratory data, it is not clear whether the model can be
used to study the inception of positive leaders from structures under the influence of
the electric field generated by down-coming stepped leaders.

4.3.2.5 Lalande’s stabilization field equation

Lalande [69] used a physical model for leader propagation in long gaps as proposed by
Goelian and colleagues [70] and combined it with the thermo-hydrodynamic model of
the leader channel as proposed by Gallimberti [38] in order to compute the leader
inception condition. In constructing the model he also assumed that there is a constant
relationship between the leader velocity and current. Using this model, an analytical
expression for the leader inception fields pertinent to lightning rods and horizontal
conductors was derived. However, no further analyses were performed for other con-
figurations other than for geometries relevant to rocket-triggered lightning [71].
Although the model, which also takes into account the effect of space charge, could
be of use in analysing leader inception from complex structures, several problems
and complexities arise when practical cases are analysed following the procedure as
presented by Goelian and colleagues [70]. For example, the procedure of calculating
the corona charge, which is required in quantifying the streamer-to-leader transition by
this method, is only valid for structures with axial symmetry. Moreover, the model
requires knowing the number of streamer channels in the streamer zone, which is
not known, as an input.

Now let us consider the results obtained by Lalande using this model. Lalande
applied the model to vertical rods and horizontal conductors of different height in
order to derive an equation for the critical background external field that leads to
the stable propagation of upward leaders (called the stabilization field). In the
model it was assumed that the background electric field does not vary during the
inception process of the leader. This assumption is valid only in the case of upward
lightning flashes initiated either from tall towers or from elevated rockets used in
lightning triggering under the influence of steady or slowly varying thundercloud
electric fields. Based on this analysis, Lalande obtained the following equation for
the background electric field necessary to initiate leaders from grounded structures
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(i.e. the stabilization electric field E):

240

Ey > +12 (kVm™) (4.47)

L
10

where £ is the height of the structure. In a later study, however, Lalande [71] proposed
the following equation, which is different from the above, for the stabilization
electric field:

306.7 21.6
+

Ey > 5

kVm™) (4.48)

—_—
—_

Unfortunately, no details were given in Reference 71 as to the modifications necessary
both in physics and in mathematics to change the results from equations (4.47)
to (4.48).

4.3.2.6 The self-consistent leader inception model of Becerra and Cooray

The model introduced by Becerra and Cooray [72,73] consists of two parts, namely
static and dynamic leader inception models. In the static leader inception model, the
background electric field is assumed to remain constant during the streamer-to-leader
transition process, whereas in the dynamic leader inception model the effect of the
variation of the background electric field on the streamer-to-leader transition
process is included. Thus the static model is suitable for cases in which the background
electric field remains constant or is changing slowly. One such typical situation is the
upward leader inception from tall grounded structures under the influence of the elec-
tric fields produced by thunderclouds. The dynamic model should be used in studies
related to the inception of upward leaders driven by the background electric field gen-
erated by down-coming stepped leaders. The models can also be applied to study
leader inception in laboratory sparks with the static leader inception model applicable
to d.c. breakdown and the dynamic one to switching impulse breakdown.
The main steps that are included in the model are the following:

e formation of a streamer corona discharge at the tip of a grounded object (first,
second or third corona inception)

e transformation of the stem of the streamer into a thermalized leader channel
(unstable leader inception)

e cxtension of the positive leader and its self-sustained propagation (stable leader
inception)

Corona inception is evaluated using the well known streamer inception criterion [38],
whereas the transition from streamer to leader is assumed to take place if the total
charge in the second or successive corona bursts is equal to or larger than about
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1 wC [38]. The condition for self-propagation of the leader, i.e. stable leader inception,
is assumed to be satisfied if the leader continues to accelerate in the background
electric field for a distance of at least a few meters.

Static leader inception evaluation

In cases in which the static leader inception model is applicable, the streamer-to-leader
transition, i.e. unstable leader inception, is usually accompanied either by the
second or third corona burst. This is the case, for example, in towers with tip radii
smaller than some tens of centimetres. In these cases, model simulations start with
the corona burst that leads to the inception of the unstable leader (second or third
corona, and so on). In other words, the simulation neglects any space charge left
behind by corona bursts that did not result in the inception of an unstable leader.
The procedure proposed by Becerra and Cooray [72] to evaluate the leader inception
condition is as follows:

1. For a given background electric field, the background potential distribution U,
along a vertical line from the tip of a grounded object is computed and it is

approximated by a straight line (see Figure 4.20) with slope E; and intercept
Uy’ such that

U %) ~ Ez+ U, (4.49)

~U (MV)
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Figure 4.20  Example of the linear approximation of the background potential dis-
tribution along a vertical line from the tip of a 100-m-tall tower under
the influence of a thundercloud electric field of 20 kV m ™’
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The second (or third) corona charge AQ® and length 1.© are computed by
assuming that the streamers have a constant potential gradient E, across the
corona zone. This assumption leads to the following equations:

U’
AQ©W ~ Ky - 5 0 (4.50)

(E str E 1 )

o__ Yo

A yo— 4.51)
where K, is a geometrical factor that connects the total corona charge AQ with the
area defined by the potential distribution before and after corona formation. This
area is defined in Figure 4.20. If the charge of the second (or third) corona AQ is
lower than 1 wC, the unstable leader inception condition is not fulfilled and the
analysis stops. Otherwise, an iterative geometrical analysis of the leader propa-
gation starts with i = 1 and an assumed initial leader length of l as inputs.
The potential at the tip of the leader Usp ® during the current 51mulat10n step 7 is
computed with the semi-empirical equat10n derived by Rizk [62]:

ESlI‘ . ESlI‘ — Eoo ) e_[L(i)/xO

UD=19. g, Ew -1
L —+ Xp IlEoo e

tip (4.52)
where ZL([) is the leader length at the current simulation step, E is the final
quasi-stationary leader gradient, and x, is a constant parameter given by the
product v, where v is the ascending positive leader speed and 6 is the leader
time constant.

The position and charge of the corona zone in front of the leader tip are
calculated as

Estr : IL([) - U»(i)

10 =1,© 2 4.53

: : * Ey — E) ( )
AP ~ Ky - {( " (l 0 _p - 1)) + U, Uﬁp(i))_(ls(i—l) _ZL@)}

(4.54)

By using the relation between the leader velocity and the current proposed by
Gallimberti [38], the leader advancement distance AIL(’) and the new leader

length lL(i+1) are evaluated as follows:
ALY = AQ9 Jqp (4.55)
LD = O 4 AL® (4.56)
where g is the charge per unit length necessary to realize the transformation of

the streamer corona stem located in the active region in front of the already formed
leader channel into a new leader segment.
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6. Ifthe leader length lL(M) reaches a maximum value /., the leader inception con-
dition is fulfilled for the thundercloud electric field under consideration. If the
leader advancement distance ZL(’) starts decreasing after several steps, this suggests
that the leader will stop propagating eventually and therefore the stable leader
inception condition is not reached. Otherwise, the simulation of the leader propa-
gation continues by going back to step 3. A typical value of /;,,,, equal to 2 m was
observed to be long enough to define the stable propagation of an upward leader
when space charge pockets are not considered [72].

The values of the parameters used in equations (4.49) to (4.56) are tabulated in
Table 4.3 and a detailed discussion of them can be found in Reference 72.

The predictions of the model for static leader inception are in excellent agreement
with the results of the triggered lightning experiment of Willett and colleagues [51]
when the space charge left behind the rocket by aborted leaders is included.

Because the model takes into account the effect of space charge, it has also been
implemented to evaluate the influence of the space charge layer on the initiation of
upward leaders from grounded tall objects under thunderstorms. As discussed in
Chapter 2, the space charge layer created from irregularities on the ground surface
distorts the ambient electric field and therefore may influence the conditions necessary
for the initiation of upward leaders [74].

To make a thorough analysis of the effect of the space charge layer on the inception
ofupward leaders, Becerra and Cooray [75] considered the electric field measurements
performed by Soula and colleagues [76] during a thunderstorm at the Kennedy Space
Center in 1989. Using the electric field measured by these authors at 600 m above
ground as input, Becerra and Cooray [75] simulated the development of the space
charge layer at ground level during the growth of the thunderstorm. Using the simu-
lation, the space charge profiles at the moment of four triggered lightning flashes to
ground are obtained, and these profiles in turn are used to estimate the thundercloud

Table 4.3 Parameters used for the evaluation of the leader inception condition

Sym Description Value Units
lL(l) Initial leader length 5% 1072 m

Eg, Positive streamer gradient 450 kVm™!
E Final quasi-stationary leader gradient 30 kVm™!
Xo Constant given by the ascending 0.75 m

positive leader speed and the leader
time constant

qL Charge per unit length necessary to 65 x 1076 Cm™!
thermal transition
Ko Geometrical constant that correlates the 4% 10" cCv'!m!

potential distribution and the charge
in the corona zone
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electric fields required to initiate upward lightning leaders from tall towers in the pres-
ence of the space charge layers. In the calculation, different values for the neutral
aerosol concentration and the corona current density of the site were used to study
the effect of these parameters on the space charge layer profiles and the thundercloud
electric fields necessary for leader inception. The aerosol concentration is important in
the study because it controls the mobility of ions in the background electric field. It is
important to note that the neutral acrosol particle concentration changes from typical
values of about 5 x 10° particles m > for clean rural zones to values exceeding
1 x 10" particles m > for urban, polluted places [77]. The corona current density
at ground level depends on the type of vegetation and surface roughness of the
place under consideration [78].

The results of the simulation show that the space charge can shield the grounded
towers from the background electric field, thus affecting the background electric
fields necessary for the initiation of upward positive leaders from these towers. In par-
ticular, the neutral aerosol density is the factor that predominantly influences the space
charge layer shielding and, consequently, the leader inception thundercloud electric
field. Figure 4.21 shows an example of the estimated critical thundercloud electric
field required to initiate upward leaders from tall towers as a function of their
height, taking into account different neutral aerosol particle concentrations. For com-
parison purposes, the critical thundercloud fields necessary for leader inception
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Figure 4.21  Critical thundercloud electric field Ednud(crit) required to initiate
upward leaders as a function of the tower height, for different
initial aerosol particle concentrations: 5 x 10°m™> (squares),
1x10m™> (crosses), 5x 10" m™3 (triangles). The critical
leader inception electric field computed by neglecting the space
charge layer is also shown (line with no symbols).
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without the space charge layer are also shown. As one can see from this figure, the
critical thundercloud electric field necessary for leader inception is significantly influ-
enced by the neutral aerosol particle concentration at the site. In the case shown in
Figure 4.21, observe that the critical cloud electric fields required to initiate upward
leaders from a grounded tower of a given height are larger when the neutral aerosol
particle concentration of the site is low. For instance, the critical cloud electric field
computed for a 200-m-high tower in a site with a neutral acrosol particle concentration
of 5 x 10” particles m ™~ (corresponding to a clean rural zone) is ~43 kV m™ ', but for
a location with a high aerosol particle concentration of 5 x 10'° particles m > (mod-
erately polluted urban area), the critical field is only ~23 kV m ™. In the same way, the
minimum height of a tower from which an upward lightning leader is initiated under
the influence of a given thundercloud electric field decreases as the aerosol particle
concentration of the site increases. For example, a thundercloud electric field of
50 kV m~ ! can initiate upward leaders from towers higher than 150, 115 and 78 m,
respectively, in sites with neutral aerosol particle concentrations of 5 x 10°,
1 x 10" and 5 x 10'° particles m >, respectively. These results clearly show that
the initiation of upward lightning leaders from towers (or other tall grounded structures
such as transmission lines, wind mills, and so on) depends not only on the height of
the tower and the thundercloud electric field, but also on the neutral aerosol particle
concentration of the site.

These results show that relatively lower thundercloud electric fields are required to
initiate upward leaders from tall towers in polluted sites (with high neutral aerosol par-
ticle concentration) than in clean rural zones (with low neutral acrosol particle concen-
tration). This result also applies to coastal areas where aerosol particles generated over
the sea from wave breaking and so on are carried inland by wind. In coastal regions one
can expect the height of towers that can launch upward flashes in a given thundercloud
electric field to be lower than the height of towers in other regions capable of launching
upward leaders under the same thundercloud electric field. This is the case because the
aerosol particles will retard the upward growth of the space charge layer. This indeed
seems to be the case at sites located on the coast of Japan [79]. Field observations in
Japan suggest that upward flashes occur even from structures of moderate height
(lower than 50 m height and located on flat terrain) in winter [80]. This result is due
partly, of course, to the high electric fields produced by winter thunderclouds, for
which the charge centres are located closer to the ground than in those in summer thun-
derstorms, and partly to the high aerosol particle concentration [75] at the coast of
Japan during winter thunderstorms.

Dynamic leader inception evaluation

For the case of upward leaders initiated under the influence of a changing electric field
produced by the descent of a downward stepped leader, the leader inception model of
Becerra and Cooray [72] was modified and extended to account for the time variation
of'the electric field as well as for the space charge left by streamers and aborted leaders
produced before the stable leader inception takes place [73]. In this case, the simu-
lation is initiated by computing the height of the downward leader tip when streamers
are incepted from the analysed object. Once the first streamer is initiated, its charge is
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computed by using the same representation of the corona zone as in the static case.
Owing to the fact that the streamer corona charge shields the electric field at the rod
tip, no streamers are produced (dark period) until the streamer inception condition
is satisfied again by the increase of the electric field caused by the descent of the down-
ward leader. This analysis is repeated until the total charge AQ of any subsequent
corona burst is equal to or larger than 1 pC and the first leader segment is created.
Because the background electric field changes in time because of the approach of
the downward leader, it is not possible to use the same set of equations described in
the previous section to compute the corona zone total charge. For this reason, the
charge simulation method [81] or a geometric analysis of the potential distribution
similar to the one implemented in Reference 72 can be used to estimate the charge
and length of the streamer corona zones as well as the dark period time [73].

Once the unstable leader inception condition is reached, the leader starts propagat-
ing, with corona streamers developing at its tip as the downward stepped leader moves
towards the ground. The simulation of the leader propagation is then started by eval-
uating the potential at the tip of the first leader segment (i = 1). In order to improve the
calculation of the leader tip potential used in the static case, the thermo-
hydrodynamical model of the leader channel proposed by Gallimberti [38] is used.
Gallimberti’s model relates the gradient along the leader channel directly to the
injected charge through it. Based on this theory, the radius ar ;) and electric field
Ey ;) of each ith leader segment produced during each simulation time step ¢ are com-
puted as follows:

1) Evgy(t — Ar) - AQ(t — Ar)
Ty Po

aL(i)(t) = \/dL(i)z(l‘ - At) + = 4.57)

ay ;2 (t — An)

Epri(f) = Er gyt — Ar) - a 20
L(G)

(4.58)

where p, is the atmospheric pressure and v is the ratio between the specific heats at
constant volume and constant pressure. The potential at the tip of the leader channel
containing n segments is then evaluated as

Utip(l) = Z l]_(,') . EL(i)(t) (459)
i=1

The total corona charge AQ(¢) in front of the leader segment is computed with the
charge simulation method utilizing the geometrical analysis of the potential distri-
bution before and after the corona formation, updating the value of the electric field
for the new position of the downward leader channel. The leader advancement dis-
tance AlL(i) and the new leader length IL(i+1) are evaluated using equations (4.55)
and (4.56). In contrast to the static case, the charge per unit length g changes as
the upward leader propagates towards the downward moving leader [73]. The
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variation of this parameter is computed using the thermodynamic analysis of the
transition region proposed by Gallimberti [38].

Figure 4.22 shows an example of the computed streak image and the upward leader
velocity and current of a leader initiated from 10-m-high tower of 0.05 m radius when
exposed to the electric field of a stepped leader moving down with a speed of
2 x 10°m s~ ", The prospective return stroke current associated with the stepped
leader is 10 kA. Note that the model can predict the development of aborted streamer
and leaders as observed in field experiments [S1]. The unstable leader inception takes
place at time 7’. The stable leader inception condition is assumed to be satisfied by
Becerra and Cooray [73] at time 77 when the leader starts to accelerate uniformly. The
time of inception of the stable leader is estimated as the crossing point of a line that
connects the leader velocity between 2 x 10* and 4 x 10*m s~ " and the time axis.
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Figure 4.22  Computed discharge characteristics during leader inception for a
10-m-high, 0.05-m tip radius rod in the presence of a downward
moving leader with 10 kA prospective return stroke current: (a) streak
image; (b) leader velocity and current (adapted from Reference 73)
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Comparison of different models

The question of the validity of leader inception models when applied to natural light-
ning dates back to the moment when the first laboratory-based model was used to
evaluate the initiation of lightning positive leaders [26]. Owing to the fact that the
experimental measurement of lightning strikes to towers [26,42,43] did not provide
enough data related to the conditions under which upward leaders were initiated
from them under natural conditions, scientists suggested different laboratory exper-
iments to validate leader inception models.

Unfortunately, laboratory leader discharges are apparently not long enough to
become fully thermalized and therefore require larger background electric fields to
propagate in comparison with upward lightning leaders [51]. In addition, it appears
that the switching voltage waveforms used in the laboratory do not resemble the elec-
tric field produced by downward moving stepped leaders. For these reasons leaders in
the laboratory have different features when compared with upward leaders initiated
under natural conditions. This was demonstrated theoretically by Becerra and
Cooray [82]. Because it has been found that laboratory experiments cannot adequately
simulate the conditions relevant to lightning flashes [41,74], they cannot be used to
validate the leader inception models used for lightning studies.

For the same reasons outlined above, empirical data obtained from laboratory
experiments cannot be used to directly model upward leaders of lightning flashes
[74]. This raises serious doubts about the validity of the results obtained by applying
leader inception models based on empirical equations or data gathered from laboratory
leaders to explore the nature of lightning leaders. This is the case for the critical radius
concept [54] or the leader inception models of Rizk [62], Petrov and Waters [63] and
Bazelyan and Raizer [67] for studying lightning attachment.

For the case of the critical radius concept, laboratory experiments show that critical
radius varies with the rise time of the applied voltage [40] and electrode geometry
[40,56]. These experiments also show that the critical radius concept is strongly geo-
metry dependent. Therefore the leader inception conditions obtained using this
concept depend strongly on the value of critical radius used in the analysis [72,73].
On the other hand, the assumptions used to derive the leader inception model of
Rizk [62] are only valid for a voltage waveform with a critical time to rise of
~500 s [40] (see also Section 4.3.2.1). The temporal variation of this voltage
impulse does not give rise to an electric field in the gap similar to that generated by
a downward moving stepped leader.

With the development of rocket-triggered lightning techniques, a better source of
experimental data under natural conditions became available. One of the first measure-
ments of the electric field at ground level at the moment of initiation of upward leaders
as a function of the rocket height was published in 1985 [83]. This experiment reported
that upward leaders were initiated from the rocket at a height of about ~100—200 m
above ground when the background electric fields ranged between 5 and 10 kV m™ .
These data were later used to justify the validity of the leader inception model of Rizk
to evaluate upward connecting leaders under natural conditions [98]. However, con-
trary to earlier investigations, later experiments showed that there was no clear relation-
ship between the altitude of the rocket at the moment of upward leader inception and
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the electric field at ground [84]. The reason for this is probably the shielding of the
ambient electric field by the space charge layers created by the corona at ground
level. For this reason, the electric field at ground level during the initiation of
upward leaders from triggered rockets or tall towers does not give a correct description
of the electric field aloft, and it cannot therefore be used to validate leader
inception models.

Although several triggered lightning experiments were performed to gather infor-
mation on different aspects of lightning flashes [49,50,85], the first measurement of
the effective background electric field required to initiate upward leaders from a
triggering rocket was conducted in 1999 by Willett and colleagues [51]. In this
experiment, the vertical ambient electric field profile beneath thunderstorms was
measured with a measuring rocket fired 1 s before the triggering rocket. The experiment
made it possible to obtain the space charge modified electric field profile between
the rocket and ground, providing the means to test different theories of leader
inception. Let us now see how different theories fair against these experimental data.

Figure 4.23 shows the background leader inception (static) electric fields computed
with different models and the average electric field necessary for leader inception as
measured in the rocket-triggered experiment [51]. Note that the predictions of the
Rizk model [96] and the first equation of Lalande [69] do not agree with the results
of the triggered lightning experiment [51]. The other leader inception criteria,
namely the Petrov and Waters model [63], the Bazelyan and Raizer model [67], the
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Figure 4.23  Comparison of the average background electric fields required to
initiate stable upward positive leaders from a rocket, calculated with
different leader inception models and measured in a classical rocket
triggered lightning experiment [51]
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second equation of Lalande [50] and the proposed static leader inception model of
Becerra and Cooray [72] are in rather good agreement with the experimental values.
In particular, there is a good agreement for the model presented by Becerra and
Cooray [72] with the measurements when the space charge left behind the rocket by
aborted streamers and leaders is taken into account. This also shows the importance
of taking into account the space charge effects when dealing with leader inception.

Note that leader inception takes place in the experiment when the height of the
rocket (or the grounded conductor) is more than 200 m. Thus the above comparison
validates model results for (slim) structure heights exceeding this value. Data in
Figure 4.23 show that there is considerable disagreement between model predictions
for heights lower than ~100 m. Of course, it is generally assumed that structures lower
than 100 m or so do not normally initiate upward lightning [86], but recent reports
indicate that structures as short as 50 m on flat ground could initiate upward lightning
flashes [80]. Because of the large differences between model predictions for heights
lower than 100 m, further experiments with instrumented towers and rocket-triggered
lightning are required to measure the effective background electric fields required to
initiate upward leaders from shorter structures.

In an interesting study, Lalande and colleagues [49] performed an altitude-triggered
lightning experiment with simultaneous measurements of current, electric field and
luminosity during the initiation and propagation of an upward connecting leader. In
this experiment, the rocket first spooled out 50 m of grounded wire, followed by
400 m of insulating Kevlar, and from it to the rocket tail a second (floating) copper
wire [49]. During the ascent of the rocket, an upward positive leader was initiated
from the top end of the floating wire, and a negative stepped leader was initiated
from its bottom end. In response to this downward moving negative leader, an
upward connecting positive leader was initiated from the top end of the grounded
wire. The upward leader current, the electric field change produced by the descending
negative leader (measured at 50 m from the wire), and the leader luminosity (with still
and streak photography) were measured simultaneously during the experiment.

In order to reconstruct all the physical parameters during the inception of the
upward connecting leader in this experiment [49], the time-dependent leader inception
model presented by Becerra and Cooray [73] is used. Figure 4.24 shows the predic-
tions of the model for the main physical parameters of the upward connecting
leader in the experiment before and during its initiation. The model predicts that
several streamers and aborted leaders are launched before the inception of a successful
upward connecting leader at around 4 ms. This calculated leader inception time is in
good agreement with the experimentally estimated value of 4.02 ms [49]. As the
downward stepped leader approaches to ground, the total corona charge in front of
the upward connecting leader tip augments and its channel potential gradient
decreases (Figure 4.24d). Consequently, the injected current and the velocity increase
and the upward leader starts accelerating continuously, reaching the stable propagation
condition. Note the good agreement between the computed leader current and the
main component of the measured current (Figure 4.24c¢).

Based on the reconstructed physical parameters of the upward connecting leader in
the experiment, let us consider the validity of the assumptions made in the Petrov and
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Waters [63,65] and Bazelyan and Raizer [67] models. No further discussion of the
validity of the critical radius concept [54] and the generalized leader model of Rizk
[96] is made here, given the inaccuracy of these models when applied to lightning.
In addition, the leader inception equations of Lalande [71] are not discussed further
because they only consider the initiation of leaders under static electric fields (in the
absence of a downward stepped leader). Note first that the length of the streamer
zone during the creation of the stable leader in the experiment is ~1.7 m
(Figure 4.24a). This value is larger than the critical value of 0.7 m assumed by
Petrov and Waters [63]. Moreover, as pointed out by Becerra and Cooray [73], the criti-
cal length of streamers at the moment of unstable leader inception can vary between
0.7 and 2 m due to the effect of the space charge produced by aborted streamers. In
laboratory experiments the streamer length at unstable leader inception is also
observed to vary with the rise time of the applied voltage [40]. This raises some
doubts as to the validity of using a fixed streamer length as a leader inception criterion.

As to the assumptions relevant to the extension of the Petrov and Waters model
[65], note that the velocity of an upward connecting leader can be as low as
1 x 10*m s, significantly slower than the minimum upward leader velocity of
6 x 10*m s~ considered in the model [65]. This speed was used by Petrov and
Waters to estimate the critical rate of change of the induced potential at the tip of
the rod (or at the point of initiation) that would lead to stable propagation of an
upward connecting leader [65]. Because the velocity of upward connecting leaders
can change from one flash to another, it is not possible to define a fixed critical rate
of change in the induced potential as a measure of stable leader propagation.

Consider the leader inception model of Bazelyan and Raizer [67]. It uses a set of
empirical equations derived from laboratory experiments to estimate the upward
leader velocity and the average leader channel electric field. For the sake of compari-
son, the leader velocity and channel average field computed with these empirical
equations are also shown in Figures 4.24c and d. Note that the empirical equations
give a higher velocity, particularly soon after unstable leader inception, than the
value obtained from the experiment. The empirical equation derived by Bazelyan
and Raizer [67] gives a velocity of 1.2 x 10*ms™" for any newly created leader.
This overestimates the propagation velocity of newly created leaders. Moreover, the
empirical equation of Bazelyan and Raizer for the average internal electric field of
the leader channel gives lower values than the ones estimated from measurements.
The combined effect of higher leader velocity and lower internal electric field in the
leader channel immediately after unstable leader inception would favour the propa-
gation of leaders that would have been aborted otherwise. This artifact of the model
may lead to erroneous estimation of the stable leader inception time.

Figure 4.24 (Continued) upward leader velocity and values computed with an
empirical equation [67]; (c) predicted and measured upward leader
currents [51]; (d) predicted average electric field in the leader
channel and values computed with an empirical equation [67]
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The effect of the shape of the lightning conductor on lightning attachment

One important question in lightning protection is whether the shape of the lightning
conductor can influence the process of attachment between the down-coming
stepped leader and the upward moving connecting leader. Moore [87,88] suggested
that lightning rods with blunt tips might be more effective than sharp ones in generat-
ing connecting leaders that bridge the gap between the stepped leader and ground. A
seven-year field study to determine the effect of the radius of the rod on lightning
attachment was conducted by Moore and colleagues [87,88]. In this experiment air
terminals of different radii were placed on a ridge near the 3 288-m-high summit of
South Badly Peak in the Magdalena Mountains of Central New Mexico. Some air
terminals were sharp-pointed and others blunt. The diameters of the blunt rods
varied from 9.5 to 51 mm. The rods competed with each other to attract lightning
flashes occurring in the vicinity.

Over the seven-year study, none of the sharp rods were struck by lightning, but
12 of the blunt rods were. All of the strikes were to blunt rods with tip diameters
ranging between 12.7 and 25.4 mm, although most of the flashes struck the 19-mm
diameter blunt rods. None of the adjacent blunt rods with diameters 9.5 or 51 mm
were struck. Moore and colleagues [87,88] concluded that moderately blunt rods
are more likely to generate successful connecting leaders than sharp rods or extremely
blunt rods.

In a recent study Becerra and Cooray [73] utilized their model described in Section
4.3.2.6 to study how lightning rods of different radii differ in their ability to launch
connecting leaders when exposed to the electric fields of downward moving
leaders. For a stepped leader with a prospective return stroke current of 10 kA, they
computed the height of the downward leader tip above ground when unstable and
stable leaders were incepted from lightning rods of different radii. The results are
shown in Figure 4.25. First, note that the height of the downward moving leader tip
when an unstable leader is incepted is about twice the height of the leader tip when
a stable leader is incepted. Second, note that the tip radius of the lightning rod slightly
affects the height of the downward leader when stable leader inception takes place. In
other words, the background electric field necessary for stable leader inception is
affected by the radius of the lightning rod. However, these differences are not more
than ~10 per cent for the range of tip radius considered. However, observe that
there is an optimum rod radius for which the height of the tip of the downward
moving stepped leader that can generate a stable (and unstable) upward leader from
the rod is a maximum. In other words, this rod radius is slightly more efficient that
other rod radii in generating both unstable and stable upward leaders. For tip radii
lower than the optimum, several burst of streamers with low charge (lower than
1 nC) are initiated as the stepped leader proceeds downwards, leading to a reduction
of charge in subsequent streamer bursts and to retardation of leader inception. On the
other hand, blunter rods produce fewer streamer bursts, but the dark periods are larger,
leading to retardation of leader inception. In fact, the optimum radius for efficient
stable leader inception is slightly smaller than the one that was most efficient in gen-
erating an unstable leader, because the former depends also on the most favourable
conditions for the leader propagation.
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These predicted differences in rods of different radii by Becerra and Cooray [73] are
in agreement with the field observations of Moore and colleagues [87,88]. However,
differences in the efficiency of different rods, as measured by the height of the leader
tip at which a stable leader is generated from the rod, are not more than 10 per cent
according to Figure 4.25. The question then is why all the lightning flashes became
attached to the rods with optimum radii in the experiment of Moore and colleagues,
whereas the others did not get a single strike. According to the opinion of the
authors, the differences in the efficiency of lightning attachment between rods
found by Moore and colleagues [87,88] were influenced by the setup of the exper-
iment. Because the competing rods were placed rather close to each other (about
6 m apart), the small advantage of the ‘optimum’ rods caused them to initiate
upward leaders before the others. Although the presence of the adjacent rods according
to Moore and colleagues [87] produced a change of only ~1 per cent in the electric
field at the tip of each rod, a much larger shielding of the electric field was produced
when the corona zone and leader channel were formed from any rod. Thus, once an
upward leader was initiated from a rod, it screened the other rods and inhibited the
development of stable upward leaders from them. In this way, the ‘optimum’ rods
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managed to become attached to the stepped leaders all the time. Thus, caution should
be applied in interpreting the results of this experiment. For example, based on the
results one should not conclude that rods of other diameters are not effective strike
receptors [73].

In addition, it is noteworthy that the ‘optimum’ rod radii given in Figure 4.25 apply
only for free-standing rods of height less than ~ 10 m. For taller rods the influence of
the radius of the rod on lightning attachment becomes less significant. This is because
the frequency and magnitude of the streamer corona generated due to the field
enhancement at the tip of the rod become less dependent on its radius as the rod
height increases [73].

4.4 The leader progression model

4.4.1 The basic concept of the leader progression model

As mentioned previously, the final attachment of the stepped leader to a grounded
structure takes place through the interaction of the down-coming stepped leader
with the upward moving connecting leader. Leader progression models attempt to
simulate both the propagation of the downward leader and the upward connecting
leader until the meeting point at which a return stroke is initiated. The goal is to charac-
terize and quantify the process of attachment and to understand how different physical
parameters affect the process of attachment. Moreover, these models will be able to
estimate the attractive radius of a given structure for a stepped leader with a given
prospective return stroke current. The attractive radius of a structure is defined as
follows. Consider a stepped leader travelling down along a straight line from cloud
to ground. If the lateral or horizontal distance to the vertical path of the stepped
leader from the structure is less than a certain critical value, then the stepped leader
will be attracted to the structure. This critical lateral (horizontal) distance is called
the attractive radius.

Because the exact mechanism of the propagation of stepped leaders is not known, a
large number of simplifying assumptions are made in creating leader progression
models. First, we will describe the basic assumptions of leader progression models
and then we will describe the latest research work that could be utilized to improve
the state of the art of these models.

4.4.2  The leader progression model of Eriksson

The first leader progression model was introduced by Eriksson [58,59] and is based on
the following assumptions.

1. It is assumed that the grounded structure concerned may be regarded as free-
standing and has approximately axial symmetry.

2. The downward moving stepped leader is represented by a vertically descending
linearly charged channel. The charge distribution along the leader channel and
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its relationship to the peak current of the first return stroke are given by equations
(4.5) to (4.7).

3. The electric field enhancement at the structure top caused through its protrusion
above ground level is expressed in terms of a field enhancement factor, which in
turn is derived from the structure dimensional ratio (i.e. height in relation to the
cylindrical radius).

4. The criterion for the initiation of an upward leader from a particular structure is
taken as the attainment of critical field intensity, 3 x 10° V. m ™!, over the critical
radius at the structure extremity (i.e. critical radius concept, see Section 4.3.2.1).

5. The stepped leader is assumed to take a straight path to ground and this path is not
affected by the presence of a connecting leader.

6. The connecting leader travels in space in such a way that it will find the closest
path for the connection with the stepped leader.

7. The ratio between the speed of propagation of the downward stepped leader and
the upward moving stepped leader is assumed to be 1.

8. When dealing with the striking distance to flat ground in Section 4.2 we defined
the final jump condition. As mentioned previously, in the case of a stepped leader
approaching flat ground, the final jump condition is reached when the streamers of
the down-coming leader meet the ground plane. One can also define the final
jump condition for the case of an encounter between the upward moving connect-
ing leader and the downward moving stepped leader. In this case the final jump
condition is reached when the streamer zone of one discharge meets the streamer
zone of the other. Once the final jump condition is reached, the electrical break-
down between the two discharges is inevitable. However, in the analysis Eriksson
neglected this final jump condition and assumed that for attachment to take place
the two tips of the leader channel have to meet one another.

The model predicts that when a stepped leader with a given charge enters into a certain
volume in space it will be captured by the structure. This volume is called the ‘collec-
tive volume’ of the structure. It depends on the charge on the leader channel, field
enhancement of the structure and the velocity ratio of the two leaders. The collection
volume around the cylindrical structure for different leader charges as calculated by
Eriksson is shown in Figure 4.26. Note in this figure that for a given charge on the
leader channel there is a critical horizontal radial distance (attractive radius) within
which the leader is attached to the structure. Because the charge on the leader
channel can be expressed as a function of the return stroke peak current, the attractive
radius can be expressed as a function of peak return stroke current as follows:

R = I1°0.84h°% (m, kA) (4.60)

where a = 0.7,

D’Alessandro and Gumley [89] applied the collection volume concept proposed by
Eriksson [58,59] to the analysis of lightning strikes to buildings. As outlined above,
the analysis requires field enhancement at different points on the structure. They
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ing to Eriksson [58]

made use of the “field intensification method’ described in Reference 61 to obtain this
parameter. The model was then used to compute the striking distance relevant to any
given point on a building. Once the striking distance was known, the collection
volume of lightning flashes pertinent to any given point on the structure could be
evaluated. Based on the analysis they proposed the use of the collection volume
concept for the optimum placement of air terminals on grounded structures to be pro-
tected. This method is known as the collective volume/field intensification method
(CVM/FIM) [90].



Attachment of lightning flashes to grounded structures 215

The predictions of this method are claimed to be in close agreement with statistics
of actual lightning strikes captured by lightning protection systems designed according
to this concept in Hong Kong [91] and Malaysia [92]. The procedure assumes that the
ground flash density of the site is known and the collective volume of the air terminals
on complex structures is identical to the collection volume of a free-standing rod of
similar height. The ground flash density is computed from the number of thunder
days using three different empirical relationships that connect these two parameters.
The attraction zones of terminals are assumed to be circular regions with a radius
equal to the attractive radius obtained from equation (4.60). From the computed attrac-
tion zones the equivalent average lightning exposure areas of air terminals are com-
puted by taking into account the probability distribution of the prospective return
stroke peak current. Finally, using the ground flash density, the expected number of
strikes in the lightning protection system per year is obtained. Because the ground
flash densities obtained from different equations differ significantly, in the analysis
they selected the value that produced a better agreement between the computed
expected number of strikes per year and the actual number of strikes captured by
the lightning protection system. Not withstanding the simplifying assumptions
made in the analysis and the fact that the ground flash density is selected to fit the
theory with experiment, the authors of the experiment claimed that the experimental
data prove the validity of the CVM/FIM method.

However, serious doubts exist in the lightning research community on the validity
of the CVM/FIM method [20,90,93]. Interestingly, Becerra and Cooray [94] have
recently shown that the lightning attractiveness of air terminals on complex structures
cannot be evaluated using parameters valid for free-standing rods. This is the case
because the lightning attraction zones of corners and short air terminals on buildings
do not in reality define symmetrical and circular areas as do the ones assumed by the
CVM/FIM. They also found that the lightning attractive zones predicted by the
CVM/FIM are excessively large and unrealistically circular in comparison to the pre-
dictions based on self-consistent physical leader inception models. The study shows
that the lightning exposure areas predicted by the CVM are larger than in reality
and that the good agreement between the number of strikes per year estimated by
the CVM/FIM and the observed number of strikes [91,92] is a result of conveniently
selecting the ground flash density to fit experiment and theory.

4.4.3  The leader progression model of Dellera and Garbagnati

These authors [28,60] introduced a more sophisticated and dynamic model of the
downward leader and its subsequent interception with the connecting leader issued
from a structure. The main assumptions of this model are the following.

1. The charge per unit length on the stepped leader is the same along the whole
length of the channel, and its value is given by equation (4.8) as a function of
peak current. However, the lower part (the last tens of metres) of the leader

channel is assumed to have a charge of 100 pC m ™.
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2. The charge per unit length of the positive connecting leader is equal to
50 nCm~ .

3. The streamer zone of the stepped leader extends from the tip of the leader up to a
distance where the electric field is 300 kV m ™',

4. The length of the streamer zone of the positive connecting leader is assumed
to be equal to the length between the leader tip and the point defined by the
intersection of the actual potential distribution curve with a straight line of
slope equal to 500kVm~', both computed along the maximum field
strength line.

5. The direction of propagation of the leaders, both the down-coming stepped leader
and the upward moving connecting leader, is determined by the direction of the
maximum electric field along an equipotential line at a distance from the leader tip
equal to the streamer extension.

6. The inception of the connecting leader is based on the critical radius concept. The
value of the critical radius was assumed to be 0.36 m [54]. Based on the results
obtained later by Bernardi and colleagues [56] a value of 0.28 m was adopted
in later studies. In calculating the electric field at the point of interest of the
structure the method of charge simulation was used [81].

7. The model requires the velocity ratio between the negative and positive leaders
as an input. In the simulation it is assumed to be 4 at times close to the initiation
of the positive leader but it decreases to 1 just before the connection of
two leaders.

8. In the model the propagation of the two leaders towards each other is continued
until the final jump condition is reached between them. In other words the simu-
lation continues until the streamer regions of the two leaders touch each other.

9. The model takes into account the background electric field generated by the cloud
in the analysis. The cloud, assumed to be 10 km in diameter, is simulated with
four charge rings of uniform charge density. The rings are placed at equal dis-
tances from each other and placed in such a way to cover the whole area of the
cloud. It is doubtful, however, whether the electric field generated by the cloud
can influence the attachment process.

A sketch of the model is shown in Figure 4.27a. Figure 4.27b and ¢ show examples of
application of the model to study lightning attachment to a free-standing structure of
220 m height on flat ground and a 420 kV line in different orographic conditions,
respectively. Based on such simulations the lateral distance (having the same definition
as the attractive radius of Eriksson’s model described earlier) has been evaluated cor-
responding to free-standing structures of different heights. The results obtained from
the model are depicted in Figure 4.27d.

Recently, Ait-Amar and Berger [95] used a leader progression model similar to the
one proposed by Dellera and Garbagnati to study the lightning incidence to buildings.
In their analysis, the critical radius concept [54] was used as a condition for the
initiation of upward connecting leaders from buildings.



Attachment of lightning flashes to grounded structures 217

Ogloug (ring charges)

-— Line segment charge taking care
of the total channel charge

g (uC/m)

Downward leader

—100 or +50 uC/m
according to the polarity

T Streamer zone

Line segment charge
+50 or —100uC/m
according to the polarity

T

Earthed structure ——s=d  Hg

I

| -,
# o

— —

13

Upward leader ——

I
|
II.
I ' U= Const —
I Critical radius (R)

Distance between leader channel
and earthed structure

Figure 4.27  (a) Sketch of the propagation of lightning according to the leader pro-
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cation of the leader progression model of Dellera and Garbagnati for a
free-standing structure 220 m in height [28]. (c) Example of the
computed leader paths of a 420 kV power line in different orographic
conditions [28]. (d) Computed lateral distance as a function of the
lightning current for free-standing structures of different heights
according to the leader progression model of Dellera and
Garbagnati [60].

4.4.4 The leader progression model of Rizk

The basic idea behind the leader progression model of Rizk [96,97] is similar to that
of Dellera and Garbagnati [28]. However, there are several fundamental differences
in details. The following are the assumptions of the model.

1. The charge per unit length on the stepped leader decreases linearly with height,
becoming zero at cloud level and maximum at the downward leader tip height.
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The magnitude of the charge per unit length as a function of peak return stroke
current is evaluated by assuming that the total charge satisfies equation (4.5).

2. Rizk’s generalized leader inception equation (described in Section 4.3.2.2) is
utilized to evaluate the height of the downward leader tip when the upward con-
necting leader is initiated.

3. The negative downward channel continues its downward motion unperturbed by
any object on the ground. It maintains this unperturbed motion until the final jump
condition is reached between it and the upward moving connecting leader. At the
final jump condition it turns towards the positive leader.

4. Atthe final jump condition the mean potential gradient across the gap between the
two tips of the leaders is assumed to be 500 kV m ™. In order to make a decision
whether the final jump condition is reached, Rizk represented the upward con-
necting leader as a finitely conducting channel. In the model the potential of
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the connecting leader is evaluated by the expression

E  E —En
AU[ = ZEOQ +x0Eoo hl E — Eco

exp (— 1/xo) 4.61)

where / is the length of the leader channel, E; is the minimum positive streamer
gradient, E, is the final quasi-stationary streamer gradient, x, = v6, 0 is the arc
(leader) time constant and v is the speed of the ascending positive leader.
In the calculations it is assumed that E; = 400 kV m !, Ew=3kV m_l,
0=50ps and v=1 x 10°ms~'. Note that the potential of the downward
moving stepped leader is already fixed once the distribution of charge along its
channel is specified.

5. The vector motion of the positive upward leader is such that at any instant it seeks
the negative leader tip.

6. The ratio of the speeds of the negative and positive leaders is taken to be 1.

Figure 4.28a and b show the model-predicted variation of attractive radius for different
mast heights in flat terrain and on a mountain, respectively, for different values of
return stroke peak currents. The simulations in Figure 4.28a corresponds to a back-
ground electric field (i.e. the field produced by the cloud) of zero and Figure 4.28b
for 3 kV m~' [98].

4.4.5 Attempts to validate the existing leader progression models

Although the three leader progression models discussed above describe the main
stages of the attachment of lightning flashes to grounded structures, they introduce
different simplifying assumptions in each phase. Because of a lack of knowledge at
the time when the models were proposed, different models made different assumptions
concerning the distribution of the charge on the stepped leader, the leader inception
criterion, the velocity ratio and the properties of the upward connecting leader
[104]. For this reason, the results obtained for a particular structure using different
leader progression models may differ considerably from each other [99]. This is illus-
trated in Figure 4.29.

Unfortunately, sufficient field data to fully validate the leader progression models
are not available at present. Owing to the inherent difficulties associated with perform-
ing controlled experiments to evaluate the lightning attractiveness of grounded
objects, no direct estimates of lateral attractive distances of towers or structures are
available today. The first attempt to estimate indirectly the lightning attractive dis-
tances of tall objects by analysing field observations was made by Eriksson [59].
He gathered data from ~3 000 observed lightning flashes to a variety of free-standing
structures with heights ranging between 22 and ~540 m in various regions in the
world. Because the structures were located in places with different thunderstorm
days he normalized all data to an arbitrary flash density of 1 flash km ? yr~'. By
taking the normalized number of lightning strikes to the structures per year as a
function of their height and considering a uniform lightning flash density of 1 flash
km ™% yr~! for all the data worldwide, the lateral attractive distance of the structures
was estimated. The estimations are compared in Figure 4.30 with the predictions of
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Figure 4.28  Variation of the attractive radius (a) as a function of mast height for flat
terrain for different return stroke peak currents according to the leader
progression model of Rizk [97] and (b) of a mast on a hemispherical
mountain top for different return stroke peak currents according to
the leader progression model of Rizk [97]

three leader progression models. Notice the broad scatter of the attractive distances
estimated from the field observations, which is caused by various inadequacies in
the collection, classification and normalization of the data. One major cause of
scatter is due to the large uncertainty in the relationship between the flash density
and the thunderstorm days used by Eriksson [100]. The large uncertainty in this
relationship is such that, for instance, areas reporting a keraunic level of 20 thunder-
storm days per year would have an estimated lightning density of 2 flashes km ™2
yr~ ! even though they could in fact experience a flash density varying between 0.4

and 4 flashes km ™2

yr~ ' [59]. Such errors in the calculated lightning flash density

lead to large errors in the estimated lateral attractive distances. Although the results
of Eriksson have been used in validating leader progression models [59,74,97], for
the reasons mentioned above, the values of attractive distances estimated from the
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observed strike incidence to various structures by Eriksson [59] are inaccurate, and
they should be used with caution in validating leader progression models.

Other attempts to indirectly evaluate the accuracy of leader progression models
have been made by comparing the predicted and experimentally derived shielding
angles required to protect phase conductors in power transmission lines [58,101].
The field observations are based on the same dataset used by Whitehead and col-
leagues [102] to calibrate EGM theory. It corresponds to the observed effective shield-
ing angles of high-performance power transmission lines operating in the United
States. However, a comparison of the predictions of leader progression models with
this dataset will constitute only a crude validation of the models, because the shielding
performance of power transmission lines is affected by several other factors such as
environmental shielding (by trees), variations in the topography of the terrain, sag
of'the line, and so on [34,102,103]. Because these factors are either difficult to evaluate
or are unknown for the transmission lines in the existing dataset, it is not possible to
make an accurate prediction using leader progression models of the shielding angles
that will provide proper lightning protection in these lines.

4.4.6  Critical overview of the assumptions of leader progression models

When considering the complexity of lightning phenomena, it will always be necessary
to make a large number of assumptions and simplifications in order to formulate a
usable lightning strike model. These simplifications, which on the one hand make
the model feasible for calculations within a reasonable time, on the other hand
involve a number of limitations that influence the accuracy of the results of the calcu-
lations. However, the creation of leader progression models has been a major step
forward and these models are capable of predicting several phenomena observed in
the field. Moreover, the models seem to be well suited for sensitivity analysis where
the effects of various parameters on the efficiency of lightning protection procedures
are being studied by changing one parameter at a time. However, the models described
above are based on several simplifying assumptions and therefore their ability to
describe nature is limited. These assumptions are discussed as follows.

4.4.6.1 Orientation of the stepped leader

In the leader progression models two assumptions are made concerning the path of
propagation of the stepped leader. In the model of Dellera and Garbagnati it is
assumed that the leaders travel along the maximum electric field direction. In the
Rizk model it is assumed that the background electric field does not influence the
path of propagation of the stepped leader. Of course the first assumption makes
some physical sense, but it is not that clear how this condition should be applied
in practice. It is difficult, if not impossible, to determine the direction of the
maximum electric field ahead of the leader channel for the following reasons.
The space in front of the leader channel is occupied by streamer discharges that
supply the current necessary for the propagation of the leader. The electric field con-
figuration in front of the leader channel is determined by the spatial distribution of
the space charge of the streamer system, which in reality is not uniform. Thus the
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exact distribution of the electric field in space in front of the leader cannot be deter-
mined with any certainty. Moreover, the direction of the stem of the streamer system,
which becomes the new leader segment, may to some extent be controlled by the
space charge lying ahead of it. This space charge reduces the electric field at the
stem and therefore the direction of the next section of the leader channel may
form in a direction away from the main concentration of the space charge. This
process may introduce some tortuosity into the leader channel. This tortuosity
may also complicate the spatial distribution of the electric field ahead of the
leader channel.

The situation is even more complicated in the negative stepped leader. In this case
the high electric field at the outer edge of the streamer space charge leads to the cre-
ation of a space stem. The space stem generates a positive streamer system towards
the tip of the already formed leader channel. The interaction of this positive streamer
system coming out of the space stem and the negative streamer system emanating from
the tip of the leader channel gives rise to the next step of the leader. Thus the location of
the space stem with respect to the tip of the leader channel will decide the direction
of the next leader step. The theory available at present cannot be used to predict the
exact location of the space stem with respect to the electric field configuration.

The next problem is our lack of knowledge concerning the external electric field
necessary to divert the direction of propagation of a leader channel. A newly
created section of either positive or negative leader is immersed in the background
electric field of the streamer discharges. In negative leaders this is ~1 000 kV m ™'
and in positives it is ~500 kV m~'. In order to divert the direction of propagation
of the leader channel it is necessary to have a background electric field that is compar-
able to these streamer electric fields. As long as the background electric field is much
less than the electric field in the streamer region, the direction of the leader is deter-
mined more by the random nature of the space charge distribution in the streamer
volume than by the background electric field. However, background electric fields
comparable to streamer electric fields may occur in practice as the stepped leader
approaches a structure or when two leaders (i.e. stepped leader and the connecting
leader) approach each other. A physically reasonable assumption to be made in
leader progression models, therefore, is to assume that that the leaders move
without much influence from the background electric fields unless this field
becomes comparable to the streamer field, say about one-fifth of the streamer field.
This amounts to ~200 and 100kV m~' for negative and positive streamers,
respectively.

4.4.6.2 Leader inception criterion

The theoretical results as well as experimental observations gathered from natural and
triggered lightning show that the leader formation in the laboratory under switching
impulses and under natural lightning conditions are considerably different (see also
Section 4.5.1). In the laboratory, the formation of a positive leader takes place
under a high external electric field as a cold leader. The internal electric field of a
cold leader is ~100—200 kV m ™' with a channel temperature of ~4 000 K. It may
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support a current of about 1 A. Under actual lightning conditions in nature, the positive
leader starts as an unstable/cold leader but converts into a stable/hot leader with an
internal electric field strength of ~10—50 kV m™', a temperature of ~6 000 K, and
a current of 10 A or more. The processes in leader formation are strongly nonlinear
and therefore the laboratory results should be used in lightning studies only as a
vehicle to extract basic parameters that are of interest in the formulation of theory of
electrical breakdown in air.

The leader inception criterion utilized by Eriksson [58], Dellera and Garbagnati
[28] and Rizk [97] are based on the breakdown characteristics of long gaps obtained
in the laboratory. For example, Eriksson [58] and Dellera and Garbagnati [28] uti-
lized the critical radius concept [54], which is extracted from information on the
breakdown of long gaps in the laboratory. The same applied to Rizk’s leader incep-
tion model [62], which is calibrated using the data relevant to the breakdown of long
gaps. The laboratory data may depend both on electrode geometry and the type of
voltage waveform used in the study. For example, as mentioned previously, the criti-
cal radius depends on the gap length and the waveform of the voltage impulse used
in the evaluation. Could one use, for example, the critical radius observed in the lab-
oratory for horizontal and vertical lightning conductors placed for instance on a
building? The field distribution around a conductor located on a building depends
not only on the shape of the conductor but also on the height and shape of the build-
ing. Therefore, the leader inception conditions for such conductors could be differ-
ent in comparison to similar conductors located in free space without the effect of
the building. This creates a need for using different values of critical radii for con-
ductors of similar shape but located on different parts of a building. Other
problems associated with the critical radius concept have already been discussed
in Section 4.3.2.1.

Another important simplification of these models is the use of static conditions to
evaluate the inception of leaders. In the evaluation the background electric field is kept
constant while ascertaining whether the leader inception criterion is satisfied. In
reality, the background electric field produced by a descending stepped leader
increases continuously and this variation has to be taken into account in the evaluation
of leader inception. For example, the leader inception model of Becerra and Cooray
[73], which takes this into account, shows that the leader inception depends on the
rate of change of the background electric field (see the subsection ‘Comparison of
different models’ in Section 4.3.2.6 for a comparison of different inception models)
The results of leader progression models should be interpreted keeping in mind all
these simplifying assumptions.

4.4.6.3 Parameters and propagation of the upward connecting leader

Neither of the leader progression models of Dellera and Garbagnati or Rizk utilizes
physics to ascertain whether the conditions necessary for propagation are satisfied con-
tinuously as the connecting leader propagates towards the stepped leader. In these
models once a leader is incepted it is assumed to propagate continuously in the avail-
able background electric field.
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Although some predictions of leader progression models agree qualitatively with
field observations [74], these models are based on some assumptions that are not in
line with current knowledge on the physics of leader discharges and lightning.
Furthermore, some input parameters utilized for the modelling of the upward con-
necting leader are unknown or difficult to estimate. Hence, most of the parameters
necessary for the model have been extracted from laboratory experiments pertinent
to long sparks. However, the physical properties of upward leaders in nature have
been found to be different to those of leaders in the laboratory [104,105]. For
instance, it has been observed that the temporal evolution of the upward leader vel-
ocity in triggered lightning experiments does not follow a well defined pattern as in
the laboratory, where the external parameters are somewhat controlled, but instead
changes from flash to flash [13]. A better leader progression model should be
capable of self-consistently estimating the physical properties of upward leaders.

One of the most important parameters in leader progression models is the speed of
propagation of the connecting leader. In available leader progression models this speed
is assumed to be constant and its value is selected somewhat arbitrarily. In reality, the
speed of the connecting leader may vary continuously while propagating. Moreover,
different experiments with natural and triggered lightning suggest that it is not possible
to generalize behaviour, including speed, of upward connecting leaders because it
changes from one flash to another [26,44]. However, the existing leader progression
models assume that leaders of all lightning flashes behave in an identical manner. A
more physically oriented leader progression model should be able to take into
account in a self-consistent manner the variation of lightning parameters from one
flash to another.

4.4.6.4 Effects of leader branches and tortuosity

All the leader progression models available today represent the leader by a single
channel without including branches or tortuosity. The leader deposits charge not
only on the main channel but also on branches. Thus the electric field configuration
in space in front of the leader channel is controlled to some extent by the branched
nature of the channel. Moreover, the final attachment process could also be influenced
by branches if several branches approach the ground more or less simultaneously. A
more realistic leader progression model should take the branched nature of the
lightning channel into account.

In a leader progression model the length of the streamer zone is evaluated by taking
into account the electric field ahead of the leader tip. This electric field depends both
on the spatial distribution of charge behind the leader tip and the geometry of the
channel. Moreover, the charge distribution of the leader channel itself may depend
on the geometry of the channel. Thus, the tortuosity of the leader channel should be
included in leader progression models to represent the lightning leaders faithfully.

4.4.6.5 Thundercloud electric field

In general, the magnitude of the thunder cloud electric field is no more than a few tens
of kV m™', and as far as the propagation of the leader is concerned one may neglect
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the effects of this electric field. However, the thundercloud electric field may affect
leader propagation in an indirect manner. The electric field in front of the leader tip,
which determines the length of the streamer region and hence the propagation charac-
teristics of the leader, depends on the charge distribution along the leader channel. This
charge distribution is intimately related to the background electric field through which
the leader is propagating. The background electric field concentrates electric charges at
the tip of the leader. This charge in turn generates a high electric field, which is orders
of magnitude larger than the background electric field, in front of the leader channel
that propels the leader forward. This is the reason why the general path of propagation
of leaders is directed along the background electric field. A leader may travel a short
distance perpendicular to the background electric field, but soon the charge concen-
tration at the leader tip will be exhausted, forcing the leader to stop propagating. Of
course, if the charge distribution along the leader channel is arbitrarily selected, this
connection between the background electric field and the charge distribution along
the leader channel is lost and one may erroneously come to the conclusion that the
thundercloud electric field is unimportant in leader progression models. However,
to make leader progression models more realistic it is necessary to connect the
charge distribution of the leader channel to the background electric field produced
by the thundercloud.

4.4.7 Becerra and Cooray leader progression model

4.4.7.1 Basic theory

Owing to the limitations of the existing models, it is necessary that a leader pro-
gression model self-consistently estimates the physical properties of upward connect-
ing leaders in order to reduce the uncertainties of the calculations. These properties
include the charge per unit length, the injected current, the leader channel potential
gradient and the velocity of the upward connecting leader during its propagation
towards the downward stepped leader. With this idea in mind, a self-consistent phys-
ical model to simulate the initiation and propagation of upward connecting positive
leaders from grounded structures was introduced by Becerra and Cooray [104]. The
model takes the time-dependent inception model presented in Section 4.3.2.6 (subsec-
tion ‘Dynamic leader inception evaluation’) as a base, and extends the analysis of the
upward leader propagation until the connection with the downward stepped leader.
The model self-consistently estimates the leader physical properties during its
propagation towards the downward stepped leader. The model uses a thermo-
hydrodynamical model as proposed by Gallimberti [38] to estimate the leader
channel properties together with a thermodynamic analysis of the transition zone
where the corona converges to the leader tip. In the first step of the model simulation,
the radius and electric field of each leader segment produced during each simulation
time step are computed with equations given in Section 4.3.2.6 (subsection ‘Dynamic
leader inception evaluation’). In the second step, the charge per unit length required to
thermalize a new leader segment is computed by estimating the specific power input at
the tip of the leader channel. This charge per unit length is required to properly esti-
mate the leader advancement caused by the charge in the streamer corona zone at
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the tip of the leader channel. The thermodynamic analysis of the transition region
where the corona converges to the leader tip proposed for Gallimberti [38] is used
to estimate the charge per unit length required for the creation of a new leader
segment. This theory assumes that the creation of a new leader segment takes place
when the temperature rise in the transition zone is high enough to produce thermal
detachment of negative ions. Accordingly to this theory, the charge per unit length
required to achieve the transition to a new leader segment can be estimated as

I
T A
K- (ﬁ:rt +f (M)) " (J - E)dl

where 71 is the leader current, f is the fraction of the energy transferred into elec-
tronic, rotational and translational excitation and f, is the fraction of the collision
energy transferred into the vibrational reservoir. The term 7 /(7] + 7y, represents
the fraction of the vibrational energy which can be relaxed into thermal energy
during the leader transition time, 7. This fraction depends on the vibrational relaxation
time 7. The integral term in the denominator corresponds to the specific power avail-
able in the transition zone. It is defined by the product of the current density J and the
average electric field £ across the transition zone A/; defined as the separation between
the leader tip /i and a point /. where the specific power becomes negligible. In this way,
the thermal energy is released in the transition zone during the leader transit time
71 = Al /vy, where vi_is the leader velocity. This leads to an increase in the tempera-
ture in front of the leader until the transition from the corona to the new leader channel
segment takes place. The parameter K is a constant that depends on the critical temp-
erature required for the transition and the density of neutrals in the transition zone.

By representing the leader channel with the ‘charge simulation method’ as shown
in Figure 4.31, the specific power input at the tip of the leader channel is computed and
equation (4.62) evaluated. In this way, it is possible to estimate the charge per unit
length required to thermalize a new leader segment. During the evaluation of equation
(4.62) it is assumed that all the energy is transferred into vibrational excitation
(ferx = 0, £, = 1) and that the current density J is approximately equal to the ratio of
the leader current /; and the surface area of the transition zone at each radial distance
from the leader tip. The vibrational relaxation time 7, is taken as 100 ws [38] and the
value of the constant K is set in such a way that the value of ¢; computed with (4.62) is
equal to 65 wC m~ ' when the leader velocity reaches 2 x 10*m s~ ' [50].

Becerra and Cooray [104] applied the model to predict the features of the upward
connecting leader observed in altitude rocket-triggered lightning experiment reported
in Reference 49. The details of this experiment are described in Section 4.3.2.6 (sub-
section ‘Comparison of different models’), but for the convenience of the reader the
description is reproduced here. In this experiment, a rocket was launched toward the
cloud overhead, spooling 50 m of ground wire, followed by 400 m of insulating
Kevlar and from it to the rocket tail a second (floating) copper wire. An upward
leader was initiated and propagated upward from the top end of the floating wire,

= (4.62)
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Figure 4.31  Detail of the representation of the leader channel tip and the specific
power in the corona zone in the self-consistent leader progression
model of Becerra and Cooray [104]. The contours correspond to the
logarithm of the specific power evaluated taking into account the
effect of space charge produced during previous steps.

leading to the initiation of a downward stepped negative leader at the bottom end of the
floating wire. As a consequence, a positive upward connecting leader was initiated
from the tip of the grounded wire in response to the triggered downward moving nega-
tive leader. The current of the connecting leader, the background ground electric field
change at 50 m from the grounded wire and the leader luminosity (with static and
streak photography) were measured simultaneously during the experiment [49].

In order to reproduce the experimental conditions, the background electric field
necessary for model simulation is calculated using the charge of the downward
moving negative leader. This charge was inferred from the ground-level electric
field measured at 50 m from the ground wire [49]. Good agreement between the pre-
dictions of the proposed self-consistent leader progression model and the experimental
data is found. The connecting leader in the experiment started its continuous propa-
gation around 4.02 ms, which is in excellent agreement with the leader inception
time of 4 ms calculated by the model (see Figure 4.24). There is also good agreement
between the simulated final jump time (at 4.33 ms) and the value observed in the
experiment (at 4.37 ms). Furthermore, good agreement was found between the pre-
dicted leader current and the continuous component of the current measured in
the experiment.
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Figure 4.32  Comparison of the streak image computed for the rocket-triggered
experiment reported in [49] with (a) the self-consistent model pre-
sented in Reference 104 and (b) the leader progression models of
Eriksson [58,59], Dellera and Garbagnati [28,60] and Rizk [96,98]

Figure 4.32a shows the streak image of the altitude rocket-triggered experiment
[49] simulated with the self-consistent leader progression model presented in
References 104 and 106. For the sake of comparison, the predictions of the leader pro-
gression models of Eriksson [58,59], Dellera and Garbagnati [28,60] and Rizk [96,98]
are included in Figure 4.32b. First, notice that different leader progression models
predict different times of leader inception. The reason for this is the different leader
inception criteria used by these models. In their models Eriksson and Dellera and
Garbagnati use the critical radius concept [54], whereas Rizk uses his own leader
inception model [62]. Second, note that the height of the downward leader tip, the
connecting leader length and the time at the moment of interception estimated by
the existing leader progression models differ considerably from the values computed
by the model of Becerra and Cooray [104]. Because the charge of the downward
moving leader was the same in all cases, these differences can only be attributed to
the manner in which the connecting leader is represented in different models.
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Consequently, the differences in the predictions of different leader progression models
as shown in Figure 4.32b are caused by a combination of errors introduced by different
assumptions made in these models regarding the inception, velocity and channel prop-
erties of the connecting leader [106].

In order to test the validity of the assumptions concerning the properties of upward
connecting leaders made in the leader progression models of Eriksson, Dellera and
Garbagnati, and Rizk, Becerra and Cooray [104] used the self-consistent leader pro-
gression model to extract different features of the upward connecting leader pertinent
to the triggered lightning experiment describe above. The computed values of the vel-
ocity, average channel electric field and charge per unit length of the upward connect-
ing leader are shown in Figure 4.33. Notice that the constant upward leader velocities
assumed by Eriksson [58,59] and Rizk [96,98] exceed by several times the computed
values, particularly immediately after inception (Figure 4.33a). In the same way, the
model of Dellera and Garbagnati [28,60] also overestimates the connecting leader vel-
ocity, although to a lesser degree. The direct effect of this is the overestimation of the
upward leader length, which in turn leads to a larger interception distance. Regarding
the properties of the leader channel, note that the average electric fields computed with
the semi-empirical equation [62] assumed by Rizk [96,98] in his model are lower
than the self-consistently calculated values (Figure 4.33b). An underestimation of
the leader electric field leads to a larger average electric field between the tips of
both leaders, resulting in a larger final jump distance. This in turn gives rise to an
carlier final jump time [106].

As for the charge per unit length of the connecting leader, the constant value
assumed by Dellera and Garbagnati [28,60] disagrees with the values computed
with the self-consistent model (Figure 4.33c). Moreover, the leader charge per unit
length was found to increase as the connecting leader speeds up, which disagrees
with the assumption of constant charge density along the connecting leader
channel. It is also worth mentioning that in their model Dellera and Garbagnati rep-
resented the upward leader channel by a line charge. This simplification causes
large errors in the evaluation of the potential of the leader channel. Moreover, the
total charge of the upward leader is partly located within the corona sheath and
partly on the channel and the streamer corona zone of the connecting leader [106].
Thus, it is not appropriate to concentrate all of it only along the leader channel.
This assumption also leads to an overestimation of the average electric field
between the tips of the leaders affecting the correct evaluation of the final jump
condition in the model of Dellera and Garbagnati.

4.4.7.2 Self-consistent lightning interception model (SLIM)

The detailed comparison of model predictions with experiment given in the previous
section shows that the self-consistent leader progression model of Becerra and Cooray
is better suited to evaluate the attachment of a stepped leader to a grounded structure.
Moreover, it can be used to a perform sensitivity analysis to investigate how different
parameters of stepped leaders and the geometry of the grounded structures influence
the attachment process. However, in order to facilitate the implementation of
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the model for such an analysis, a simplified procedure to evaluate the charge of the
corona zone in front of the leader tip needs to be developed. This is based on the
assumption that the total corona charge in front of the leader tip can be determined
from the difference between the background geometrical potential distribution and
the potential distribution after corona formation. This involves a numerical analysis
of the background potential distribution as the leader propagates. The basic procedure
of calculation is similar to that developed in Reference 72. In addition, the charge dis-
tribution along the downward moving stepped leader is evaluated with the equation
proposed by Cooray and colleagues [31].

With these simplifications the model presented in the previous section can be easily
used to self-consistently evaluate the initiation and propagation of upward connecting
leaders in the presence of downward moving lightning stepped leaders. This version of
the model is called the self-consistent lightning interception model (SLIM). An
example of the predictive power of SLIM when applied to study the attachment of a
lightning flash to a 60-m-tall tower is shown in Figure 4.34a and b. Figure 4.34a
shows the simulated streak image and the variation of the velocity of the upward
connecting leader under the influence of a stepped leader approaching with different
average velocities [105]. Note that, as mentioned in Reference 73, the height of the
leader tip when the connecting leader is incepted increases with increasing leader
velocity. The reason for this is that, in contrast to a slowly moving stepped leader, a
fast-moving one generates a rapidly changing electric field, which facilitates rapid
inception and fast propagation of the upward leader [105]. This effect leads to a
longer striking (inception) distance. The predicted final value of the upward leader
velocity under the influence of a slowly moving downward leader (Vyouwn =
8 x 10°ms~ ") with a prospective return stroke current of 87 kA is close to
8 x 10°m s~ '. For a downward moving leader with the same prospective return
stroke current but moving down at 1 x 10° m s~ ' [105] the final speed of the connect-
ing leaderis 1.2 x 10°ms™ .

However, when a downward leader approaches ground with high velocity, the time
available for the development of the connecting leader is drastically reduced. As a
consequence, the length of the upward connecting leader at the moment of the final
jump (i.e. the connection of the streamer zones of both leaders) decreases considerably
for fast-moving downward leaders. For the case considered here, the predicted
length of the upward connecting leader for a slowly moving downward leader
(Vgown = 8x10°m s~ ") is ~172 m, but is only 30 m for a fast-moving downward
leader (Vgown = 1 x 10°m s~ ") [105].

Figure 4.34b presents the predictions of the model for the case of a 60-m-tall tower
under the influence of stepped leaders associated with different prospective return
stroke peak currents (i.e. different charge densities). In the simulations, the downward
leader is assumed to be directly over the tower. As one may expect, the striking dis-
tance, the length of the upward connecting leader and the final jump distance increase
with increasing prospective return stroke current. Interestingly, the final velocity of the
upward connecting leader also increases with the prospective return stroke current. The
estimated upward leader velocity at the moment of connection with a downward leader
moving with average velocity Vgown equalto2 x 10°m s~ 'is ~4.5 x 10*ms~ ' fora
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Figure 4.34 (Continued) a 60-m-tall mast on a mountain: (a) 8 x 10 m s~ )
2x10°ms ™! (©)5x10°ms™ ", () 1 x 10°ms~". (b) Simulated
streak image and leader velocity variation of the upward leader for
different prospective return stroke currents for a lightning flash striking
a 60-m-tall mast: (a) 10 kA, (b) 20 kA, (c) 40 kA, (d) 70 kA, (e) 110 kA.
The downward leader is located directly over the tower and propagates
with an average velocity V p,,, of 2 X 1 0> ms . (c) Attractive distance
computed with SLIM for free-standing structures corresponding to a
downward leader with a prospective return stroke current of 31 kA
and an average velocity of 2 x 10° m s~'. The error bars show the
variation of the attractive distances due to the dispersion of the
observed downward leader velocity probability distribution. The pre-
dictions of the existing leader progression models are shown
as reference.

prospective return stroke current of 10 kA, while it close t0 9.5 x 10* m s~ ' fora pro-
spective peak current of 40 kA. However, the final upward leader velocity increases
only slightly for prospective return stroke peak currents larger than ~40 kA. This is
the case because the corona zone in front of the upward connecting leader extends
over a great distance in the case of downward leaders with high prospective return
stroke currents, leading to an early final jump condition before the upward leader
reaches a higher velocity. A similar analysis made with SLIM also shows that par-
ameters such as the lateral position of the downward leader channel with respect to
the tower axis and the ambient electric field do not significantly affect the final value
of the connecting leader velocity, but could influence its time of development. These
results clearly show that the velocity of connecting leaders changes from one flash to
another due to the variations of these parameters. Thus, it is not appropriate to use gen-
eralized ratios between the velocity of the downward and upward leaders as is assumed
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in existing leader progression models [28,59—61,96,98]. Instead, the upward leader
velocity has to be self-consistently computed for each case.

Owing to the strong effect of the upward connecting leader velocity on the point of
attachment between connecting leader and stepped leader, the aforementioned par-
ameters also influence the attractiveness of any grounded structure to lightning
flashes. Figure 4.34c shows the predictions of SLIM for the lateral attractive distance
of a free-standing slender structure under the influence of a downward leader moving
with an average velocity of 2 x 10> m s~ . In order to illustrate the effect of the down-
ward leader velocity on the attractive distance, calculations are also performed for the
lower and upper limits of the measured values of the average stepped leader velocity
[49]. Recent measurements with high-speed cameras show that the two-dimensional
average velocity of downward negative stepped leaders is distributed between
~9 x 10*and 2 x 10°m s~ ", with a median 0of 2.2 x 10° m s~ ' [107]. The variation
of the computed attractive distances for downward leader velocities ranging between
those limits is shown with bars in Figure 4.34c. The predictions of the existing leader
progression models of the Eriksson [58,59], Dellera and Garbagnati [28,60] and Rizk
models [96,98] are also shown for comparison purposes.

The large spread of the downward leader velocities observed in nature results in a
rather wide range for the attractive distances estimated by the model. For this reason,
the attractive distances of free-standing objects range between the limits shown with
the bars in Figure 4.34c¢. In estimating these limits the probability distribution function
of the downward leader velocity is considered. This demonstrates that the attractive-
ness of a free-standing object to lightning does not depend on the prospective return
stroke current or the height of the structure alone, but also depends on the downward
leader average velocity. This result suggests that in the analysis of the lightning attrac-
tive distances of grounded objects one has to take into account also the downward
leader velocity to make a better estimate of this parameter. However, the attractive
distance computed with SLIM for isolated slender structures for a downward leader
velocity of 2 x 10°m s~ ! can be qualitatively averaged by the following equation,
which expresses the attractive distance in terms of return stroke peak current and
structure height:

R =1.86-I°""17% (m, kA) (4.63)

where a = —1.617 x 10 °h + 0.6417h%°%*2. Note that this expression applies
only for thin structures with axial symmetry and cannot be applied to evaluate the
attractive distance of other objects without such symmetry, such as buildings or
complex structures. Furthermore, Figure 4.35 shows an example of the lightning
attractive zones computed with SLIM for an isolated tall air terminal (or mast), an
air terminal on the roof, a corner and an edge of a simple building. In all the cases,
the point of interest is located 30 m above ground. In the simulations, a stepped
leader propagating vertically downwards with an average velocity of 2 x 10° ms ™'
and associated with a prospective return stroke current of 16 kA is considered. The

ambient electric field is assumed to be equal to 20 kV m™".
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Side and top views of the lightning attractive zones simulated with
SLIM for (a) a 30-m-tall free-standing air terminal, (b) a 10-m air
terminal at the centre of the roof of a 40 x 40 x 20 m’ building,
(c) a corner of a 40 x 40 x 30 m’ building and (d) an edge of a
40 x 40 x 30 m® building. A downward leader with an average vel-
ocity of 2x 10°ms~" and prospective return stroke current of

16 kA were considered.
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Figure 4.36  Side and top views of a square structure (a) 5 m, (b) 10 m and (c)
20m tall protected according to the rolling sphere method
(R = 60m) with an air terminal at the centre of its roof. In all
cases, the air terminal tip is located 30 m above ground [108].
The figure depicts the attractive zones corresponding to one corner
and the air terminal simulated with SLIM. The dashed area in the
top view corresponds to the exposure area of the corner to vertical
downward stepped leaders.
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Note that the attractive zone in each case depends not only on the return stroke peak
current, as the EGM predicts, but also on the geometry of the point of interest [108].
Observe also that the lightning attractive zones of corners and edges of structures are
not symmetric and circular as is usually assumed [16,17,21,89]. Moreover, it is note-
worthy that the maximum attractive distances of an air terminal located either on the
roof, at a corner or on an edge of a structure are smaller (29.1, 24.5 and 21.8 m, respect-
ively) than the attractive distance of a free-standing air terminal with the same height
(33.8 m). This result clearly confirms that the analysis of the lightning attractiveness of
air terminals, corners and edges of buildings cannot be studied on the basis of the
attractive zones of free-standing air terminals or masts as is done in the CVM/FIM
method [94,109].

Because the effective lightning attraction zones of any structure can be easily cal-
culated with SLIM, it is also possible to make a quantitative comparison of its predic-
tions with the results of the rolling sphere method. Figure 4.36 shows an example of
the lightning attractive zones predicted by SLIM for a simple square structure pro-
tected according to the rolling sphere method with an air terminal at the centre of
the roof. Because protection level IV is considered in the calculations, the structures
(including their corners) are inside the protected zone given by the rolling sphere
with a radius of 60 m (corresponding to a critical return stroke peak current of
16 kA). The analysis is based on stepped leaders moving vertically downward with
an average speed of 2 x 10° m s~ '. Owing to the symmetry of the geometry, only
the attractive zones of a single corner are computed.

First, note that in the analysis the upper end of the air terminal is kept at the same
place while the height of the building is changed from case to case. Notice that the
lightning attractive zones of the corners of the structure are not entirely covered by
the attractive zone of the air terminal in some cases (Figure 4.36a and b). In these
cases the corners are exposed to direct lightning strikes with a prospective return
stroke current of 16 kA, even though they are in the ‘protected’ zone as predicted
by the rolling sphere method. However, in other cases the attractive zones of the
rolling sphere method agree with the predictions of SLIM (as in Figure 4.36¢). This
means that in some cases the corners of structures protected by the rolling sphere
method are vulnerable to lightning strikes.

As shown above, the study of the lightning attractive zones of structures by SLIM
can give valuable information about the conditions under which the rolling sphere
method succeeds or fails to properly identify the protected and unprotected zones of
a structure. Moreover, such analysis can also provide information as to the correct
radius of the rolling sphere that should be used in determining the location of terminals
on structures. Further studies pertinent to other cases using SLIM and a preliminary
discussion of the validity of the rolling sphere method to locate air terminals on
simple structures is given in Reference 108.

4.5 Non-conventional lightning protection systems

External lightning protection systems used by engineers in different countries can be
divided into two categories: conventional and non-conventional lightning protection
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systems. Conventional systems use Franklin rods, the performance of which has been
validated in a large number of studies conducted around the globe over many decades.
Early streamer emission rods and dissipation arrays (sometimes called charge transfer
systems) belong to the category of non-conventional lightning protection systems. The
latter systems have been introduced into several lightning protection standards without
testing them over a long period of time in the field to assess and validate their perform-
ances. Unfortunately, recent studies raise doubts on the specified performances of
these systems [123,124]. In the sections to follow we will summarize the results of
studies pertinent to these systems as reported in the scientific literature.

4.5.1 The early streamer emission concept

Since the middle of the twentieth century, laboratory experiments in long air gaps have
been a source of information in understanding some of the basic physical mechanisms
of lightning [11,12,110]. According to this information, in a rod-to-rod configuration
stressed by a switching impulse voltage, leader discharges of opposite polarity may
develop both from the high-voltage and earthed electrodes. When these two dis-
charges meet somewhere in the middle of the gap, the conditions necessary for the
final breakdown process are achieved. The similarity of this process to the final
stage of the lightning flash where the down-coming stepped leader is met by an
upward moving connecting leader makes it possible to relate the final stage in the
development of the lightning stroke to the phenomenon observed in the laboratory
[111]. As aresult, some of the physical properties of both the negative downward light-
ning leader that propagates from the cloud towards the ground and of the upward con-
necting positive leaders initiated from grounded objects were first interpreted based on
the leaders observed in the laboratory [11,12]. As mentioned several times previously,
it is important to understand that laboratory experiments cannot fully simulate the con-
ditions under natural lightning [25]. This is the case because most laboratory leaders
are not long enough to become fully ‘thermalized’, and therefore leaders in the labora-
tory require larger background electric fields to propagate in comparison with the
lightning leaders [51]. Hence there are reasons to be concerned about the validity of
the procedures in which experimental results obtained from leaders in laboratory
long air gaps are utilized and extrapolated to obtain information relevant to lightning
[112]. Notwithstanding these concerns, long gap laboratory experiments are currently
used to simulate the conditions under which upward positive leaders are initiated from
lightning rods under natural conditions [113—118]. The continuation of this practice is
fuelled by the recent use of laboratory experiments to assess the efficiency of early
streamer emission (ESE) terminals to attract lightning as stipulated in some national
standards [119,120]. The proponents of ESE devices claim that these terminals
have a larger lightning protection zone than the ones offered by a conventional
Franklin rods under similar conditions [119—121]. These claims are usually substan-
tiated by the fact that an earlier initiation of streamers in an air gap in the laboratory
under switching voltages leads to the reduction of the leader initiation time and there-
fore to a shorter time to breakdown. This reduction of the leader initiation time
observed in the laboratory has been arbitrarily extrapolated to the natural case by
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ESE supporters. The main assumption behind this extrapolation is that the switching
electric fields applied in the laboratory ‘fairly approximate’ the electric fields produced
by the descent of a negative downward moving leader [113—115].

The ESE terminals used in practice are equipped with a discharge triggering device
to initiate streamers from the terminal in an attempt to increase the probability of incep-
tion of a connecting leader from the terminal during the approach of a downward light-
ning leader [119—-121]. According to the proponents of ESE, the time advantage
realized by the early inception of the connecting leader from an ESE terminal in com-
parison to a normal Franklin rod would provide a possibility for the connecting leader
generated by an ESE terminal to travel a longer distance in comparison to that from a
Franklin rod. Consequently, it is claimed that under similar circumstances an ESE
terminal will have a larger protection area than a Franklin rod of similar dimensions.

Notwithstanding these claims, the discussion of the efficiency of such air terminals
has been the subject of much controversy recently. This is due to the reasonable doubts
that exist on the validity of laboratory experiments to assess the efficiency of air term-
inals and on the procedures used to evaluate the performance of ESE devices [123—
125]. Although the best way to evaluate the efficiency of air terminals is to test them in
the field under natural conditions, there are several practical limitations that make it
difficult to gather conclusive experimental evidence from such tests. Hence, until
recently there was a lack of scientific and technical evidence either to reject or to
accept these devices [124]. Fortunately, advances in both field observations and theor-
etical studies made in recent years have led to a growing body of evidence that clearly
suggests that these devices do not have superior performance compared to convention-
al Franklin rods. Let us briefly present the results of experimental and theoretical
studies that are in conflict with the claimed performance of ESE devices.

4.5.1.1 Experimental evidence in conflict with the concept of ESE

As mentioned above, the proponents of ESE suggest that the attractive distance of an
ESE terminal is larger than that of a Franklin rod. This claimed advantage is taken into
account when placing ESE terminals on grounded structures. However, case studies
conducted by Hartono and colleagues [20,126] in Malaysia provide undisputable evi-
dence that lightning does bypass the ESE terminals and strike the protected structures
well within the claimed protective region of the ESE devices. Two examples provided
by Hartono and colleagues are shown in Figure 4.37. The same study showed that no
damages were observed on structures equipped with Franklin rods installed according
to the international lightning protection standard to cover the vulnerable points such as
edges or corners of the structure. However, in structures where Franklin rods were
installed without consideration of these high-risk interception points, lightning
strikes have been observed at these points.

In another study conducted in New Mexico [87,88], ESE lightning rods were
allowed to compete with symmetrically spaced Franklin rods to validate the enhanced
attractive zone of ESE devices claimed by its proponents. If, as claimed, ESE rods can
initiate an upward leader before the Franklin rods and if they have a larger attractive
zone, then one would expect ESE rods to be the preferential point of attachment of
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the lightning strikes. However, according to the observations, all the lightning strikes
attached to the Franklin conductors and not a single one terminated on the ESE
devices. This experiment conclusively proves that ESE terminals do not have an
advantage over Franklin rods, and the claimed enhanced protective range does
not exist.
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Proponents of ESE sometimes refer to an experiment conducted in France using
triggered lightning [127] to support the action of ESE terminals. In this experiment
an ESE terminal was put in competition with a Franklin rod to attach to a down-
coming leader created in an altitude triggered lightning experiment. The downward
moving leader attached to the ESE terminal, and the proponents of ESE claim that
this proves the superior action of ESE terminals in comparison to Franklin rods.
However, it is important to note that in the experiment the ESE terminal was
located closer to the rocket launcher than the conventional one. The reason for the
attachment of the lightning flash to the ESE rod could simply be due to the spatial
advantage it had with respect to the conventional rod. Unfortunately, the positions
of the rods were not interchanged to validate the claimed enhanced attractive range
of the ESE terminal. Thus, one has to conclude that this experiment does not
provide any evidence for the claimed superiority of the ESE terminals over
conventional ones.

4.5.1.2 Theoretical evidence in conflict with the concept of ESE

The whole concept of ESE is based on the observed fact that by artificial triggering of
streamers from the tip of a lightning terminal (i.e. ESE rod) stressed by a switching
impulse, one can cause the terminal to initiate a leader earlier than from a lightning
terminal placed under identical circumstances but without the action of artificial strea-
mers (i.e. Franklin rod) [124]. In the laboratory, it was found that the time advantage
(i.e. the time interval between the initiation of leaders from ESE and Franklin rods) Az
of'an ESE terminal is ~75 ws. Proponents of ESE terminals have taken this laboratory
observation and extended it to natural conditions, claiming that a 75-us advantage will
give rise to a length advantage equal to the product v Az where v is the speed of the
upward moving leader. Assuming a leader speed of 1 x 10°m s~ ', they claim that
an ESE terminal would have a length advantage of ~75 m over a conventional rod.
Thus, the whole concept of the ESE device is based on two assumptions:

1. The early initiation of leaders from ESE terminals observed in the laboratory
also takes place under natural conditions. In other words, an ESE terminal can
launch a connecting leader long before a conventional rod under natural
conditions.

2. The time advantage observed will translate to a length advantage v Az over a
conventional terminal.

Let us discuss these assumptions separately.

Can one extrapolate the action of early streamer emission rods in the laboratory to
natural conditions?

As mentioned above, the claimed action of ESE devices is based on the fact that an
artificial triggering of streamers at the tips of ESE rods stressed with switching vol-
tages leads to the reduction of the leader initiation time and therefore to a shorter
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time to breakdown [113]. The supporters of ESE arbitrarily extrapolate this reduction
in the leader initiation time observed in the laboratory to natural conditions.

The first question that needs to be solved in order to evaluate the efficiency of
ESE devices is whether the time advantage observed in the laboratory exists also
under natural conditions. In order to answer this question, it is necessary to under-
stand the effect of artificial initiation of streamers from a lightning rod and its effects
on leader inception. Moreover one has to understand how this interaction is
controlled by the time-varying background electric field. The physics behind
these processes can be understood only through a careful analysis of the temporal
variation of the background electric field in combination with the statistical time
lags associated with leader initiation. Unfortunately, the problem of statistical
time lags is very complex and has been avoided by most existing models of
leader discharges [124].

Recently, Becerra and Cooray [82] utilized a self-consistent leader inception model,
described previously in Section 4.3.2.6 (subsection ‘Dynamic leader inception evalu-
ation”), to investigate this problem. Using this model they simulated the initiation and
development of positive leaders under the influence of time-varying electric fields
used in the laboratory as well as the time-varying electric fields generated at ground
level by the descent of the downward leaders. In the sections to follow we will describe
the results of this investigation.

The early streamer emission concept under switching impulse voltages. In order to
reproduce the conditions under which the early streamer principle was discovered in
the laboratory, Becerra and Cooray [82] performed their simulations using an electrode
configuration similar to the one used in References 113—115. This consisted of a
3.5-m-tall grounded air terminal placed under an energized plane electrode located
13 m above the ground plane. In the simulations, a switching voltage impulse wave-
form with 3.2 MV peak value and 350 ps rise time was chosen to roughly reproduce
the conditions reported in References 113—115. As in the experiment, this voltage
impulse was superimposed on a d.c. voltage equal to 130 kV to reproduce the thunder-
cloud electric field of 10 kV m™".

Figure 4.38 shows the simulated streak image of a positive leader propagating in the
gap under the influence of the switching voltage impulse as simulated by Becerra and
Cooray [82]. In this simulation, in order to consider the statistical time lag relevant for
streamer inception and its effect on the leader initiation time, two extreme cases for
streamer inception times are considered. The lower extreme (Figure 4.38a) corre-
sponds to the minimum possible streamer inception time ¢, (min) given by the well
known streamer criterion [39]. The upper limit (Figure 4.38b) is the probabilistic
maximum streamer inception time M%) where the probability to find a free electron
to initiate the streamer is close to one [11,39].

As can be seen in Figure 4.38, the simulated unstable and stable leader inception
times ¢, and ¢,, as well as the time to breakdown fp, decrease when the streamer incep-
tion ¢ takes place earlier. Thus, if a streamer is ‘triggered’ earlier, a reduction of the
leader inception and breakdown times is obtained. This predicted improvement of
the leader inception time in the laboratory by reducing the streamer initiation time
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agrees with the experimental results presented by Berger [113—115]. Their laboratory
tests showed that the leaders initiated from a terminal with a streamer triggering unit
starts very early, well below the inception times of leaders from the Franklin rod.
Based on streak images obtained during the experiment, the ESE device tested by
Berger [113—115] showed a time advantage of ~75 ws in the leader inception time
compared with the control Franklin rod [113]. Consequently, the mean value of the
time-to-breakdown probability distributions of the tested ESE terminal were also
lower compared with those of the control Franklin rod [113]. Note that the simulation
shown in Figure 4.38 also predicts that the time to breakdown #g in the air gap is
reduced when the streamer initiation occurs earlier.

Theoretical analysis confirms that a time advantage on leader initiation can be
obtained in the laboratory under switching impulses by triggering an early streamer,
as reported in References 113—116. The next main question is then ‘Can one extrap-
olate the results to natural lightning conditions?’ The proponents of ESE claim that
because a switching electric field produced in the gap ‘fairly approximates’ the
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rising electric field produced by the downward lightning leader, it is possible to
assume that the same results would also be obtained under natural conditions. Let
us consider this assumption now.

The early streamer emission concept under lightning-like electric fields. In order to
evaluate how well the switching voltage waveform approximates the lightning electric
fields, the simulations are repeated by using the electric field produced by the descent
of the downward moving leader as an input. In the analysis, the potential of the upper
plane electrode is defined in such a way that the electric field in the gap is identical
to that produced by a down-coming stepped leader propagating at 2 x 10°ms™ ' to
ground directly over the rod. The charge on the leader is such that it can give rise to
a return stroke peak current of 5 kA. Figure 4.39 shows the simulated streak image
of a positive leader propagating in a laboratory air gap under the influence of lightning-
like electric fields for the two extreme conditions of streamer inception ¢, i) and
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£, ™) Observe that the time to stable leader inception ¢, and the time to breakdown 7
are not affected by the streamer inception time #;. In other words, the simulation shows
that the time advantage that was present when the gap is excited by the switching
impulse disappears when the gap is excited by electric fields similar to those produced
by down-coming stepped leaders. Note that this time advantage is not present even in
the extreme case in which a streamer is triggered 180 s earlier (at ¢ (mm)) compared
with a late streamer onset (at £, ™).

The reason why the time advantage found under switching waveforms is not
present under lightning-like electric fields is due to the differences in the rate of
change of the electric field in the two cases (Figure 4.40). The rate of increase of
the lightning-like electric field changes from slow to fast as the downward leader
approaches, but the rate of change of the switching electric fields applied in laboratory
changes from fast to slow with increasing time. Because of this difference, initiation
and propagation of positive leaders under lightning-like electric fields are different to
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those of leaders present under the switching waveform (Figure 4.40). First, observe
that the length of the leader in the laboratory is shorter under the lightning-like electric
field than under the switching waveform. In the case considered here, the leader simu-
lated under the influence of the lightning-like electric field is about three times shorter
than the one simulated under the switching waveform. Second, the unstable leader
inception time #, takes place a long time after the inception of the first streamer ¢
for lightning-like electric fields. For the switching waveform, this time difference
t/ —t is only ~25 ps, several times shorter compared with the estimated 200 ps
for the lightning-like electric field. In addition, notice that more than one streamer
burst can be produced before the initiation of the leader in the case of lightning-like
electric fields. Thus, if a streamer is triggered earlier from a rod exposed to lightning-
like electric fields, further bursts of streamers and aborted leaders would be produced,
without any significant change in the stable leader inception time #;. Third, the time
difference between the breakdown 7 and stable leader inception #; in the gap is sig-
nificantly shorter when lightning-like electric fields are applied. For the lightning-like
waveform, the time span fg — #; is shorter than 40 ps for the considered case,
whereas this time span is more than 150 s for the switching impulse.

The results presented above clearly show that the switching voltage impulses used
in the laboratory do not ‘fairly approximate’ the electric fields produced by the descent
of a downward leader, as claimed in References 113—115. Consequently, the ‘time
advantage’ in the initiation of leaders from terminals observed under switching
impulses is not present in lightning-like electric fields. Hence, it is not appropriate
to use laboratory experiments conducted with switching impulses to evaluate the effi-
ciency of lightning terminals to attract lightning, as recommended by several national
standards [119,120]. Such experiments do not have the capacity to expose the physics
of leader discharges generated under lightning-like electric fields. The results pre-
sented above show conclusively that the conditions necessary for initiation and propa-
gation of leaders in lightning flashes cannot be extracted from experimental results
relevant to leaders created using switching impulses. The same applies to models
created using information gathered from laboratory sparks created by switching
impulses.

The results obtained from lightning-like electric fields in the laboratory cannot
elucidate completely how air terminals will perform in nature when exposed to
down-coming stepped leaders. This is the case because in the laboratory the
leaders and their associated streamer regions do not have enough space to grow
because of the limited space available. Becerra and Cooray [82] therefore per-
formed simulations to study the initiation and propagation of leaders in free
space when lightning terminals are exposed to the electric fields of down-coming
stepped leaders. From that study they also concluded that the early streamer emis-
sion principle does not produce any improvement in lightning attachment. For
example, Figure 4.41 shows the predictions pertinent to the development of an
upward positive leader connecting a downward moving negative leader with pro-
spective return stroke current of 10 kA. In this case, features similar to the ones
obtained in the laboratory when the exciting electric field is lightning-like are
obtained. Therefore, there is no any change in the length of the upward leader at
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Figure 4.41  Simulated streak image of leader propagation under the electric field
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current of 10kA for different streamer inception times: (a) the
minimum possible streamer inception time, (b) the probabilistic
maximum streamer inception time (adapted from Reference 82)

the moment of the connection with the downward leader when a streamer is
initiated early. In this case, the connection of both leaders takes place at the
same instant, regardless of the time of streamer inception. Even if the time differ-
ence of the streamer inception times evaluated in Figure 4.41 is ~300 s, there is
no ‘gain’ in upward leader length by triggering an early streamer. This result clearly
shows that even if ESE terminals increase the probability of streamer inception
[119—121], they would not affect the initiation or the length of the self-propagating
upward connecting leaders. Based on this theoretical evaluation one can conclude
that the ESE principle does not work under natural conditions.

Influence of the amplitude of the voltage pulses applied to the ESE terminal on the
propagation of connecting leaders and final jump. Because most commercial ESE
devices operate by applying a voltage pulse to the tip of the terminal [122], it is
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relevant to investigate the effect of the magnitude of that voltage pulse on the results
presented in the previous section. In the simulation the shape of the applied voltage
was assumed to be a square. Figure 4.42 shows the predicted distance between the
downward leader tip and the ESE rod at the moment of the connection between the
upward and the downward leaders (i.e. final jump) for different voltage amplitudes.
Simulations are performed for three leader charges corresponding to prospective
return stroke peak currents of 5, 10 and 30 kA. As one can see in this figure, the
final jump distance is not influenced by the magnitude of the external voltage
applied to the terminal unless the peak value of the voltage pulse is larger than
~500 kV. Because the voltage pulses applied to the tip of most ESE terminals are gen-
erated from the energy supplied by the ambient electric field, the peak value of such
pulses is not larger than a few tens of kilovolts [113,122,124]. Such values are far
below the voltage magnitudes required to make any change to the length of the
upward connecting leader at the moment of connection between it and the stepped
leader. Hence, one can conclude that, contrary to the claims of ESE manufacturers,
the external voltage applied to the tip of ESE terminals does not influence the propa-
gation of the upward leader.

The claimed time advantage

The experiments conducted by Berger showed that an ESE terminal, when tested
against a switching voltage, has a time advantage of ~50-75 ws [113]. This
time advantage was converted to a length advantage of ~50-75m over a
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conventional rod by assuming a leader speed of ~1 x 10°m s~ '. First, the exper-
imental results on leader properties reviewed in Chapter 2 show that the speed of
upward leaders immediately after initiation is close to 1 x 10*ms™' and may
increase as the leader length increases to values close to 1 x 10°m s~ (see also
Saba M., High speed video measurements of an upward connecting positive
leader, personal communication, 2007). These values are one to two orders of mag-
nitude smaller than the 1 x 10°ms™ ' assumed by ESE proponents. If this exper-
imentally observed value of leader speed is used in the conversion of time
advantage to distance, the resulting length advantage would be of no use in
many practical situations. Second, this conversion of time advantage to a length
advantage is not correct, because the eventual length advantage depends on the
ratio of the speeds of both downward and upward leaders. If this is taken into
account the assumed length advantage will be less than the value calculated by
just multiplying Az by the speed of the leader. Third, according to the proponents
of ESE the earlier initiation of a connecting leader from an ESE device occurs in a
smaller electric field than is required for the initiation of a leader by a conventional
rod. However, for a successful propagation of a connecting leader a certain back-
ground electric field is needed. If the background electric field is not large
enough, the initiated leader could be aborted. The proponents of the ESE do not
consider the requirements for the propagation of a leader and they do not consider
the possibility that the initiated leaders could be aborted if the background electric
field requirements are not satisfied.

4.5.2  The concept of dissipation array systems (DAS)

Benjamin Franklin conducted static experiments with blunt and sharp conductors. He
observed that if he approached a charged conductor with a blunt rod then there was a
spark, whereas if it was approached with a sharp conductor the charge was silently dis-
charged without a spark. Extending this static laboratory analogue to dynamic light-
ning discharges, Franklin hypothesized erroneously that it may be possible to
prevent lightning strikes by installing grounded sharp conductors on structures.
There was no evidence that sharp points could prevent lightning strikes, but scientists
and engineers soon realized that the conductors provided a preferential path for the
lightning current without damaging the structure. Unfortunately, this old and incorrect
idea of Franklin was resurrected recently in the form of lightning eliminators or
dissipation arrays.

The original idea of lightning eliminators or dissipation arrays was to utilize the
space charge generated by one or several grounded arrays of sharp points to dissipate
the charge in thunderclouds and thus prevent lightning strikes to a structure to be pro-
tected. The proponents of this system claimed that the space charge generated by the
array would silently discharge the thundercloud. Scientists demonstrated conclusively
that this would not be the case, using following arguments. First, a thundercloud gen-
erates charge at a rate of about a Coulomb of charge per second, and the charge pro-
duction rate from dissipation arrays is not large enough to compete with this charging
process. The maximum currents from arrays, as claimed by their proponents, are in the
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range of 500 wA . However, no details of the measurements are given, nor whether this
refers to the maximum current or the average is not clear. Even if it is true, it is still not
strong enough to neutralize the charge in the thundercloud. Second, the mobility of
small ions at ground level is ~1to 3 x 10”*m? V~'s™! and in background electric
fields of 10—50 kV m™ ' the drift velocity may reach 1—-15 m s~ '. Even if the array
can generate charge of sufficient quantities, in the time of regeneration of charge in
the thundercloud of ~10 s the space charge can move only a distance of ~10—
150 m. Thus, the space charge would not be able to reach the cloud in time to
prevent the occurrence of lightning. Facing this challenging and convincing opposi-
tion from lightning researchers the proponents of lightning eliminators accepted that
arrays are not capable of neutralizing the cloud charge. In turn they suggested that
the function of the dissipation array is to neutralize the charge on down-coming
stepped leaders.

A stepped leader may consist of ~5 C of charge, and the dissipation array has to
generate this charge in ~10s. The proponents of dissipation arrays made the fol-
lowing argument to show the effectiveness of the array in neutralizing the
stepped leader. A 10-point dissipation array can produce ~1mA of current.
Thus the number of points needed to generate a current that is capable of neutraliz-
ing the leader charge is 4 000. In making this claim they have assumed that the
current generated by a multipoint array is equal to the current generated by a
single point multiplied by the number of points. As one can show (see Section
4.5.2.1) a larger number of points does not necessarily mean a larger current
than a single-point array.

More recently, proponents of the dissipation arrays claimed that they work by sup-
pressing the initiation of upward leaders by screening the top of the structure with
space charge. This claim was based on the study conducted by Aleksandrov and col-
leagues [68,128—130]. In that study it was shown that the electric field redistribution
due to space charge released long corona discharges near the top of a high object, hin-
dering the initiation and development of an upward leader from an object in a thunder-
storm electric field. The finding is in line with the results of Becerra and Cooray [75],
who showed that the corona generated at ground level could reduce the probability of
upward initiated lightning flashes from tall structures under the influence of electric
fields generated by thunderclouds.

The proponents of dissipation arrays claim that according to the anecdotal evidence
of'the users there is a reduction in the cases of lightning damage after the installation of
arrays. However, this does not necessarily mean that the array has prevented any light-
ning strikes. First, because the array is well grounded it provides a preferential path for
the lightning current to go to ground. This itself will reduce the damage due to light-
ning strikes, even if it does not actually prevent a lightning strike. Second, if the array
is connected to a tall mast, due to the geometry itself, the presence of the array can
reduce the number of upward initiated flashes. This is the case because the background
electric field necessary to initiate upward leaders from a given tower increases with
increasing radius of the tip. For example Figure 4.43 shows the background electric
fields necessary for streamer inception and stable leader inception for a 60-m-tall
tower as a function of its radius. Note how the background electric field necessary
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streamers and stable upward moving leaders from a 60-m-tall mast as a
Sfunction of its tip radius

for stable leader inception increases with increasing radius of the tower. Connection of
a dissipation array at the top of the mast will increase the effective radius of the mast
and, therefore, will require a higher background electric field to launch an upward
moving leader. This may lead to a reduction in the number of upward initiated
flashes from the tower. However, as noted by Mousa [131], upward flashes are of inter-
est in the case of towers of heights larger than ~ 100 m and any benefit can be obtained
only for these cases.

4.5.2.1 Experimental evidence against dissipation arrays

There are several well documented cases in which lightning has been observed to
strike dissipation arrays. The best procedure to conduct such a study is to compare
two similar structures, one with a DAS and the other without. Several such studies
have been conducted [132—134]. All the studies show that DAS systems were
struck by lightning as well as the control structure. No reduction in the frequency of
lightning strikes to structures was observed.

Additional experimental and theoretical evidence against some of the principles used
by the proponents of dissipation arrays

Effect of rate of change of electric field on corona screening. 1t is a well documented
fact that grounded objects with sharp points, plants and trees go into corona when the
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ambient electric field increases above ~1—5kV m™'. Depending on the polarity of
the ambient electric field, the corona discharge will introduce positive or negative
space charge into the surrounding space, which in effect decreases the electric field
at ground level. This basic physics associated with the screening of the background
electric field from the corona is used by the proponents of dissipation arrays to
claim that the space charge produced by these arrays will screen the underlying struc-
ture from electric fields generated by down-coming leaders and hence prevent the
occurrence of the connecting leaders that mediate lightning attachment to the structure.
In claiming this, the proponents of dissipation arrays have completely neglected the
basic physics associated with the space charge mediated screening process. The fact
that they have neglected is that the space charge can screen an underlying structure
from electric fields if the electric field is changing slower than the time constant associ-
ated with space charge generation and drift. If the rate of change of the electric field is
faster than this time constant, then the space charge will not be able to screen the under-
lying structure from such field changes.

In order to illustrate this, consider a time-varying electric field produced by a
thundercloud and how this field will be modified by ground corona. We will
assume that the electric field generated by the charges in a thundercloud increases
linearly with time and reaches a steady value after a certain time, fump. For simpli-
city we assume that the electric field is uniform below the cloud. We consider three
examples with different values of f,m,. These electric fields are depicted in
Figure 4.44a. Figure 4.44b shows how the space charge density produced by the
ground corona varies as a function of height. The situation depicted corresponds
to a time equal to fmp. Figure 4.44c depicts the electric field as a function of
height at the same time. Observe that when the electric field is changing slowly
the corona can completely screen the electric field at ground level. However, the
ability of the corona to screen the electric field decreases as the rate of change
of the electric field increases. If the rate of change of the electric field is very
fast it will not be affected by the corona at all. In a similar manner the electric
field generated by the charges in the cloud can be completely screened by the
corona charge, whereas the electric field generated by down-coming stepped
leaders are not affected at all by the corona space charge.

The corona current generated by a cluster of needles. Cooray and Zitnik [136] con-
ducted experiments to investigate how the corona current produced by an array of
sharp points or needles vary as a function of the number of needles in the array.
The experimental setup consisted of a parallel plate gap of length 0.3 m with
1.0-m-diameter Rogowski profiled electrodes. The bottom electrode of the gap was
prepared in such a way that a cluster of needles could be fixed onto it. The needles
used in the experiment were pointed, 2 cm long and 1 mm in diameter. The needles
were arranged at the corners of 2 x 2 cm® adjacent squares. A d.c. voltage was
applied to the electrode gap and the corona current generated by the needles was
measured as a function of the background electric field and the number of needles
in the cluster using a micro-ammeter. The lower limit of the corona current that
could be measured was ~1 pwA. The results obtained are shown in Figure 4.45.
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Figure 4.44  The effect of ground corona on the spatial and temporal distribution of
the electric field generated by cloud. (a) The electric field below the
cloud as a function of time. The electric field is assumed to uniform
below the cloud in the absence of corona. (b) The space charge distri-
bution as a function of height at the times when the electric field
reaches a steady value. Note that this time is different for different wave-
forms. (c) Electric field at different heights at the time the electric field
reaches a steady value.

Observe first that the corona current increases with increasing electric field and for a
given electric field the corona current increases with increasing number of needles.
Note, however, that for a given electric field the corona current does not increase lin-
early with the number of needles. This is probably caused by the electrical screening of
the needles by the adjacent ones.
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Figure 4.45  Corona current as a function of the background electric field from clus-
ters of needles. The number of needles in the cluster is indicated
(adapted from Reference 136).

Figure 4.46 depicts the corona current (in wA) at 500 kV m~' (close to the
maximum value of the background field achieved in the experiment) as a function
of the number of needles. Note that the corona current seems to reach an asymptotic
value with increasing number of needles. For example when the number of needles
is increased from 1 to 25 the corona current increases only by a factor three. This
clearly demonstrates that the assumption made by the proponents of the dissipation
arrays that the current from an array increases linearly with the number of needles is
not correct.
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Figure 4.46  Corona current at 500 kV m™ ' as a function of the number of needles in
the cluster (adapted from Reference 136)
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Effect of space charge on the initiation of connecting leaders. Proponents of dissipa-
tion arrays claim that the space charge generated by the array can prevent the formation
of connecting leaders and hence the attachment of lightning flashes either to the array
or the protected structure. Let us investigate this point now. It is not an easy task to
evaluate the screening effect of the space charge generated by a set of needles
because the space charge is continuously generated at the needles and it is drifting
in a complex manner under the influence of the total (background plus space charge
generated) electric field. Cooray and Zitnik [136] simplified the calculating procedure
by adopting a particular distribution for the set of needles as follows. Consider a
grounded semi-ellipsoid with the base at ground level and immersed in a uniform
background electric field. Let E(m,,0) be the electric field normal to the surface of
the ellipsoid, where 7, and 6 are two of the ellipsoidal coordinates. The surface
charge density on the surface of the ellipsoid is proportional to this normal electric
field. This surface charge distribution creates a uniform electric field equal in magni-
tude but opposite in sign to the background electric field inside the ellipsoid. The
maximum electric field on the ellipsoid is reached at the location 6 = 0. Let us
denote that by E(7y,0). Assume that corona needles are distributed over the whole
surface of the ellipsoid, and the density of needles N(m,,6) on the surface of the ellip-
soid is given by

E(nos O)
E(nos 0)

N(n, ) =K (4.64)

where K is the density of needles at the top of the ellipsoid (i.e. § = 0). Thus the dis-
tribution of the surface charge density in the space charge layer generated by the
needles during the time interval between ¢ and ¢ + 6t is given by

(Mo, 6, 1) = coN (g, O)E(mg, 6, )]t (4.65)

where E(mg, 6, t) is the electric field on the surface of the ellipsoid at time ¢.
Substituting from equation (4.64) one obtains

0-(7709 97 t) = COKE(nOJ 0: t)E("’Im 99 [)8[ (466)

In the calculations it is assumed that K = 1 000 m~ 2. Equation (4.66) shows that the
charge density of the space charge layer varies in a manner identical to the surface
charge density induced on an ellipsoid immersed in a uniform electric field. In our cal-
culations we also assume that as the space charge layer expands due to ion drift it will
maintain the shape of an ellipsoid, which is also a simplifying approximation. The
electric field, both inside and outside the space charge layer, produced by a space
charge layer having an ellipsoidal shape and having a space charge density variation
identical to that of (4.66) is known [137]. Now we are ready to investigate the effect
of needles.
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Figure 4.47  Evolution of the electric field at the top of a 60-m tower located below
the stepped leader trajectory as the stepped leader propagates towards
the ground. Curve (1) shows the evolution of the electric field in the
absence of space charge and curve (2) the electric field in the presence
of space charge. The radius of the tower tip is 2 m (adapted from
Reference 136).

Figure 4.47 shows the evolution of the electric field at the top of a 60-m tower
during the descent of a stepped leader associated with an 80-kA prospective return
stroke current. Results are given both in the presence and absence of needles. In the
calculation it is assumed that the leader trajectory, assumed to be vertical, is located
directly over the tower. Observe the effect of the space charge in reducing the electric
field at the top of the tower. A tower with a tip radius of ~2 m will launch a connecting
leader when the electric field at the top of the tower is ~3 x 10® V m™'. Thus, a tower
without the space charge will launch a connecting leader before a tower with
similar geometry but with space charge at the tower top. However, the space charge
controlled field does not lag far behind the field that would be present in the
absence of the space charge. For example, the difference in the leader tip height
from the tower top when the electric field at the tower top reaches the critical electric
field of 3 x 10° V. m™ ' in the presence and in the absence of space charge is no more
than 2 m. Thus, the reduction in the striking distance caused by the space charge is no
more than a few metres.

In a recent work Bazelyan and colleagues [138—140] studied lightning attachment
to grounded structures taking into account the effect of corona space charge near struc-
tures. In their paper they also discussed the question of lightning attachments to dis-
sipation arrays. They conclude that connecting leaders will not be issued from
dissipation arrays when exposed to the electric fields of down-coming leaders and
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therefore they will be struck only in the case in which the leader comes down directly
above the dissipation array. They used the following arguments to justify this
conclusion:

The starting point for the leader development of a connecting leader from a dissi-
pation array requires the inception of streamers. The inception of streamers from the
dissipation array in the presence of glow corona can take place only if the glow
corona current is larger than a critical value of 1.9 mA. In a dissipation array the
total corona current is distributed over all points and in order for the corona
current through a single point to be higher than 1.9 mA the current through all
the other points should also be increased beyond 1.9 mA. This means an array of
5000 points should generate close to 10 A before streamers could be initiated
from the array. Because corona discharges cannot sustain such large currents, no
connecting leaders could be issued from dissipation arrays when exposed to the
electric fields of down-coming stepped leaders.

The main fault of this argument is the assumption that corona discharges will be
distributed perfectly uniformly over the dissipation array during the descent of
the stepped leader. Even if the dissipation array is perfectly uniform and the electric
field is distributed over it uniformly, the turbulent and random nature of the elec-
trical discharges will always cause some points on the array to enhance their
current at the expense of the others. The current flowing through such points
will increase dramatically under the influence of the intense electric field generated
by the down-coming stepped leader. However, in practice, not all the points are
identical to each other in an array as far as electrical discharges are concerned,
and therefore some points will generate currents that are larger than the others
when exposed to electric fields. Streamer discharges may develop from such
points, ultimately leading to the inception of leaders when exposed to the electric
field of stepped leaders. To look at it from another angle, consider a large sphere
(this represent the case N— oo, where N is the number of needles in the array)
raised to a high voltage. If the arguments raised by Bazelyan and colleagues
[138—140] are correct, then as the voltage increases the whole sphere should go
into glow corona and no streamers should be issued from it. However, in practice,
streamers will be issued from some points on the sphere due to space charge irre-
gularities. Going back to the dissipation arrays, one also has to consider leaders dis-
placed laterally from the array and those approaching it at an angle. In such cases,
the tips of all needles on the array will not be exposed to the same electric field.
Moreover, the displacement of space charge due to wind and rain drops falling
on the array during thunderstorms will also destabilize any symmetry if present.
Furthermore, one cannot disregard the possibility that a connecting leader could
be issued from the edges of the array. All these considerations show that the argu-
ment raised by Bazelyan and colleagues in support of the action of dissipation
arrays may not be valid in practice.
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Chapter 5
Protection against lightning surges

Rajeev Thottappillil and Nelson Theethayi

The term ‘surge’ denotes a state of electrical overstress that lasts less than a few
milliseconds, a duration much less than that of a power frequency cycle. The brief
nature of the surge is emphasized by adding the word ‘transient’ before it. To
distinguish from other types of electrical overstresses, some authors prefer the term
‘transient overvoltages’ [1,2]. Sometimes transients may not exceed the normal oper-
ating voltage, but they may still be of concern because of their high-frequency content.
The most common sources of transients in power and telecommunication systems are
lightning and switching events. Current and voltage transients are part of what is
known as conducted electromagnetic interference (EMI). Here, we consider only
lightning transients. In this chapter we first give a brief overview of the characteristics
of lightning and provide examples of the nature of lightning transients measured
in low-voltage networks. This is followed by a discussion on transient protection
methods and components.

5.1 Introduction

The most common transients in low-voltage electrical installations are a result of
lightning, switch operations in power networks, switching of local loads and residual
voltage from the operation of surge protective devices. We will concentrate on the
issues associated with lightning protection in low-voltage networks. Throughout
this chapter the phrases ‘lightning overvoltages’, ‘lightning transients’ and ‘lightning
surges’ are used synonymously. Lightning can create overvoltages in electrical
installations either by direct attachment of the lightning (direct strike) or as a result
of the coupling of electromagnetic fields from remote lightning (indirect strike).
Examples of both these cases are described in the following.

5.1.1 Direct strike to power lines

In 1994 an experiment was carried out by the University of Florida, Gainesville, using
triggered lightning [3], in which lightning was allowed to directly strike a test power
distribution system (13 kV) [4]. In that study a portion of the lightning current in the
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phase line was led to an underground cable and from there to the primary of a
pad-mounted distribution transformer protected by a metal oxide varistor (MOV)
surge arrester; the residual current pulses coming out of the secondary side of the trans-
former were measured [5]. In Figure 5.1, the top trace shows the lightning current
measured at the bottom of the lightning channel, a portion of which is led to the trans-
former. The middle trace shows the primary voltage of the transformer, clamped by
the surge arrester. The bottom trace shows the currents in the secondary windings
(220/110 V) of the transformer. There are three important observations to be made.

1. Although there were only four return strokes in the flash, there were 15 voltage
surge pulses clamped by the arrester to near 20 kV.

2. All 15 surge voltage pulses produced voltage and current surges on the secondary.
Even small current pulses of a hundred amperes (M current pulses [3,5]) in light-
ning, which are not return strokes, can produce voltage surges of the order of
20kV in a line of 400 Q) surge impedance in the event of a direct strike.
Studies show that in a negative cloud-to-ground lightning there may be up to
20 such current pulses separated in time, on average, by 5 ms [6].

3. The transformer turns ratio is not applicable for fast transients because surges on
the primary side are capacitively coupled to the secondary side. This coupling is
influenced by transformer type, circuit and load [7,8]. The response of protective
systems can be quite different under a multipulse transient environment when
compared to the response to single transient pulses. In general, energy-absorbing
protective components tend to fail in a multipulse environment where they would
not have failed with a single pulse [9].

5.1.2  Lightning activity in the vicinity of networks

A low-voltage power installation (LVPI) network of a single-storey residential
building in Uppsala has been extensively studied [10—12] for its response to lightning.
In one experiment performed in 1995 the network was exposed to electromagnetic
fields from natural lightning occurring at a distance of many kilometres. The
induced common mode (CM) voltages in a power outlet of the network were measured
simultaneously with the vertical component of the electric field near the installation.
The LVPI network was disconnected from the distribution network to avoid the con-
ducted transients entering through the mains and hence the measured induced voltages
are due to the direct interaction of lightning electromagnetic fields with the LVPI
network. Generally, only the return strokes in a cloud-to-ground flash are considered
as important in determining the transient environment of devices connected to the
LVPI network. However, this study shows that electric field pulse trains associated
with the initiation of both cloud-to-ground lightning and cloud lightning can cause
induced CM voltage pulses in LVPI networks that may pose a threat to sensitive
devices connected to the power network. The transient environment of sensitive elec-
tronic devices connected to LVPI networks is more complex than it would be by
considering the return strokes alone as being the determining source for interference
in low-voltage electrical systems.
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Figure 5.1  (a) Current at the channel base of a four-stroke triggered-lightning flash.
(b, c) Selected responses to this flash of the test power distribution system
at Camp Blanding, Florida, in September 1994. The lightning current
was injected into the top conductor of the overhead line. The numbered
pulses in (a) are due to return strokes, and smaller pulses after pulse 4
are due to M components. The voltage in (b) was measured across the
arrester in the transformer primary. The current in (c) was measured
in the phase conductor at the transformer secondary (adapted from
Reference 5).
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Figure 5.2 A cloud-to-ground (CG) flash followed by a cloud flash (CC) recorded
in Uppsala on 21 June 1995. (a) Vertical component of the electric
field. 1, 2 and 3 are return strokes, and P indicates major groups of
microsecond-scale pulses. (b) Induced common-mode (CM) voltages
in a power outlet of a residential wooden-frame house simultaneously
measured with the electric field. The low-voltage power installation
network of the house was completely isolated from the external distri-
bution line. (c) Histogram of the induced CM voltages exceeding 80V
peak-to-peak due to the CG flash, followed by CC flash. Each bin is
1 ms wide (from Reference 12).
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Figure 5.2 shows a lightning flash recorded on 21 June 1995 and the corresponding
induced CM voltage in the LVPI network. According to the information from the light-
ning location network, this flash occurred at a distance of 24 km from the measuring
station. Figure 5.2a shows the vertical component of the electric field measured near
the house. The first half of the record is a cloud-to-ground lightning flash consisting
of three return strokes numbered 1, 2 and 3. Towards the end of the record there is a
prominent static field change marked CC, with many pulses superimposed on it,
indicative of a discharge that has developed within the cloud. The record also contains
many pulses, the most prominent groups of them being marked P. The voltage
measured between the phase and local ground (heating system) is given in
Figure 5.2b. Note from this overall record that there is a one-to-one correspondence
between the electric field pulse activity and the induced voltage events.

In order to compare the severity of induced CM voltages during the various stages
of a lightning flash, the occurrence of induced voltage events that exceeded a given
value were compared [12]. The results are presented in the form of histograms in
Figure 5.2c. During the cloud-to-ground flash the maximum induced CM voltage
was 160 V peak-to-peak, corresponding to the first return stroke. There were 19
induced voltage events that exceeded 80 V peak-to-peak, half of the maximum
induced voltage. Of those, 12 happened within a time period of 0.8 ms during the pre-
liminary breakdown stage of the flash starting at 7 ms, and 7 happened between the
first and second return strokes within a time period of 18 ms. In the cloud flash, starting
at ~72 ms, most of the big induced voltage pulses were concentrated within the first
3 ms of the flash. During this 3 ms period, there were 21 induced voltage events that
exceeded 80 V peak-to-peak.

The flash in the example of Figure 5.2 was at a distance of 24 km. If it were at a
distance of 6 km, it is possible to make a crude estimate that the response of the
system due to direct interaction with the electromagnetic fields would be at least
four times larger than the vertical scale shown in Figure 5.2b.

Having seen the examples of induced transient voltages and currents due to light-
ning direct and indirect strikes we will now move on to the lightning current and field
parameters that would be useful for the design of lightning protection systems.

5.2 Characteristics of lightning transients and their impact
on systems

Cloud-to-ground lightning can cause damage to an object on earth by directly attach-
ing to it, or it can cause damage by induction effects while striking somewhere near the
object. Sometimes lightning may strike far from the object, but the surge is conducted
to the object via power lines or other conducting systems, causing damage. The extent
and nature of damage depend both on the characteristics of the lightning and
the characteristics of the object [3,13]. The physical properties of lightning that are
important in causing damage are the current and electromagnetic fields. In this
section, we consider the characteristics of lightning current and electromagnetic
fields important in producing damage to earth-bound systems. Summaries of lightning



274 Lightning Protection

current and field parameters are given in References 3 and 13; these are based on actual
measurements on lightning by different research groups around the world.

5.2.1 Parameters of lightning current important for surge
protection design

The most important properties of lightning current that cause damage are peak current,
the maximum rate of change of current, the integral of the current over time (charge)
and the integral of the square of current over time (action integral).

5.2.1.1 Peak current

In cloud-to-ground (CG) lightning, the largest currents are produced by the return
strokes. Peak return stroke currents are important in cases where the struck object
essentially presents a resistive load, for example the surge impedance of a long
power line, a tree, ground rods driven into earth, and so on. As an example, when a
lightning return stroke with a peak current of 30 kA strikes a power line with a
surge impedance of 400 (), it can produce a prospective overvoltage of 600 kV, assum-
ing division of current. This large voltage can cause flashover across insulators, from
line to ground, to adjacent lines and to other objects nearby. The magnetic forces
produced by the peak current can cause wires to be pulled out of walls and electrical
machines, and metal tubes to be crushed. A 30 kA current entering earth through a
grounding impedance of 10 () causes a potential rise of 300 kV and may also cause
surface arcing.

Available evidence indicates that the average value of peak lightning current is not
affected by the conductivity of the soil. However, the same peak value of the current
will have more adverse effects in low conductivity soil compared to high conductivity
soil. Soil conductivity varies widely from region to region; for example, in most parts
of Sweden soil has poor soil conductivity in the range 0.2—1 mS m ™', so more surface
arcing can be expected. In objects that present essentially inductive impedance such as
wires in electronic systems, earth leads and so on, the maximum overvoltage produced
is proportional to the maximum rate of change of current. Maximum di/d¢ occurs at
the return stroke current wavefront. Assume that 10 per cent of the 30 kA peak
current (i.e. 3 kA) with front time 0.3 s finds its way to the wiring of an electronic
apparatus. For an inductance of 1x10"® Hm™ ', the inductive voltage produced in
a 10-cm-long wire is 1 kV, enough to destroy most electronics unless there is adequate
protection. In negative return strokes the average value of di/dz is 110 kA ps . In
positive return strokes these values are much smaller [13,14].

5.2.1.2 Charge transferred

To afirst approximation, the heating and burn through of metal sheets (e.g. metal roofs,
airplane wings) is proportional to the amount of charge transferred, and depends also
on the current at which this charge is delivered. Charge is the integral of the current
over time. The power delivered to the lightning attachment point is the product of
the current and the voltage drop (5 to 10 V) at the arc—metal interface. Most of the
charge in lightning is due to the long continuing current that follows some of the
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return strokes. Even a big return stroke that lasts perhaps a few tens of microseconds
may not transfer as much charge as a low-level (100—1 000 A) continuing current that
lasts a few hundred milliseconds. In 1990, Sandia National Laboratories conducted an
experiment in which lightning was allowed to strike stationary metallic samples [15].
Three strokes, each from a different flash, that lowered 5.5, 7.6 and 13.6 C of charge
produced significant damage and partial penetration in the 2 mm aluminium sample,
but did not burn a hole through. In another flash three consecutive strokes striking a
0.9 mm steel sample produced three significant damage spots corresponding to 5.8,
7.8 and 49 C of stroke charge, one of which producing a burn through, possibly cor-
responding to the 49 C charge. It seems unlikely that the different strokes in a negative
flash attach to the same spot. Therefore in negative lightning burn through may be
more correlated to stroke charge than to total flash charge. If the arc could be fixed
to a spot on the plate, then due to heat concentration only a lesser amount of charge
is required to burn a hole. Laboratory experiments with short-gap metal arcs show
that a charge of only 10 C delivered by a current of 500 A is required to burn a hole
through 2-mm-thick aluminium plate [16], possibly because arc root does not
wander as in lightning. The same value of charge may produce more damage in a
less conducting material than in a more conducting material.

Charge lowered by a typical stroke followed by a continuing currentis 11—-15 Cina
negative flash and 80 C in a positive flash [13,17].

Lightning to very tall towers and buildings is often initiated by upward leaders from
these objects. Such lightning begins with a long continuous current, some hundreds of
amperes in amplitude and several tens of milliseconds in duration, which lowers
several coulombs of charge to ground before the onset of a regular sequence of
leader and return strokes. Sometimes this lightning will only have initial continuous
current without any following strokes. Even those lightning events can do damage
associated with the large charges.

5.2.1.3 Prospective energy

Action integral is a measure of the ability of lightning current to generate heat in the
resistive impedance of the struck object. This represents the prospective energy that
would have been dissipated in a 1 () resistor due to joule heating if the entire current
of the return stroke were to flow through it and is represented as the time integral of
the square of the current. The rapid heating of materials and the resulting explosion
of non-conducting materials are, to a first approximation, due to the value of the
action integral. A doubling of the return stroke current tends to quadruple the action inte-
gral, for similar wave shape and duration of the return stroke. An action integral of
2.0 x 106 A* s would create a temperature rise in excess of 200 °C in a copper strap
of 10 mm? cross-sectional area [16], creating an explosion hazard where flammable
materials or vapours may exist. Much thinner wires or straps may melt and vaporize
when subjected to the above value of action integral. Action integral is an important
parameter that has to be considered in the dimensioning of conductors directly
subject to lightning strikes. Typical values of the action integral are 5.5 x 10* and
6.5 x 10°A? s for the negative first return stroke and positive return stroke, respectively.
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5.2.1.4 Waveshape

The lightning return stroke current wave shape is highly variable even within the same
flash. The rise time can vary from 0.1 s to several microseconds and the half-peak
width from a few microseconds to a few hundreds of microseconds [13,18]. Current
wave shapes very rarely follow exactly the 1.2/50 ws, 8/20 s or 10/350 s wave
shape or any other specified wave shape. These are test wave shapes adopted by
various standards for simulating the effects of lightning in the laboratory [13].
Longer-duration waveshapes (e.g. 10/350 ws) are used to simulate the effects of
large energy input for the same peak current.

5.2.2  Parameters of lightning electric and magnetic fields important for
surge protection design

The most important of the field parameters are the peak electric field and the maximum
time rate of change of the electric or magnetic field (Table 5.1). Peak voltages on
exposed metallic surfaces in the lightning field are proportional to the peak electric
field, and peak voltages produced in a loop of wire are proportional to the rate of
change of magnetic field. For example, a typical return stroke striking 100 m away
may induce an overvoltage in excess of 200 V per m? of loop area formed by the
equipment and its cables, for certain orientations of the loop. The degree of penetration
of fields inside shielded enclosures through apertures is largely proportional to the
rate of change of the magnetic and electric fields. The magnitude of the peak fields
and the rate of change of fields are important parameters in overvoltages caused in
above-ground wires and underground cables.

The finite conductivity of the ground creates a horizontal component of electric
field on the surface of the earth. This component of the field is large if soil conductivity
is low. Typically, the peak value of the horizontal component of the field can be
10—20 per cent of the peak vertical component of the field at ground if the ground
conductivity is of the order of 1 mSm~"' [19]. This field is oriented radially
from the lightning channel and induces overvoltages in overhead lines and cables
on the ground. A peak vertical electric field of 2kV m™ ! at a distance of 1 km from
the lightning channel may be accompanied by a horizontal field component of
200—400 V m~'. The effect of this horizontal field may be seen as series voltage
sources distributed along the conductors, each source turned on in sequence as the
field sweeps along the conductor. These series voltage sources will drive a CM
current in the conductors.

Measurements of electric and magnetic fields closer than 1 000 m from the light-
ning channel are limited. The available data come from the triggered lightning exper-
iments in Florida and are applicable to subsequent return strokes in lightning [20—23].
No data are available for first return strokes. However, the following assumptions can
be made on the relationship between the average parameters of negative subsequent
return strokes and negative first return strokes:

1. The first return stroke peak electric and magnetic fields are about twice the
corresponding values for subsequent return strokes.
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2. The peak electric field and magnetic field derivative values are approximately the
same for both first and subsequent return strokes.

3. The magnetic fields very close to the lightning channel are related to the current in
the channel by Ampéres law.

Making these assumptions, the electric and magnetic field parameters of the negative
first return stroke can be estimated as follows.

It has been demonstrated that the induced voltages due to lightning, whether direct
or indirect, are significantly affected in terms of magnitudes and shapes. Recently, a
number of research papers have been published on the subject of lightning-induced
voltages in the presence of finitely conducting ground [24].

5.3 Philosophy of surge protection

The term ‘surge protection’ is used usually to denote the protection of circuits and
devices from the effects of wire-bound or conducted transients. Surge protection is
only one of the measures for controlling the effects of transients or electromagnetic
interference (EMI) and applied as part of a strategy to achieve electromagnetic
compatibility (EMC).

5.3.1 Surge protection as part of achieving electromagnetic compatibility

One of the most cost-effective methods for controlling EMI in a system is through the
proper layout of subsystems, and surge protection forms part of this at conducted inter-
faces. This can be explained using the following example.

A two-layer shielding topology (geometry) for controlling internal and external
interference sources is shown in Figure 5.3. All the sensitive (critical) circuits are
physically grouped together as far as possible, and are provided with a shield that
prevents fields external to them from having an effect. Similarly, strong internal
sources are grouped together and are provided with a shield that confines the emission
to within the enclosed shield volume. The remaining weak internal sources and
non-critical components are physically grouped together without a special enclosing
shield. All connections from sensitive circuits and strong internal sources are
controlled by interference diverters, such as filters, surge protectors and equipotential
bonds. All the subsystems are surrounded by an external shield that excludes
external electromagnetic disturbance (e.g. lightning). All the connections penetrating
the external shield (e.g. power, data, telephone, pipeline) are provided with
interference diverters.

Despite the sensitive layout and shielding, interference fields and currents may
penetrate inside (1) along insulated conductors passing through the shields, (2)
through openings or imperfections in the shields, and (3) by diffusion through imper-
fectly conducting shields. The objective of system hardening (making coupling path
inefficient) is to control these interference penetrations at each shield, so that interfer-
ence reaching the sensitive circuit is within the tolerance of the circuit. We will explain
next the interference diverters shown in Figure 5.3.
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Figure 5.3 A two-layer shielding topology and the role of surge protection

5.3.1.1 Conductor penetration through a shield

A shield has two surfaces, external and internal. If a conductor carrying interference
currents is connected to the outside of the shield, interference currents are confined
to the outside of the shield and have very little influence on the shield volume
enclosed. If the conductor is connected to the inside surface of the shield, all interfer-
ence currents are available inside the shield and may couple with circuits inside the
shield volume, which could potentially cause EMI.
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Figure 5.4  Current density across the shield cross-section for two different con-
ditions: (a) confinement of conductor current to the outside surface by
the skin effect; (b) conductor current injected on the inside of a shield
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Figure 5.5  Grounding conductors (e.g. grounding of a cabinet)

In short, to preserve the integrity of the shield, interference current of external
origin must be diverted to the outside surface of the shield as shown in Figure 5.4.
Several examples of the proper application of this principle, together with
some common compromises and serious violations are given in Figures 5.5, 5.6
and 5.7 [25].

5.3.2  Principle of surge protection

Surges can cause damage or upset in sensitive electronic circuits. Damage is the
failure of the hardware requiring replacement of the defective components or
modules. Upset is a temporary malfunction of a circuit or system. Recovery from an
upset does not require replacement of defective components, but may require an oper-
ator’s intervention.

A logical approach to transient overvoltage protection would be (1) to determine
the threshold at which damage would occur, (2) to determine the worst-case over-
voltage that would arrive at a particular device, and (3) to design and install a
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Figure 5.6 Conductors that can be grounded (e.g. metallic water pipe)
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Figure 5.7  Insulated conductors or conductors that cannot be grounded (e.g. power,
communication and data cables)

protective circuit that would limit the worst-case overvoltage to less than the damage
threshold.

Protection from transients is achieved either by blocking the transients using a large
series impedance or by diverting them using a small shunt impedance. Sometimes
both methods are used together. A general surge protection circuit is shown in
Figure 5.8.

A surge protection circuit should not influence the normal operation of the pro-
tected system. That is, series impedance should be very small (Z; < Z,) and shunt
impedance should be very large (Z, > Z; ) for normal signal voltage and frequencies.
Let Z;_ be the load impedance. During abnormal conditions (during a surge) the series
impedance should be very large (Z; > Z;) to limit the surge current, and shunt
impedance should be very small (Z, < Zp) to divert the surge current. Note that Z;,
Z, and Z; may be functions of frequency, voltage or current. Also, surge protection
circuits should not be damaged by the surge themselves.

During electrical overstress, the voltage of the surge is larger than the normal system
voltage. Therefore, shunt elements with non-linear voltage—current (V—I) character-
istics can provide very low impedance during overvoltage conditions and very high

Downstream
s M Upstream
= <+ | Z, >
Z Protected port

Figure 5.8  General surge protection circuit
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impedance during normal system voltage. The overvoltage waveforms will have very
fast rising or falling portions (very high rate of change of voltage or current). Therefore
the shunt elements are required to respond very fast, in nanoseconds.

Surge diversion to the reference conductor or earth plane has its disadvantages.
When large surge currents are allowed to spread over the reference network in an
uncontrolled manner, this causes interference in other healthy systems. Therefore,
series protection seems to be more desirable. However, to date there is no robust,
fast and reliable non-linear series protection devices that can replace shunt protection.

Clearly, from the abovementioned requirements, protection devices (surge
protectors) should be non-linear. Non-linear components can be classified into three
groups:

e devices that have an approximately constant voltage across them during the
conduction of surge (clamp);

e devices that change their state from insulator to good conductor during the
conduction of surge (crowbar) (note that clamps absorb energy and crowbars do
not absorb much; both are shunt devices);

e devices that offer large series impedance to CM voltages (isolators) (isolators are
inserted in series, e.g. CM filters, isolation transformers, opto-isolators;
other series surge protection or limiting devices include fuses, circuit breakers,
inductors and temperature-dependent resistors).

The advantages and disadvantages of common surge protection components are given
in Table 5.2.

Spark gaps enclosed in a ceramic tube filled with inert gas (gas discharge tube) and
metal oxide varistors are very popular devices in low-voltage installation protection.
Electrical characteristics of spark gaps and varistors will be inspected in detail in
the next sections.

5.3.2.1 Gas discharge tubes (spark gaps)

One of the earliest transient surge protectors was the spark gap in air between
two carbon blocks. A serious disadvantage of it was that the carbon blocks eroded
after conducting high-energy transients. The widening gap due to eroded blocks
changed the electrical characteristics of the gap with time. The modern spark gap
lies between metal electrodes in a sealed tube containing a mixture of noble gases
(neon, argon, and so on). Miniature low-voltage spark gaps sealed in ceramic tubes
can conduct transient current pulses of 5—-20 kA for 10 ws without appreciable
damage to the spark gap. Of all the non-linear shunt protective devices, spark gaps
have the lowest parasitic capacitance, typically between 0.5 and 2 pF. Therefore
sparkgaps can be used even in applications where the signal frequencies are in
excess of 50 MHz.

The operation of a spark gap (gas tube) can be explained with the help of
Figure 5.9, which shows the typical response of a low-voltage gas discharge tube to
an applied sinusoidal overvoltage. Figure 5.9a shows the applied sinusoidal
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Table 5.2 Properties of common protection components (adapted from
Reference 1)

Characteristics

Clamps
Metal oxide varistor (MOV) Very fast response (<0.5 ns)
Large energy absorption
Can safely conduct large currents (from a few amperes to
many kA)
Available in a wide range of voltages (from a few volts to
hundreds of kV)
Large parasitic capacitance (in nF)
Avalanche diode Very fast response (<0.1 ns)
Good control over clamping voltage (~6—200 V)
Small maximum current (<100 A)
Large parasitic capacitance (in nF)
Diode Small clamping voltage (0.7-2 V)
Small parasitic capacitance

Crowbars

Spark gap Slow to conduct
Can conduct large currents (from a few amperes to

many kA)

Low voltage in arc mode
Small parasitic capacitance (in pF)
Possible follow current

Silicon controlled Slow to turn on or turn off

rectifier (SCR) and Triac Small voltage across conducting switch (0.7—2 V)

Possible follow current
Can tolerate sustained large currents

overvoltage and the voltage across the spark gap, Figure 5.9b shows the current flow
through the spark gap. As the voltage across the spark gap is slowly increased
(Figure 5.9a), the gap fires at voltage V, bringing down the voltage. That is, at V
the gap switches from the insulating state (resistance >10 G()) to the conducting
state (resistance <0.1 ). The change of state can happen within a fraction of a micro-
second. The voltage V5 (90—300 V) is called the d.c. firing voltage of the gap. Later we
will see that the actual spark overvoltage and the response time of the spark gap depend
upon the rate of increase of the applied voltage across the gap.

During the drop in voltage from ¥, the incremental resistance d7/dl is negative; i.e.
this is a negative resistance region. The current through the gap increases (Figure 5.9b)
and the gap voltage increases slightly to V', the glow voltage. This region is called the
glow region. The glow is produced by a thin layer of excited gas atoms covering part of
the cathode surface and later extending to the whole cathode surface. Maximum current
during the glow region is between 0.1 and 1.5 A and the glow voltage is between 70 and
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Figure 5.9  Typical response of a low-voltage gas discharge tube to an applied sinu-
soidal overvoltage: (a) voltage across the gas discharge tube; (b) current
through the gas discharge tube

150 V. This is positive in the resistance region. Electron—ion pairs are produced in the
intense electric field that exists between the electrodes when the spark gap is being
operated in the glow region. When they obtain sufficient energy they accelerate and
collide with neutral atoms or ions, producing more electron—ion pairs, and finally
leading to a general breakdown of the gap. During the arc phase the voltage across
the gap reduces to ¥, (10—25 V) and becomes virtually independent of the current.
The arc current can be very high and is limited mostly by the magnitude of the overvol-
tage and the parameters of the circuit containing the spark gap. With decreasing over-
voltage, as in the second quarter of the applied sine wave, the current through the spark
gap decreases until it drops below the minimum value (0.01-0.1 A) necessary to main-
tain the arc. The arc is extinguished at voltage V., after passing through the glow mode
again. The above processes are repeated during the negative half cycle of the sine wave.
The gas discharge tube is a bipolar device. That is, its characteristics do not depend
upon the polarity of the applied voltage.

The gas tube can operate either in the glow regime or in the arc regime while giving
protection from overvoltages. Both regimes are associated with a power follow current
because the tube do not extinguish unless the voltage across the tube fall below the glow
voltage or arc voltage, as the case may be. Sometimes thermionic emission from hot
electrodes may maintain the arc even during the brief zero crossings of a sinusoidal
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voltage. Prolonged follow currents can destroy a gas tube by shattering the case or by
melting the electrodes. Therefore it is essential to prevent the follow current after a
surge. Follow current is prevented by putting a varistor in series with the spark gap.
More on this method will be discussed while considering the varistor in Section 5.3.2.2.

The spark overvoltage (V;) and the response time (time to conduct) of spark gaps
are functions of the rate of rise of transient voltage. The spark overvoltage increases
and the response time decreases with increase in dV/dr of the transient. For
example, if the static spark overvoltage (or d.c. spark overvoltage), usually determined
by applying a low rate of rise transient (d¥/dt ~ 100 Vs~ '), of a gas discharge
tube is 350 V, the impulse spark overvoltage, usually determined with a fast rate of
rise transient (d7/df = 1kV ws '), can be 750 V. The response time of the gas
tube can be ~4 s at 100 V s~ rate of rise of voltage, whereas it can be as small as
0.8 ws at 1 kV s~ '. Gas tubes may conduct within a few nanoseconds if the applied

transient has rate of rise times about 1 MV s~ .

5.3.2.2 Varistors

Varistors are non-linear semiconductor devices whose resistance decreases as the mag-
nitude of the voltage increases. Modern varistors are fabricated from metal oxides,
with zinc oxide the primary ingredient. A typical V'—I curve of a metal oxide varistor
is shown in Figure 5.10. Under normal voltages there is a small leakage current of less
than 0.1 mA and the varistor behaves like a simple high value resistor Rje,. During
overvoltage the current through the varistor increases and the voltage is clamped at
a level close to the normal voltage. This is the operating region of the varistor
(Figure 5.10) and the voltage—current relationship in this region is given by

I=kv® (5.1)

In equation (5.1) « is a coefficient with values between 25 and 60. The parameter & in
(5.1) has a value extremely small (<10~ '), therefore / is expressed in terms of
logarithms as in equation (5.2):

log |I| = log (k) + alog |V (5.2)

I‘
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-300 \ % +300
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Figure 5.10 V-1 curve of a metal oxide varistor
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Figure 5.11  Equivalent circuit model of a varistor

If (V1, 1)) and (V>, 1) are two measured data points in the operating region of the
varistor, the value of « can be determined as

o log (11/1>) (5.3)

~log(Vi/V>2)

At very large currents, usually more than 100 A, the varistor characteristics are
dominated by the low value bulk resistance Ry, of the device. Usually, varistors
are fabricated in the form of discs and hence have large parasitic capacitance values
in the range of 0.2—10 nF. Including the inductance of the varistor leads will complete
the equivalent circuit of the varistor, which is shown in Figure 5.11.

Varistors are fast acting devices with response times less than 0.5 ns, if parasitic
inductance due to leads can be avoided. The performance of varistors is affected by
temperature. Excessive leakage currents can raise the temperature of the varistor.
Because the varistor has a negative temperature coefficient, the current will increase
as it become hotter, which will increase the current even further, resulting finally in
a thermal runaway. Varistors are usually used in protecting electronic systems from
transient overvoltages that propagate on the mains. There are various varistor
models that have been developed in the recent past that are being used for various
applications and depend upon the type of varistor used.

Energy absorbed in the ceramic of a varistor is distributed throughout the ceramic at
numerous grain boundaries rather than a single junction as in other semiconductor
voltage clamping devices. Varistors can withstand single pulse transients up to
150 per cent of their rated current, but may fail at multipulse transients at 75 per
cent of peak rated current. When energized at power system operating voltage, they
could only withstand 40 per cent of the rated current in a multipulse environment [26].

5.3.2.3 Diodes and thyristors

The Zener or avalanche diode creates a constant voltage clamp. It contains a pn
junction with a larger cross-section, proportional to its surge power rating. It works
in response to a fast rising voltage potential and is available for wide range of clamping



Protection against lightning surges 287

voltages (from less than 10 V up to several hundred volts); the response time is in the
range of a few picoseconds [1]. The V-1 characteristics of the diode are similar to
equation (5.1), but the value of « can be between 7 and 700 depending upon the
rating. The diode is placed in parallel with the circuit to be protected and will not
operate until a surge exceeds the diode’s breakdown voltage. The surge causing the
diode to conduct will be clamped to the diode’s rated voltage.

Note that these diodes are good protectors for circuits operating typically at low
voltages. They are used for protection of data lines on telecommunication and compu-
ter systems. They are sometimes referred to as transient voltage suppressers (TVSs).
Their large junction is designed specifically for surge protection. TVS diodes are
rated for higher current surges than conventional Zener diodes and can carry currents
for periods of 2—10 ws. They are also known as avalanche breakdown diodes. Among
the prominent advantages of the application of TVS devices in surge suppression is
that they have lower clamping ratios and stronger resistance to surges compared to con-
ventional diodes. TVS diodes can be either unidirectional or bidirectional. The peak

(a)

Figure 5.12  Two techniques for reducing the effective shunt capacitance of the
avalanche diode



288  Lightning Protection

Figure 5.13  Basic thyristor crowbar circuit

power of a TVS diode can be a few watts for small signal circuit protection to several
thousand watts for power panel protection. ATVS that handles large currents will also
have large capacitance due to geometry, which could be 500 pF to 10 nF, limiting their
application for high-frequency signals [1]. One method to reduce this capacitance
would be to use suppressor diodes in series with forward-biased switching diodes
to effectively reduce the shunt capacitance. Preserving bipolar clamping, two tech-
niques for reducing the capacitance are shown in Figure 5.12.

In addition to diodes, thyristors are also used for transient suppression
(Figure 5.13). They are typically four-layer (pnpn) semiconductor devices for uni-
directional and five-layer devices for single-chip bidirectional use. Thyristors are
turned to the on state by a voltage trigger as shown in Figure 5.10. In the turn on
state, the voltage drops across the device is only a few volts, allowing large surge
current conduction through it. Operating voltages range from 20 V up to 250 V
with current ratings of 50 to 200 A for 10/100 ps.

5.3.2.4 Current limiters

In this section we discuss components such as fuses, circuit breakers, chokes and
ferrite. These are current limiting devices that are in series with the lines. Series
devices provide high impedance during a surge and that way limit the surge current
in the circuit.

Fuses and circuit breakers

Fuses and/or circuit breakers are usually included in the output of d.c. power supplies
and also to isolate defective loads from an a.c. power line. The main difference
between a fuse and a circuit breaker is that a fuse becomes a permanent open circuit
when it faces large fault currents, but a circuit breaker opens the circuit to be protected
but can be reset manually or automatically to restore the normal operation of the
system. The fuse is faster in action when the current through it is larger. The fuse
acts in a time range of 10 ms to 10 ps. Fuses or circuit breakers are always placed
in series with the line and sometimes used in conjunction with a surge protective
device (SPD) as shown in Figure 5.14.
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Figure 5.14  Use of a fuse in conjunction with an SPD

Note that when a fuse is in action (during its operation) the voltage across it will
appear on the load terminals, which could sometimes be high due to resistance and
parasitic inductance of the fuse itself. Thus the overvoltage due to this should be
taken into account in the design.

Inductors (chokes and ferrites)

At high frequencies the inductor offers a larger voltage drop across itself (i.e. due to
its capability to offer high impedance it can limit the current to a greater extent). It
should have sufficient insulation to prevent breakdown and should also have
minimum parasitic capacitance across it. It should also be mechanically strong to
prevent stress under surge conditions. Inductors are largely used as series devices
for power line transient protection rather than in low-voltage signal or data lines. To
attenuate transients and associated noise, ceramic materials called ferrites are some-
times used; these are representative of a series circuit with resistance and inductance.
The resistance will damp any kind of oscillations that could have resulted from inter-
action of the inductance and capacitance combination in the system. For this reason,
ferrite beads are used in experiments to clean up electromagnetic interference pro-
blems associated with measurements.

Magnetic fields tend to concentrate in high-permeability materials. Ferromagnetic
rings are very useful in suppressing the unwanted CM noise in cables. The wires are
wound through the core in such a way that the fluxes due to the CM currents add in
the core, whereas the fluxes due to differential mode (DM) currents or signal currents
subtract in the core. Because almost all the flux is confined to the core, the self and
mutual inductance of the windings are the same (Figure 5.15).

The DM currents produce fluxes in opposite directions and in the ideal case they
exactly cancel each other; the mutual inductance is therefore negative and cancels
the self inductance part. Therefore the choke does not present any impedance to
DM currents. In the case of CM currents, the fluxes set up by the individual currents
add up and therefore the mutual inductance is positive. The choke presents a series
impedance of Zcy = jo(L + M) = jw2L per winding to CM currents. This type of
choke is called CM choke.

Generally, DM currents are much higher than CM currents. The fluxes due to large
DM currents cancel in the core. Therefore the core is usually not driven into saturation.
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Figure 5.15  Differential- and common-mode operation of chokes

The core of the choke is made of high-permeability materials. Permeability is a func-
tion of frequency. Depending on the frequency of application, proper materials for
the ferrite core have to be selected accordingly.

Positive temperature coefficient (PTC) devices

These devices have characteristic such that their resistance increases as the voltage
across them increases and hence they can be used in series for transient protection.
They should not break down when a large voltage appears across them. PTC resistors
have constant low resistance (fractions of milliohms) at temperatures below the temp-
erature where it switches state. Beyond this critical temperature, when the voltage
across them increases, the resistance increases dramatically to a few tens of kV.
They can therefore be used as reset-type fuses. When the voltage across them
increases, the resistance increases dramatically to a few tens of k(); they can therefore
be used as reset-type fuses for transient protection machines.

5.3.2.5 Isolation devices

An isolation device has no conductive path between the input and output ports, hence
the name isolation. Such devices are mainly used to block the CM voltage from
appearing across the loads that are usually/normally working with differential
mode voltages. There are two ways in which a signal couples from one port to the
other of an isolation device: one through the magnetic field (isolation transformer)
and the other through optical signals (optical isolators).
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In the case of an isolation transformer there exists in general an unavoidable
parasitic capacitance between the input and output terminals. This capacitance is
not desirable for CM transient voltages at the input of the isolation device. Usually,
two or more conducting screens are inserted between the input and output coils of
the transformer, thereby almost eliminating the parasitic capacitance. A proper
bonding of the shields to clean ground is needed. Sometimes a pair of capacitors
in series with their midpoint grounded are connected across the output port of the
transformer for further elimination of the CM surges.

An optical isolator is an electronic component that contains a light source (infrared
light-emitting diode) and a photodetector (silicon phototransistor with response time
of 1 ws) with no electrical connection between the two. The electrical insulation
between the two is a piece of plastic or glass with a dielectric strength of several
kilovolts. Unlike isolation transformers, optical isolators can transfer d.c. signals.

5.3.2.6 Filters

Power supply filters are low-pass filters commonly connected in series with the power
cord of electronic equipment to attenuate the high-frequency noise that is generated
inside the chassis and conducted on the power cord out of the chassis into the
mains and environment (Figure 5.16). Low-pass filters may also protect equipment
from conducted high-frequency noise on the mains. The high-frequency noise is
usually below the normal operating voltage and hence will not trigger the non-linear
surge protective devices. Filters are not used as standalone devices to protect against
transient overvoltages. However, filters are very useful in attenuating high-frequency
noise downstream of a non-linear protective device (spark gap, varistor). This
high-frequency noise is partly due to the remnants of the transient overvoltage, and
partly due to the action of the non-linear device itself.
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Figure 5.16  System comprising of source and load with and without filter
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A simple low-pass filter consists of an inductance in series or a capacitance in
parallel or a combination of both. A simple high-pass filter consists of a capacitance
in series, or an inductance in parallel, or a combination of both. Inductance has
high impedance at high frequencies and low impedance at low frequencies and capaci-
tance has low impedance at high frequencies and high impedance at low frequencies.
There will be some attenuation at all frequencies. Therefore filters are characterized by
their insertion loss (IL), which is typically stated in decibels. If V7, is the magnitude
of load voltage without the filter and 77, is the load voltage with the filter inserted,
then the insertion loss is defined as in equation (5.3) with reference to Figure 5.12:

IL (dB) = 201og;y (VLwo/Viw) (5.3)
The load voltage without the filter is given by
Viwo = RL/(Rs + Rp) (54)

The load voltage with filter is given by equation (5.5), where Z. is the series impedance
of the filter (Zr = jwL in the case of the simple low-pass filter above):

Viwo = RL/(Rs + Zg + Ry) X Vs (5.5)
The insertion loss is the ratio of V1, and V1, and is given by
IL = 201logyo |1 + [Zr/(Rs + Ru)]| (5.6)

From equation (5.6) it is evident that the insertion loss of a filter depends on the source
and load impedance, and therefore cannot be stated independently of the terminal
impedance. Usually, insertion loss is specified assuming a terminal impedance of
50 Q.

A power supply filter should give protection to both (CM) and (DM) noise currents.
The filter consists of a CM choke, which comprises two identical windings wound
over the same ferrite core, two capacitors Cp; and Cp, between line and neutral on
either side of the choke, and two capacitors Cc; and Cc, between phase/neutral
and ground (chassis) on either side of the choke (Figure 5.17). Capacitors Cp; and
Cp, divert the DM noise currents and capacitors Cc; and Cc, divert the CM
current. These are shown in Figure 5.17. Usually Cc; = Cc», and is kept low
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Figure 5.17 A general power supply filter
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(~2 nF) to limit the leakage current to below 1 mA for safety reasons. Otherwise there
may be a shock hazard if the filter chassis is not earthed properly. Typical values for
Cp; and Cpy, are in the range of 0.1-0.5 wF.

5.3.2.7 Special protection devices used in power distribution networks

About 90 per cent of all outages affecting customers originate on the utility distribution
system due to lightning and line faults. Voltage spikes, voltage sags and short interrup-
tions cost electric utility customers millions of dollars each year. Most of today’s
mechanical autoreclosures require six power cycles to react to a line fault caused by
a lightning transient or other causes. In most cases there are no satisfactory solutions
to voltage sag problems. Low-power customers ride through these difficulties using
uninterrupted power supply (UPS) systems, but such solutions are not feasible for
high-power consumers. Many solid-state power controller devices have been devel-
oped recently that are based on new-generation power electronic components such
as gate turn-off thyristors (GTOs) and insulated gate bipolar transistors (IGBTs). A
brief description of them is given below and is based on the information from
Reference 27.

Solid-state breaker (SSB)

The first SSB for use on a 13 kV system was developed in 1995 by Westinghouse
Electric Corporation, with the support of the Electric Power Research Institute
(EPRI), United States. The SSB can clear a fault at sub-cycle speed and is based on
GTOs, which do not require power cycle zero for turn-off.

Solid-state transfer switch (SSTS)

Mechanical transfer switches that transfer load from one feeder to the other takes 2 to
10 s, whereas an SSTS can transfer the load within half a cycle. The first 15 kV class
SSB was developed in 1995 by Silicon Power Networks. The key components of the
SSTS are two SCR switches connected back-to-back, controlling primary and
secondary feeder.

Dynamic voltage restorer (DVR)

This is a solid-state controller that protects a critical load from power line disturbances
other than outages. DVRs are connected in series with the distribution feeder through
three single-phase injection transformers, and restore the original voltage waveform by
injecting compensating voltages in real time. DVRs are effective against voltage sags,
swells, transients and harmonics. The DVR consists of a d.c. to a.c. inverter based on
an IGBT. The IGBT switches convert the regulated d.c. source into a synchronous a.c.
voltage of controllable amplitude, phase angle and frequency. For example, during
voltage sag the DVR supplies a compensating voltage in phase with that on the line
to make up the difference, while during harmonics the DVR will generate a
complex waveform to cancel them out. The DVR can also limit fault currents by
injecting a voltage that leads the line current by 90°, increasing the apparent reactive
impedance of the line. Westinghouse Electric Corporation makes DVRs in ratings
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from 2 to 10 MVA. The response time of the DVR is less than one 1 ms, which is a small
fraction of a power cycle. Westinghouse Electric Corporation is now developinga DVR
that can be mounted on distribution poles. The first pole-mounted DVR is expected to
be ready this year and will have a rating of 300 kVA, for use on a 15 kV class distri-
bution system. It can be visualized that in the future low-cost series types of devices
that can maintain the quality of the voltage waveshape even in the presence of fast tran-
sients may be developed, for use in low-voltage applications.

Distribution static compensator (D-STATCOM)

This protects the distribution system against power pollution caused by certain custo-
mer loads found in steel plants, saw mills and so on. It replaces the conventional tap
changing transformer, voltage regulator and switched capacitors. Like the DVR, a
D-STATCOM also consists of an IGBT-based d.c. to a.c. power inverter. However,
the D-STATCOM is connected in shunt and usually supplies only reactive power to
the line through a coupling transformer. This is also developed by Westinghouse.

Fault current limiters using superconductors

High-temperature superconductors (HTS), which are superconducting around 77 K
and maintained by liquid nitrogen, are finding applications in fault-current limiters
in power systems [28]. The HTS fault-current limiter is a series device. A 2.4 kV,
3 kA prototype was successfully tested by Lockheed Martin in 1995.

In a screened-core fault-current limiter, an iron core is surrounded by a super-
conducting cylinder over which there is a conventional copper winding. During
normal operation, shielding currents induced in the HTS do not allow magnetic
field penetration into the iron core, resulting in low series impedance. During fault
current, the magnetic field penetrates into the iron core, resulting in high series impe-
dance. This device can respond within one power cycle and can affect 80 per cent
reduction in fault current. Multiple faults within a period of 15 s can be successfully
handled. Associated with fast electronics and further technical improvements,
HTS-based fault-current limiters may develop into dynamic