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THURSDAY, APRIL 2lst

SESSION MODERATOR: Mr. William Jafferis, National Aeronautical
and Space Administration, Kennedy Space:Center.
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ABSTRACT

The American lightning protection industry had its beginning in 1755 when
Franklin stated definitely for the first time that lightning rods were intended not
only to '"silently draw the electric fire'" from the clouds, but also to intercept and
ground any discharge. Lightning protection specifications began in 1762 when
Franklin inspected the house of a Mr. West in Philadelphia, which had been struck
and slightly damaged near the lightning ground. Franklin observed that '"The rod
should have been sunk deeper till it came to earth moister . . ."

This paper will trace the development of the lightning protection industry
in America from that time until now, featuring the highlights of the industry's
economic as well as technological progress, with particular emphasis on the
development of standards. Industry practices in regard to the use of codes and
practical application of standards will also be highlighted.

Basic changes in materials, parts, and other details will be covered as well
as the gradual evolution in thinking in regard to the purposes of lightning protection
systems. Today, the industry aims only to ground any lightning stroke; it does
not attempt, as Franklin first said, to prevent a stroke from occurring.

Today, after a five-year period of recent change, the lightning protection
industry has its first Certified Master Installers, Designers, Certified Systems,
own installation codebook, and first graduates of a special lightning protection
educational course.

The changes brought about by the new programs and the likely long-range
effects of them will also be discussed.




+>GROUNDING THE UNDERRATED DESTROYER

L

BEN FRANKLIN C°YLE

By Marvin M. Frydenlund
Managing Director

Lightning Protection Institute
Harvard, Illinois

FIGURE =~ 1

Benjamin Franklin, writer, publisher, first American post-
master general, statesman-patriarch of the Revolutionary cause,
earned his first and greatest glory through his work with
lightning and lightning protection. Because of it, he was an ’
international folk hero 22 years before the Declaration of i

Independence, which he helped Thomas Jefferson write.

During seven years, from 1747 through 1753, Franklin created
the three basic components of the North American lightning
protection industry. He founded its science by identifying
lightning as electricity; he devised its product by inventing the
lightning rod; and he laid its technological foundation when he
supervised the first lightning rod installations on houses in

his hometown, Philadelphia.

FIGURE - 2
Buildings protected with Franklin Rods included the Warner
House, still standing at Portsmouth, New Hampshire. On its

roof is a lightning rod said to have been installed in 1762

under the eye of the inventor himself.
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FIGURE - 2




FIGURE - 3

Franklin was at the same time an idealist philosopher, an
original inventor, and a persuasive writer and speaker with
an active sense of humor. In brief, he had great style. And
he imprinted that style so clearly on the industry he founded
that it is still visible today.

Compare a 1767 Franklin Rod installation to an ornamented
system of 150 years later. Then compare both systems to a
modern installation made by a Lightning Protection Master In-
staller in 1977.

The three basic parts -- points, conductors, and grounds,
have remained essentially the same. The "power of the points",
as Franklin sometimes referred to the point discharge phenomenon
that determined the configuration of lightning rods, is sacro-

sanct to this day in America.

FIGURE - &4

Whatever its height, whatever the material used, and however
plainly designed or ornamented, the sharply pointed lightning
rod, or air terminal point as it is now called, is the essence

of lightning protection, Ben Franklin style.

FIGURE - 5
To tell clearly the story of grounding the underrated destroyer,
Ben Franklin style, requires a sketch of its 224-year history.
The story began in 1753 when the first Franklin Rod installa-
tions were made in Philadelphia. The 224 years divide conveniently

into seven periods, each beginning and ending with a particularly
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significant event.

Period 1 was the Franklin Era. Its 15 years were dominated
by the inventor himself. After 1753 he gave lightning protec-
tion less and less attention, and made his last noteworthy

contribution to it in 1767.

FIGURE - 6 .

For want cf a better term, Period 2 can be called the Hiatus.
It was a leaderless, 115-year stretch between the influences of
Ben Franklin and Thomas Edison. Edison inspired a spate of
lightning research activity when he launched the electric power

industry, with its lightning-caused outages and other problems.

FIGURE ~ 7

Period 3, the Organizational Era, began with a reassertion
of lightning protection leadership, not by a strong -individual
this time, but by an international group which convened a
Lightning Rod Conference in 1882 at London, England. Conferees
wrote a set of international consensus specifications for
lightning protection.

This Era climaxed 22 years later with another, even more
significant group action, by the National Fire Protection Asso-
ciation. In 1904, the NFPA adopted the first edition of what

later became the American national consensus code, NFPA No. 78.

FIGURE ~ 8
Period 4 was colorful, active, and unfortunately for the
cause of proper lightning protection, freewheeling. Many names

come to mind that might fit the 37-year period between 1904 and
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1941, but the one that seems to wear best is Lightning Rod
Heyday .

The era began with a promotional boost by the NFPA installa-
tion code, helped along by rate credits granted by farm mutual
insurance companies on rodded buildings.

The industry mushroomed in those early years of this century.
At one point, about 100 companies claimed to be lightning rod
manufacturers. Some of the more successful salesmen were
chauffeured by their own wagon drivers. Installer crews followed

in their wake with other wagons heavily loaded with materials.

FIGURE - 9

Competitive claims grew more and more fanciful. Ethics and
workmanship suffered as some of the less successful manufacturers
and installers fell behind, then fought to catch up with the
leaders. In 1923, Underwriters Laboratories created the UL Master
Label Service to inspect factory materials and the quality of
installations.

Houses and-barns constituted the major share of the Heyday
market. The Great Depression of the 1930's cooled promotional
activities of survivors of the intense competition in the 1920's.
Only a handful of better managed manufacturing companies made
it through the depression. The period ended with the outbreak

of World War II.

FIGURE ~ 10
In 1941, America mobilized for World War II. Manufacturers

and installers of lightning protection systems entered the
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Military Era. The farmer ceased to be the largest customer.

His place was taken over by Army and Navy engineers and govern-
ment architects. For 13 years, from 1941 through the Second
World War, the Korean War and its aftermath, and until 1955, a
large share of business was protection of arsenals, defense
plants, munitions dumps, other military and government fac.li-

ties, and finally, defense missile sites.

FIGURE - 11

In 1955, the Lightning Rod Manufacturers Association found it
needed to re-educate the consumer market. The Association took
the most significant step since 1904, forming the Lightning
Protection Institute. Of eight companies at that time which
were full-fledged specialized manufacturers of lightning pro-
tection materials and parts, six were charter members of the
Institute.

They were Thompson Lightning Protection, Inc., St. Paul,
Minnesota, which was the organizing company; The Carl Bajour
Company, Inc., Jonesboro, Arkansas; Independent Protection Co.,
Inc., Goshen, Indiana; National Lightning Rod Company, St. Louis,
Missouri; Security Lightning Rod Company, Burlington, Wisconsin;
and West Dodd Lightning Conductor Corporation, Goshen, Indiana.

National and Security have since gene out of business. Although
membership has remained open, the four surviving Manufacturer
Members supported the Institute alone until 1975. Most of the
Institute's budget went for educational materials and public
relations projects during its first 20 years. In the beginning,

old-fashioned "scare tactics" were still in vogue. This period

-2'..
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can be termed the Educational Era.

FIGURE ~12

The year 1975 marked the beginning of the current Era of
Professionalism. Time may prove 1975 the most significant
year for lightning protection since 1753. Three events took
place that year:

1. The Lightning Protection Institute published the first
industry-produced installation code, LPI-175.

2. The Institute introduced a testing and certification
program for Master Installers, Designers, and Journeyman In-
stallers.

3. The LPI support base was broadened by creation of a new

sponsorship category, Contractor Members and their employees.

FIGURE - 13

The title term, "Underrated Destroyer" was suggested by a
cover article in the April, 1976 issue of NOAA, magazine of the
National Oceanic and Atmospheric Administration. That article,
by Edwin Weigel, "Lightning: The Underrated Killer", described
a 34-year study that showed lightning responsible for 7,000
deaths in the United States, 55 percent more than were killed
by tornadoes, and 41 percent more than died in hurricanes and
floods combined. This even though lightning as a cause of
death is underrated.

Mr. Weigel explained that because lightning usually kills
one person at a time, it does not attract nationwide attention

as do the multiple-death occurances of far less frequent
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Lightning kills' more peoph in tk United
States than tornadocs, floods or hurricanes.
During the 34-year period” that ended
Jan. 1, 1974, lightning was responsible for
the deaths of about 7,000 Americans, or 55
percent more than were killed by tornadoes
and at least 41 percent more than were
killed by hurricanes and floods combined.

This total of lightning deaths is usdoubt-
edly conservative, statistics-gatherers. agree.
Many are not included in national summar-
ies because lightning usually kills only one
person at a time. Occasionally there are two
deaths from a single stroke; rarely' a§ many
as three or more (although multiple num-
bers of injured from a_single bolt are not
uncommon. )

Lightning deaths don't attract nationwide
attention, as do the more-spectacular hur-
ricanes, tornadoes, and floods, which may
kill hundreds and cause many millions of
dollars in property damage in a.single epi-
sode.

Pa.radoxically, though, the statistics avail«
able indicate that the annual numbers o;

lightning deaths in recent years have beeft

much lower than death tolls carlier in this
century, even though the U.S. population
has increased greatly. There were, for ex-
ample, 120 per year for the decade ending
with 1973, compared to an average of 329
per year during the deeade of the 1940%.
This apparent drop is misleading. To under-
stand why. it's necessary to know a little
abgut the complex subject of natural-disaster
statistics.

Annual death tolls for hurricanes, torna-

Why? “Because we are confideot that apy
annual total of lightning .deaths ‘we could. -

provide would be tog*low for the nation as

.a whole,” says Marvin' Burley, chief of the

Cooperative: Data Branch of the Climatic

“Center. “Weather Service field units can't

possibly learn 8bout al} of the lightning fa-
talities in- thieir areas of responsibility. Their
principal assignment is  forecasting the
weather, and this takes precedence over tabu-
lating -storm “deaths, injuries and damage,
although they do the best they can.”

Then: who does supply hgh(m falah!y
statistics for the nation?

For years, this information has been ;*o—

vided by the National Center for Health'

Statistics, U.S. Public’ Health Service, De-

partment of Health, Education and Welfare. -

Towering cumulonimbus cloud below, with

" characteristic anvil top, is the type that

unleashes lethal discharges ol lightning

‘suchasin mm'mmu right.

does and floods -are prepared by NOAAS. T -

National Climatic Center in Asheville, N.C.,

=ancd-pubtished in its-annual “Climatological
+ - Data, National  Summary.” But: lightning
death tolls are pot included in this Summary,
even though the Center receives cach month
tallies of lightning deaths and injuries. from

field offices of the Natiorial Weather Service

and publishes them in. 2 monthly periodical
called "Storm Data.™

causes of death, such as these
fires started by Tightning. In 1953,
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tornadoes, floods, and hurricanes. And, many lightning fatali-
ties are attributed instead to the immediate death cause, such
as asphixiation in a lightning-caused fire, or electrocution
from a lightning-downed powerline.

Lightning also destroys more property than is generally
blamed to it. Again one reason is that lightning usually
ignites only one building at a time. And smaller losses, such
as destruction of an electrical system or an appliance, or a
tree, do not find their way into public records. Such small
lightning losses are so frequent and scattered that only a
portion of them could be recorded by any existing loss-gathering
method or organization.

When an estimate is made that lightning causes a certain
amount of property loss annually in the United States, the figure

is based on fragmentory statistics. Thus, the title.

FIGURE - 14

Technological progress of lightning protection from 1753 to
1977 can be traced in eight steps.

The first systems installed in Philadelphia during 1753 were
described in Franklin's POOR RICHARD'S ALMANACK of that year:

"The method is this: provide a small iron rod (it may be
made of rod-iron used by the nailers) but of such 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 fasten about a foot of brass wire, the size of

a common knitting needle, sharpened to a fine point; the rod
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may be secured to the house with a few small staples. If the

house or barn be long, there may be a rod or point at each end,
and a middling wire along the ridge from one to the other."

Note that for a small house, lightning protection consisted
of only two parts -- a foot of brass wire attached to one long
rod, attached to the wall by a few staples. The two ground rods

and the "middling wire" Franklin mentioned were the beginning

of our present system of grounds, conductors and air terminals.
Even then, in 1753, Franklin recognized the limited protective
range of a single rod. The presence of that phrase, "middlinrg
wire", in Franklin's original announcement is remarkable evidence
that lightning protection circa 1977, American style, is light-

ning protection, Ben Franklin style.

FIGURE ~ 15

In 1760, Franklin inspected a rodded house belonging to a
Mr. West in Philadelphia which had been struck. The tip of the
rod was melted, but the only harm done was some slight damage
to the foundation. Franklin wrote that, "The rod should have
been sunk deeper, so as to come to earth moister."

In September, 1767, a description by Franklin indicated three
refinements. The foot of brass wire had been done away with.
Instead, the tip of the iron lightning rod itself was tapered
"...to a fine sharp point". Second, the point was protected
with "...gilt to prevent its rusting".

Finally, Franklin wrote, "The lower end of the rod should

enter the earth so as to come at the moist part, perhaps two
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to three feet; and if bent when under the surface so as to go |
in a horizontal line six or eight feet from the wall, and then
bent again downwards three or four feet, it will prevent damage

to any of the stones of the foundation."

FIGURE - 16

The report of the London Lightning Rod Conference of 1882
highlighted seven changes, though more had been made: (1) copper
rods were recommended instead of iron; (2) minimum weights were
agreed upon for conductors of copper and of iron; (3) joints
were to be kept to a minimum and soldered; (4) earth connections
to iron gas and water mains were specified; (5) the use of
buried earth plates was suggested; (6) the cone of protection
principle afforded by a rod was detailed; and (7) it was speci-
fied that internal and external masses of metal were to be

connected to earth or to the lightning conductor.

FIGURE - 17

Quality control was added in 1923, when Underwriters Labora-
tories, Inc. created the Master Label service for lightning
protection systems. This provided in-factory and on-site third-
party inspection to determine that materials and installation
were in accordance with the current edition of the NFPA code.

By 1923, lightning rods were being braced according to
specifications. They were also ornamented with colored glass
balls and weathervanes. The code called for 25-ft. minimum
spacings between rods, and other size, spacing, and fastening

requirements were essentially the same as they are today.
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Copper cable had come into general use, and the terms rope

1

lay, twisted, and braided cable were familiar to installers.
Aluminum, first available in 1866, came into use in lightning
protection slowly. It still is a lower-cost substitute for
preferred copper.

Ground rods were sunk to 10-ft. depth and spaced at 100-ft.
or less, in moist clay soil. Counterpoise grounding systems
had been introduced for less conductive soils. Lightning
surge arresters had been introduced shortly after the turn of

the century, but were not yet in general use with farm and

residential lightning rod systems.

FIGURE - 18

In 1947, the NFPA published its sixth revised lightning
protection code, including for the first time Part III, "Pro-
tection of Structures Containing Flammable Liquids and Gases."

Short, neutral color, inconspicuous air terminal points were
being promoted. The tall, old-fashioned, ornamented rods that
were so popular in the Heyday Era had fallen out of disfavor,
particularly with architects. The industry itself stopped
referring to lightning rods, renaming them air terminals.

The state of the art of grounding the thunderbolt, Ben
Franklin style, circa 1947, is depicted in some detail in that

year's printing of the code, NFPA-78.

FIGURE - 19
We have just rewritten the NFPA Code to fit 0.S.H.A.'s

requirements regarding mandatory and permissive terms. The
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current state of the art in lightning protection grounding is
illustrated in drawings adopted by the NFPA Code Comnittee
from the LPI document, LPI-175.

1. Grounding in moist clay type soil requires a minimum
of two copper-clad rods sunk to 10-ft. depth for any small
building, with aﬁ"édditional rod for each added 100-ft. of
perimeter. The rod must be 2-ft. out from the foundation,
quite a bit less than Ben Franklin suggested 210 years ago.

2. Grounding in somewhat higher resistance soils with
sand or gravel requires the use of additional rods in each
ground location.

3. When soil is less than a foot deep, counterpoise ground-
ing is specified. Standard copper lightning conductor, which
must be at least 187% pounds per thousand feet, is used to
encircle the building. Copper ground plates at each corner
are optional.

4. When a building has electrically continuous steel fram-
ing, air terminals are bonded directly to the steel framework
by conductors leading through the roof or coping walls. The
steel columns may serve as down conductors. Ground connections

are usually made at every other column, but shall never be

spaced at more than 60-ft.

FIGURE - 20
The Institute code, LPI-175, was among the reference docu-
ments in writing and illustrating the new NFPA code, and there

is some overlapping of code committee membership. LPI-175 is
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limited to protection of ordinary and high-rise buildings,
smokestacks, and trees, but goes into greater detail in those
areas than will the 1977 NFPA document.

For example, alternate forms of grounding in shallow or
rocky soil are illustrated. So are air terminal, conductor,
and ground requirements for saw tooth roofs and domed or curved
structures.

Code LPI-175 introduced a post~installation inspection and
maintenance procedure, requiring an annual inspection.

When losses have occurred to systems installed under UL Master
Label requirements, faults have been traced to physical damage,
deterioration, or failure to extend the lightning protection
system to cover an addition to the building or a new object on

the roof. Most such faults will be caught by annual inspection.

FIGURE - 21

In summary....

In 1753, Ben Franklin installed lightning rod systems that
had only two parts -- a sharpened copper wire at the top and a
long iron rod that served both as ground conductor and ground.

In 1977, lightning protection systems which have six mechanical
parts are: (1) a roof system of air terminals; (2) conductors;
(3) grounding system; (4) bonds to metal bodies within 6-ft.
of a conductor; (5) surge arresters; and (6) a separate system
for any tree taller than the protected building and within
10=Ft. of 1t

A full-line manufacturer can supply more than 500 different
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lightning protection components.

An LPI certified System has five other requirements: (7)
adherence to NFPA Code No. 783 (8) conformance with UL Master
Label Requirements, UL-96a; (9) installation supervision by a

Certified Master Installer; (10) air terminals end conductors

bearing UL parts labels and other parts conforming to LPI
Material Specification; and (11) an annual inspection and

maintenance agreement.

FIGURE ~ 22

Ben Franklin's legacy has not always moved smoothly through
history. I'll list six common problems in their order of im-
portance.

1. Religeous prejudices in the early days; the belief that
ringing church bells would dispel the demons of the thunder-
storms, or that prayer and ritual would do so.

2. The notion spread by rivals of Franklin that lightning
rods would draw the thunderbolt and therefore '"bring about the
mischief they were meant to prevent".

3. Franklin himself was responsible for the idea that tall
lightning rods would prevent lightning from striking. The
lightning protection industry perpetuated the belief, claiming
until 25 years ago that lightning protection bled off static
charges but would intercept and ground any stroke that might
occur. We now know that the latter purpose is the only important
one.

4. Previously, "magnetic" and currently, "radioactive"

e
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lightning rods seem to persist no matter now many times leading ]

authorities in Europe and America show theoretically and
experimentally that the "power of the points" is sufficient;
that the presence of radioactive materials does nothing to
enhance the effectiveness of a lightning rod.

5. Countless deficient, un-inspected systems have been

installed on a cut-rate price basis. Resulting failures have

done an injustice to this industry.

6. Most persistent of all has been the "act of God"
defense against lightning loss liability. Lightning is a
natural phenomenon and is unpreventable. But defense against
it is well-known, reliable, and inexpensive. Therefore, light-

ning safety is legally recognized today as the responsibility

of man.
FIGURE - 23

Franklin was only human. On the plus side, he identified
lightning as electricity, invented lightning protection, wrote
the first specifications improving lightning rods, and produced
several less well-known devices, among them the first thunder-
storm warning device, a little bell outside his bed chamber
that tinkled when a thundercloud passed overhead.

Three ideas that had less merit were a bed to be suspended
by silken ropes in the middle of the room to insulate the
sleeper from lightning; "Franklin Wires" for ladies' hats, which

certainly would make their wearers more likely to be zapped by

"step voltage"; and finally, the notion that a lightning rod




€ - NI 14




would "silently draw electric fire from the cloud".

FIGURE - 24

In 1772, Franklin wrote, "Pointed conductors....appear on
private Houses in every Street of the principal Towns, besides
those on Churches, public Buildings, Magazines of Powder, and
Gentlemen's Seats in the Country....hitherto there has been no
Instance of a House so guarded being damaged by Lightning; for
wherever it has broken over any of them the Point has always
receiv'd it & the Conductor has convey'd it safely into the
Earth, of which we now have 5 authentick Instances".

Since then, thousands of protective instances have occurred.
One Master Installer says he replaces points with melted tips
almost every year on one set of single story buildings in an

exposed, lightning-prone location.

FIGURE - 25

In 1974, during construction of the 1,824-foot high Dominion
Tower at Toronto, a Canadian photographer, W. Hackle, made
between 3,000 and 5,000 exposures and obtained six photographs
of lightning striking air terminals.

The photo on the left shows a discharge to the copper air
terminal at the end of a crane boom 85-ft. out over the pro-
ject. The aircraft warning light at the end of the boom stayed
lit. The air terminal was directly grounded to the lightning
protection system by pure copper cable. So was the crane, yet
in this case and later, the 135-foot, 18-ton grounded steel

crane did not intercept the discharge. The air terminal did
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These are old Lightning Rod Points that have been struck.
They have saved buildings from destruction and persons
from injury and death.

FIGURE - 24
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so in each instance. L
According to William A. Cliff, Field Engineer for Dominion
Lightning Rod Co., Ltd., "These untouched photographs prove....

that air terminals together with a ground are 100 percent

protection against lightning damage. Years of experience has

proven that!"

Ben Franklin would have been pleased.
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ABSTRACT

An understanding of the physics associated with lightning pro-

tection problems is presented in order that related design criteria will
be better understood.

The mechanism of the lightning strike is related to protection pro-
blems on elevated structures of various heights, as well as overhead
and buried cables. The risk of dangerous side-flashing, due to inductive
loops when a grounding conductor is passing a steep waveform current

i< discussed, as well as the physical problems related to poor grounding,

bonding and shielding.

The physical development of lightning induced line surges, and the
magnitude of these surges on aerial and buried lines is explained. Finally,

the properties of different basic types of suppression devices and the

functions they perform is illustrated.
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1.0 INTRODUCTION

Correct information about the basic lightning process can lead to a
much better understanding of lightning protection techniques and the re-
sulting level of protection. The design of satisfactory lightning protection
systems can therefore only be achieved with a knowledge of the mecha-
nism and characteristics of a lightning strike and the related problems

that a steep voltage wavefront has on inadequate bonding and grounding.

Lightning induced line surges can also cause major damage to elec-
trical or electronic systems. A considerable proportion of the damage
caused by such surges can be eliminated with careful planning of pro-

tection equipment.

This paper discusses all these points and attempts to educate the
reader in some of the basic lightning protection problems. For more in

depth information the reader is directed to several good publications on

the topic.
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2.0 THE LIGHTNING PROCESS IN A CLOUD-TO-GROUND
DISCHARGE

A cloud-to-ground lightning discharge is made up of one or more
inte rmittent partial discharges. The total discharge, whose time duration
is of the order of 0,5 sec, is called a flash; each component discharge,
whose luminous phase is measured in tenths of milliseconds, is called a
stroke. There are usually three or four strokes per flash, the strokes
being separated by tens of milliseconds. Often lightning as observed by
the eye appears to flicker. In these cases the eye distinguishes the indi-
vidual strokes which make up a flash, Each lightning stroke begins with
a weakly luminous predischarge, the leader process, which propagates
from cloud-to-ground and which is followed immediately by a very luminous

return stroke which propagates from ground-to-cloud,

It has been found that the electrostatic field takes about 7 sec to re-
cover to its pre-discharge value after the occurrence of a lightning flash
at a distance beyond 5 km, but when the flash is very near the recovery
time may be different due to the presence of space charge. In both cases,

regeneration of the field takes place exponentially.

2.1 Stepped Leader

The usual cloud-to-ground discharge probably begins as a local dis-
charge between the p-charge region in the cloud base and the N-charge
region above it (Fig. 1). This discharge frees electrons in the N-region
previnusly immobilized by attachment to water or ice particles, The free
electrons overrun the p-region, neutralizing its small positive charge,
and then continue their trip toward ground, which takes about 20 msec.

The vehicle for moving the negative charge to earth is the stepped leader
which moves from cloud-to-ground in rapid luminous steps about 50 m long.

In Figures 1 and 2 the luminous steps appear as darkened tips on the less

luminous leader channel which extends upward into the cloud. Each leader

step occurs in less than a microsecond. The time between steps 1s about

50 u sec.
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Fig. 1. Stepped leader initiation and propagation. (a) Cloud charge
distribution just prior to p-N discharge. (b) p-N discharge. (c)-(f)
Stepped leader moving toward ground in 50-yard steps. Time between
steps is about SO millionths of a second. Scale of drawing is distorted for
illustrative purposes. (from Uman(6) )
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Fig. 2. Return stroke initiation and propagation. (a) Final stages of
stepped leader descent. (b) Initiation of upward-moving discharges to
mect downward-moving leader. (c)-(e) Return stroke propagation from
ground to cloud. Return stroke propagation time is about 100
millionths of a second, propa§a)lion is continuous. Scale of drawing is
)
)

distorted. (from Unlan(
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2.2 Return Stroke

When the stepped leader is near ground, its relatively large negative
charge induces large amounts of positive charge on the earth beneath it
and especially on objects projecting above the earth's surface (Fig. 2).
Since opposite charges attract cach other, the large positive charge
attempts to join the large negative charge, and in doing so initiates
upward-going discharges. One of these upward-going discharges contacts
the downward-moving leader and thereby determines the lightning strike
point. When the leader is attached to ground, negative charges at the
bottom of the channel move violently to ground, causing large currents
to flow at ground and causing the channel near ground to become very
luminous. The channel luminosity propagates continuously up the channel
and out the channel branches at a velocity somewhere between 1/2 and
1/10 the speed of light. The trip between ground and cloud takes about
100 1y sec. When the leader initially touches ground, electrons flow to
ground from the channel base and as the return stroke moves upward,
large numbers of electrons flow at greater and greater heights. Electrons
at all points in the channel always move downward even though the region

of high current and high luminosity moves upward.

It is the return stroke that produces the bright visible channel. The
eye is not fast enough to resolve the propagation of the return stroke, or
the stepped leader preceding it, and it seems as if all points on the channel
become bright simultaneously. A unique video photograph of the lightning
leader with the return stroke partway up a double channel is shown in

Figure 3.

2.3 Lightning Current

A full understanding of the time variation of a lightning current can
only be obtained by oscillograph recording of the object struck. Because
of the rare occurrence of lightning to an object of normal height, it 1s

very unlikely that good statistics can be obtained without great expense
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Fig. 3

Leader and first return stroke of a multiple (6)
return stroke flash of forked lightning.




and observations over a considerable period of time. Lightning currents
therefore, are mostly measured on tall structures or balloons connected
to earth with steel cables. The currents from lightning have been found

to be unidirectional and primarily discharge negative currents. Figure 4
shows a frequency-distribution curve of lightning current amplitudes, in-

corporating the best information available.
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Fig. 4 Frequency distribution of lightning current amplitudes

The maximum value reliably recorded is 340k amps, but much higher
amplitudes cannot be ruled out. The highest values occur primarily

with the rare positive strokes.

A significant characteristic for lightning protection is the rate of
rise of the current waveform. It has been generally assumed in the
recent past that the lightning current waveform reaches a peak in some
1 to 311 sec. More recent information by Llewollyn(])in 1977 indicates
that the current risetime may be much less than 1 {1 sec. Figure 5
shows some risetimes for a selection of close and distant storms.

For some storms the average time to peak value was found to be of the
order of 1/4 ysec. The effect of this term on lightning protection will

be discussed later.
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2.4 Breakdown Voltage

Breakdown tests of long spark gaps are made with impulse generators

of 5 million volts or more where the test voltage rises at rates between

60 and 600 kV /iusec. Most of these tests are concerned with sparkover

under a positive switching impulse because they produce much lower
breakdown voltages than negative impulses. The minimum breakdown
voltage is of concern to many engineers and Figure 6 gives representative

test results by showing the variation of breakdown voltage for different

electrode configurations and polarities.

2400

1600

breakdown voltage, kV

800

=

: o 1 1 -
0 2 4 6 8

gap spacing, m

Fig. 6 Switching-impulse breakdown voltage of rod r?uzl] and rod plane gaps
(Anderson and Tangen, 1968)

FFurther information on breakdown voltages are given in the book

"Lightning Protection' by Golde(,E)

2.5 Striking Distance

A normal negative leader progresses to earth in discrete steps until
a counter streamer is initiated from ground or a grounded object. It is
therefore at that particular distance that the point of strike is determined.

This striking distance is defined as that distance between the tip of the




lightning leader and the point to be struck.

The main interest is limited

to structures up to about 20m height; structures of greater height begin to
require special consideration as their height is greater than a leader step,
and they may also induce upward going leaders. It is assumed after looking
at Figure 6 that the critical breakdown between the tip of the lightning

channel and earth is of the order of 5kV/cm for a normal negative stroke

and 3k V/cm for the rare positive stroke, Small changes in this critical

breakdown voltage gradient have little effect on the res lting value of the

striking distance which is shown in Figure 7.
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Fig.7 Vanaton of striking distance with lightning current amplitude

The important conclusions from these results are that striking distance

7["

increases with the severity of the discharge; for an average 25k amp strike

the distance is about 40m. More important, however, these results and
associated theory show that the progression of the leader remains quite

unaffected by any feature on, or below ground, until the tip of the leader
has reached a height of only a few tens or, at most, two hundred meters

above ground, These results therefore provide quantitative evidence against

the belief in lightning concentration areas,




3.0 THE I,I(}'H'I'NlNG ROD AND ITS CONDUCTORS

(¢

3.1 The Lightning Rod

It is a common misconception that lightning rods discharge clouds
and thus prevent lightning., The rod only serves as a means toroute
the lightning harmlessly to ground by diverting the ;1-igh'tning‘ when it
approaches the striking distance discussed in the previous section,

In the two hundred years since Benjamin Franklin investigated lightning
many manufacturers have tried to influence the public in the dissipation
principle of lightning protection or elimination. This technique most
certainly does not work and the lightning physicists' thoughts on this
subject are discussed in masterly fashion by Golde in the following

statement:

"It is a manifestatiun of human weakness that a prejudice
once acquired tends to be retained even in the face of
overwhelming factual evidence contradicting the basis on
which it was founded. In the realm of science a prejudice
may be termed a misconception. Such a misconception
which has persisted for over two hundred years and which
is still widespread is the belief that a lightning conductor
has the ability, or indeed the purpose, of dissipating
silently the electric charge in a thundercloud thus pre-
veuting the "protected' building being struck'.

There are several manufacturers of either radioactive lightning rods
or lightning dissipation systems. The predominant scientific belief,
however, is that neither of these systems are any benefit over the con-
ventional lightning protection system. There do seem to be some satis-
fied customers however, for the dissipation arrays and a U.S. Navy

4 5
rcport( )and FAA report( )discuss both sides of the topic.

The lightning rod has the purpose of intercepting a lightning strike
and deflecting it from the structure. When several lightning rods are to
be put on a building one should develop a common-sense solution which

will strike a reasonable balance between protection and cost.




It is possible, with care, to use existing gutter and rain pipes to
obtain protection at reduced costs, but care must be taken when in-
corporating modern metalic roofing materials to be part of the system.
Lightning can penetrate metal sheets of lmm thickness or more, and
perhaps the cost of such repair might be acceptable. The minimum
thickness is defined in certain codes to be 0. 3mm for copper, and
0.5 mm for other metals. Some roofs use metal foils of less thickness.

A lightning strike to this type of roof will not only burn a large hole

but can cause large areas of foil to be torn off due to the mechanical

effects.

3.2 Down Conductors

When lightning strikes an air terminal the injected current must
be transferred by the shortest possible path to ground. The down con-
ductor has this function, but because the inductance of this down con-
ductor is a major factor in determining the occurrence of the dangerous
side-flash to some internal grounded object, it must also have the lowest

impedance that can be afforded.

The inductance of a down conductor is directly proportional to its
height. By paralleling two down conductors their combined inductance
is reduced to approximately one-half that of a single conductor and so on.
The down conductors should not be spaced too close together however,
otherwise the above rule is not accurate. The importance of having at
least two down conductors is therefore a considerable advantage in re-
ducing the dangerous side-flash, the action of which is discussed later.
Right angle bends in a down conductor also increases the inductance and

such a design needs careful consideration.

Once a lightning strike has been intercepted and passed to the surface
of the earth, it is the function of earth electrodes to discharge the current

into the ground, Two important factors are the ground resistance, which

plays a part in side-flashing, and the potential distribution over the ground




surface. If the ground resistivity is high advantages can be achieved

by bonding the down conductors to water pipes to lower the resistance
to ground. The risk in side-flashing is thus determined exclusively by

the inductance.

Side-flashing can also occur below the ground to buried metal pipes
or wires and care must be taken in the design and positioning of the
grounding electrodes. Typical values of impulse breakdown in soil are
2 to 5kV/cm, which leads to side-flashes of several meters. In air the
value is 9kV/cm and brick and concrete has a slightly lower breakdown

strength.

It is interesting to note that the length of a ground rod has a ' uch
more significant effect on the resistance than its radius. Curves de-
monstrating this effect are shown in Figure 8, which also implies that
little benefit is achieved by extending the rod beyond 2 or 3 meters or
increasing its diameter beyond 1.25 cm. Strip electrodes are beneficial

where high resistivity ground exists below a layer of low resistivity.
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3.3 Materials

The type of material used for roof and down conductors seems to be
governed by tradition. Copper, aluminum and galvanizcd steel are all
acceptable but there are conflicting opinions as to whether the material
should be of rod, tube, strip or stranded form. Stranded copper is not
deemed acceptable in the codes of several countries, although it is ac-
cepted in the USA code. Copper or copper alloys must not be used on a

building with aluminum fillings.

A strong corrosive effect can be caused by rainwater dripping off
copper conductors onto some metals such as zinc or lead which are often
used on buildings. Dissimilar metals should be avoided as far as possible
and one should be aware that stranded materials are more severely at-

tacked by corrosion than solid conductors.

Corrosion plays a high risk underground, in particular to aluminum
which is totally unacceptable. The electrolytic properties of some soils
cause corrosion to all these metals, as do stray currents produced by DC
railway lines on DC high voltage systems where the earth is used as a

return path. Cathodic protection can help eliminate this type of problem.




4.0 ELECTRICAL, MECHANICAL AND THERMAL EFFECTS

4.1 Electrical Effects

No lightning strike to a structure has attracted more attention in the

last decades than the so-called side-flash, It has been examined repeatedly

and its dangers are illustrated in the technical literature. Its prevention
must be provided in order to stop incidents in which a protected building

has been struck and a person in such a building injured.

Golde has illustrated the principles of the conditions leading to the

risk of a side-flash with the simple example shown in Figure 9.

———— lightning conductor

———— walerpipe

Fig 9 Lightning strike to house and hghtning conductor and independently
earthed water svstem

The illustration shows the outlines of a domestic building with a
lightning conductor protecting the chimney which constitutes the highest
point, In the attic is a water tank which is fed through a metallic water

pipe which, in turn, is connected to a metallic main buried in the ground.

IL.et us now assume that the lightning conductor on the chimney is
struck by a lightning current of amplitude i, The current is then dis-
charged along the roof conductor, the single down conductor and into
the earth electrode, This path constitutes an inductance L. while the im-
pedance of the earth electrode may be described by its effective ground
resistance R. The top of the lightning-protective system is thus raised

to a potential with respect to true earth which is given by:

u = iR 4 Ldi/dt




For the purpose of a numerical estimate we may assume an intense
lightning current of crest value i = 100 kamp and a ground resistance of
R=10 (0. The inductance of a single vertical conductor is about 160 (;H
per 100m and the rate of rise of the front of the lightning current may
be taken as 50 kamp/usec. If the height of the chimney above ground is
10m, the top of the lightning conductor is raised to a potential with respect

to true earth which amounts to:

= -4
@ = 10% 5 40+ 10 u L& %0 x5y 18%y 36 ¥

- 10°% 4 8 x10®° V = 1.8 MV neglecting phase differences

In contrast, the water tank remains at ground potential even when
the house is struck so that the potential difference of 1, 8 MV is suddenly
impressed between the lightning-conductor system and the water tank, If
the electric breakdown strength of the clearance D is less than that potential
difference an electric breakdown occurs from the lightning conductor to the
water tank; and this is termed a side-flash, The breakdown strength of
air for a chopped impulse voltage can be taken as 900 kV/m, hence a 2m
flash could materalize. Similar situations may occur if people are standing
between a grounded air-terminal lead and a grounded instrument in the
building, Side-flashes may also occur under the surface and in the process
can throw up rocks and soil over great distances. The simple solution of
bonding the down conductor to the grounded object will alleviate many pro-

blems.

4,2 Thermal Considerations

The lightning leader stroke has a narrow cone which is surrounded
by much larger corona. The return stroke current is concentrated 1n this
central cone which is about 1-2 centimeters diameter and a maximum
temperature of about 60, 000 °F is reached after a few mic roseconds, as

shown in Figure 10,
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figure 10. Temperature-time curve for return stroke. (Uman
The effects of this temperature on metals is usually not serious,
although there is a possibility that a thin metal sheet will be penetrated.
The temperature rise is proportional to i“t where a maximum value of
JXQL dt is about 107 anupﬂ sec, Neglecting dissipation and referring to
Figure 11 one sees that the temperature rise of copper conductors as
specified in most lightning codes as 30 to 50 mm “ is moderate, For

aluminum the temperature values can be taken as 1.5 times those for

copper.
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There is one aspect of heat dissipation that needs consideration,
Where the lightning current is being discharged through a high resistance
joint, such as a poor contact or overlapping metal sheets, the heat
generated may give rise to heavy sparking., Penetration may occur in
the case of thin metal sheets such as used as roofing material or air-
craft skin, The size of the hole is a function of lightning charge, the
material and its thickness, For 20 mil copper the hole could be up to

300 mm” .

When lightning strikes an insulating material the point of contact
could be raised to a high temperature and penetration could result, By
these means clean holes of 2 cm diameter have been punched in glass
by lightning discharges. If this insulant contains moisture the current
will flow preferentially along the path of best conductivity, Moisture
can be converted into steam and explosions occur, Enormous blocks
of concrete have been demolished this way and on one occasion rocky
ground was furrowed for 800 feet and 75 tons of rock and soil dislodged.

The explosive effect was equivalent to 600 lbs of TNT.

4,3 Mechanical Considerations

Mechanical effects concern the shock wave and bending forces,
With the rapid temperature increases discussed in Section 4, 2 the air
surrounding the channel expands extremely rapidly and produces a super-
sonic pressure wave, Figure 12 shows how this wave is propagated from
the central ccne, It is responsible not only for thunder, but also for

widespread lifting of tiles on the roofs of buildings.
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Fig. 12 Development of pressure from hghtnimg channel (Hill, 1972)
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Two parallel conductors caught in a lightning discharge are subject
to attractive forces and these forces are responsible for the fusing of

stranded conductors and for squashing hollow conductors.

There is one more mechanical force worth considering. If a lightning
conductor follows a right-angle bend on a building and this conductor has
to discharge a lightning current, it will be subject to a mechanical force
trying to straighten it and thus attempting to bend it outward. The magni-

tude of the force is proportional to the square of the current, but even for

large strokes it can only reach about 5000 1bs.

conductors should therefore be avoided.

-12-
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5.0 LIGHTNING SURGES

The major sources of lightning surges in conductors are due to

a) Ground potentials caused by nearby lightning strokes

b) Induced effects caused by lightning current flowing
on a shield ‘

c¢) Direct strikes to a wire
d) Side-flashes to the conductor from a nearby strike

e) A straight conductor acting as an electric field change
antenna for lightning effects

f) A looped conductor acting as a magnetic field antenna
for lightning effects.

Burying the cable does not remove lightning effects as the cable is
then an ideal ground path for the current. The lightning current may side-
flash several meters to the conductor under the ground, where the distance
is primarily a function of solid resistivity and the resistance of the conductor
to ground.

The largest lightning voltage recorded on a transmission line reached

a peak value of 5 million volts in less than two microseconds. The re-

sulting oscilloscope recording is shown in Figure 13 and the strike oc-

curred some 4 miles up the line. It is suggested that closer to the strike

_(,W
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Figure 13. Cathode-ray oscillogram of highest voltage on a trans-
mission line; 110 kV wood pole of Arkansas Power and

Light Company; no ground wire.
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peoint the current rate of rise was probably of the order of 10 million

volts per microsecond.

Residential 120 VAC lines are found to experience peak lightning
associated voltages of up to 6kV and internal switching transients up to
3kV. The transients will be oscillatory in nature with a fundamental
frequency from a few tens of kilohertz to several megahertz with com-
ponents ranging into hundreds of megahertz. They will last from 100
nanoseconds to 100 microseconds and be clamped within a few cycles.

Good grounding and bonding may reduce the transients significantly.

£ 11 Insulation Effects

The effect of high voltages on insulation can be quite large and
whereas the initial breakdown of an insulator may not be catastrophic,
the repetitive effects of high voltage transients will produce breakdown
at the same place until the insulator cannot even stand the steady state
voltage. An electric clock manufacturer reduced his failure rate to
one hundredth of his earlier failure rate by increasing the insulation

level from 2 to 6kV.

Breakdown will also occur along a surface such as a printed circuit
board. In this case, a path of slightly conductive carbonized insulation
will occur which may also be influenced by vaporized metal. Steep
wavefront voltages may lead to breakdown of insulation between the

windings of a coil.

5.2 Grounding and Bonding

When one grounded conductor is conducting a steep wavefront current
large potentials may develop between it ard another grounded object. The
effects of this problem have been illustrated and discussed in Section 4, 1.
Bonding the grounds together would have removed the problem. The inductive

effects of such bonding between two objects must be carried out with care

or it may still lead to hazardous potential differences. This problem 1s




illustrated in Figure 14 where a cable shield and an enclosure are

connected together (reference 8). This example indicates that ground
leads should be kept as short and direct as possible. Figure 14a shows
a shield being terminated on an enclosure which allows the current to
flow radially from the shield to the enclosure. If a separate grouna lead

is used to carry surge current it will have an inductance (Fig. 14b) which
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Figure 14. Connections between shield and enclosure. (a) Good. (b) Bad.

will lead to a potential difference between shield and enclosure. The
inductance of one inch of 0, 034" diameter wire is about 0.0134 (;h and
with a rapid current pulse of 100 amp/nsec the voltage developed will be
1340 volts. Ten inches of wire will enable 13kV to develop between shield
and enclosure, implying a spark over 1 cm long. The wire should, b

therefore, be kept as short as possible.

It is also absolutely essential that a shield be grounded at both ends.
The magnetic fields caused by lightning can induce voltages around open
circuit loops and currents around short circuit loops. The induced currents
hardly ever cause damage, but the induced voltages can be excessively high
and will cause damage.

Ideally one must set up separate grounding systems for the various

electrical parts of a system and combine these separate grounds at only

one common reference point.




5.3 Skin Effect

Skin effect is a phenomenon which tends to concentrate currents on
conductor surfaces that are nearest to the field sources producing these
currents. An example of current distribution in conductors because of
the skin effect is described by Everett in reference 9 and an illustration

is given in Figure 15. It can be seen that most of the current tends to

e .

Round sohid Round hollow Coaxial Rectangular

conductor conductor conductor conductor
Fig. 15a. Current distribution in conductors beeause of skin effect.
F ig . 'S b. Current in same direction Current in opposing directions

Proximity effect of current in parallel wires

flow in a thin shell near the conductor surface where the depth of pene-
tration is a function of resistivity and frequency. The connection of grounds
to the inside of -onducting structures may therefore not always be ad-

visable as current will then tend to flow on the inside surface.
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6.0 PROTECTOR DEVICES

Protector devices are of two basic types, constant voltage and
crowbar. The constant voltage devices will conduct very little at the
steady state voltage, but above a certain voltage level will conduct
very heavily. A crowbar device in effect, short circuits a high
voltage to ground. This short will continue until the current is
brought to a low level. A constant voltage unit will never reduce the
line voltage below its steady state value but the crowbar device often

will. This could be a problem if there is a continuing follow current.

Constant voltage devices in everyday use are avalanche and zener
diodes and varistors, or voltage dependant resistors. Spark gaps and

gas discharge tubes are the most common type of crowbar.

Low pass filters are o'ften used as suppression devices. A
capacitor placed across the terminals is the simplest form of filter
where the impedance it should present to the transient will be much
lower than the transient source impedance. This approach will work
well unless the capacitor loads down the desired voltage and does not
create current in-rush problems. A resistor in series will help but
will reduce the effectiveness of the filter. A capacitor network is also
ineffective if the transient has high energy in either polarity. Filters

can become expensive and must be very carefully designed.

The lead length of suppression devices can cause large overshoot
voltages depending on the rate of rise of current. It was discussed in
Section 5. 2 that a one inch wire can lead to a voltage overshoot of over
1300 volts. It is possible, however, to purchase most protection devices
in disc form without wires,and with careful mounting the voltage over-

shoot will be negligible.

641 Avalanche Diodes and Zeners

The volt-ampere characteristics of a semiconductor diode are

shown in Figure 16 in which there are three principle regions of
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operation. The forward biased region is limited by the external circuit
and the leakage region is where the voltage is reversed but is still less

than the critical value. When the reverse voltage increases beyond this
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Figure 16. Schematic volt-ampere characteristic curve for a
semiconductor diode.

critical value the reverse current increases sharply and the diode is
operating in the breakdown region. Normal rectifier diodes are made
to operate in the forward and reverse-biased region, but transient

suppressors operate around the breakdown region.

Avalanche diodes exhibit a sharp turn at the knee, but zener diodes
go through this transition more gradually. This implies that the avalanche

diode is a better suppressor for transients than zener diodes.
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These devices are the most '""constant voltage'' devices available
and the voltage is only slightly dependent on the current. The operation
takes place within a very small volume of silicon, where the energy or
heat generated by the transient can cause failure at the junction. Special
suppression devices using the silicon avalanche technique are manufactured
that have a junction area ten times larger than a one watt zener diode;
the Tranzorb made by General Semiconductor Industries is one such device.
These devices will clamp at speeds in excess of lO_lZsec and, depending
on the size, the peak power rating can be up to several hundred kV
for a 1 usec pulse. They do have a small capacitance, however, but with
careful design it is possible to use them in protection circuits at frequencies

in excess of 100 MHz.

6.2 Varistors-Voltage Dependent Resistors

A varistor is a bulk semiconductor device whose resistance varies
with the magnitude but not the polarity of the applied voltage. Varistors
are composed of a polycrystalline material made by pressing and heating
special mixtures containing either silicon carbide (SiC) or oxides of zinc
and bismuth. Metal-oxide varistors (MOV's) have a more nonlinear V-1
relationship and therefore better clamping. They are highly nonlinear
elements developed recently for protection of electric devices from in-
duced voltage surge. In the absence of abnormal voltage, the MOV pre-
sents a very high resistance at its terminals; however, in the presence
of a surge, its resistance diminishes by several orders of magnitude,

thus absorbing the energy of the transient above a specified value.

MOV's provide low voltage nonlinear elements with voltage-current
characteristics comparable to zener diodes, but with a bi-polar property
and high energy dissipation/size capability. These devices, primarily
intended for surge protection of AC power lines, will be also applicable
to low voltage signal line protection when lower voltage types of MOV
become available. The step response of an MOV is in the nanosecond

range. Typical V-1 curves are shown in Figure 17.
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Figure 17a. Bilateral and symmetrical V-1 curve,
A:MOV, B:SiC varistor.
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6.3 Gas Breakdown Devices

On the opposite end of the ruggedness spectrum are the spark gaps
and gas-discharge tubes (GDT's). These depend on the formation of an
ionized gas between metal electrodes, The gap length, gas pressure,
and several other factors determine the breakdown voltage. When an arc

is formed, the suppressor is capable of conducting high currents at a low

3
voltage ( ~100V).

Unfrrtunately, the steady state power source is frequently capable
of keeping the arc conducting until current and voltage are reduced,
temporarily disabling the supply. Many such suppressors also have a
noticeable response time, such that a fast-rising transient reaches a

high voltage before the arc can form. GDT's are not generally feasible

below 90 volts.

10
Druyvesteyn and Pcnning( )describe the action of a gas dis-~

charge device in Figure 18, where one can see the important glow and arc
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discharge regions. The arc discharge passing high currents at low

voltage. An excellent description of the use of spark gaps is given in
g 13 : : - .

a report by Hart and Higgms( )and their main conclusions will be

briefly described here.

Typical volt-time curves of a GDT are shown in Figure 19 indi-

cating an initial high clamping voltage. Its use in the protection of an
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Fig. 19 Small MSP, P/N 2301-14 (Joslyn)

AC line surge is shown in Figure 20, but because the arc region can

be sustained at a low voltage the AC voltage may be sufficient to allow

a follow or holdover current. This holdover current, depending on the
power source, may be significant and may be sufficient to cause damage
to the electrodes. As the voltage passes through zero at the end of every
half cycle the GDT will extinguish but at times, if the electrodes are

hot and the gas ionized, it may re-ignite on the next half cycle.

The holdover current can be reduced by inserting a series resistor,

but as Figure 21 shows, the current reduces but the voltage increases.
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Figure 20. Volt-time curves of transient with and withcut protection.
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The gas tube is an excellent device for protecting against high current

surges but can not be used effectively in protecting low input impedance

It is often an advantage to provide added protection to clamp

circuits.
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Figure 21b, Surge Current Waveform for Gap with and without Series Resistor

the initial voltage overshoot that the GDT i1s not capable of protecting

against,




This can be done in several ways by designing hybrid circuits with the
gas tube as the initial high current protector and a solid-state device to

protect against the initial overshoot.

6.4 Hybrid Combinations

Several possible hybrid combinations utilizing the high surge current
capability of spark gaps are shown in Figure 22. The advartages and dis-
advantages of each circuit have been discussed by Malone in reference 12,

and the comments are shown with the circuits for convenience.
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Figure 22. Several possible hybrid combinations utilizing high

surge current capability of spark gaps.
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ABSTRACT

The main functions of Tanegashima Space Center (TNSC) are launching of
rockets and satellites, satellite tracking and data acquisition and static firing test.

The Isokerdunic levels (IKL) in Tanegashima is statistically 30 to 33 days
per year and the Osaki Launch Site will suffer from about 12 strikes per year, it
is one of the most striked areas.

Protection of the equipments for these missions from lightning strikes is
very important, so we have installed, though experimentally, lightning protection
devices. Lightning protection for the electric power system is: 1) system is housed
inside a concrete building which is protected by lightning rods, and 2) embedding
and trough laying system using corrugated steel armoured cables. Lightning pro-
tection for the electronic devices and communication lines is 1) system is in con-
crete buildings which is protected by lightning rods of roof conductor type and
2) lines being embedded or laid in troughs using overvoltage protectors. Lightning
protection for the building of storage and the handling facilities of explosives and
dangerous objects is a system which uses independent lightning rods and overhead

grounding wires.




. Introduction

The main function of the Tanegashima Space Center ( TNSC ) include
launching of rockets and satellites, satellite tracking, data acquisition
and static firing test.

We are paying considerable attention to lightning protection system
in order to protect the equipments for the fulfillment of these functions.

In the following we introduce our considerations about the plan of lightning
protection and their several example at the Osaki Launch Site, and explain
briefly the lightning alarm devices which have been tentatively installed.

The Osaki Launch Site is the main site in TNSC and the largest in
Japan ( for launching rockets and satellites ) and it is expected to play

an important role for the future launching of applications satellites.

2, Design Consideration
2.1. Thunderstorm days per year at the Tanegashima Island

Fig. 1 shows Isokeraunic levels ( IKL ) in Japan, which are the
average in about 20 miles-by-20 miles areas. From this figure, we find
that in Tanegashima district the IKL level is 30 to 33 days per year, indi-
cating it is one of the largest IKIL,, level areas. If, in Japan assuming
that IKL level is 33 days per year, we estimate the number of lightning
strikes to the earth per year at TNSC, which is located 30 N, according to

(1)
FAA report, it is 1.5 strikes/ye;lr,’k'nz. It is inferred, therefore, that

) - > .
the Osaki Launch Site of about 7.5 km* will suffer from about 12 strikes, year.




2.2. Regulations for the lightning protection in Japan

As there are the Lightning Protection Code and the Electrical
Code in the rules of NFPA (National Fire Protection Association)
in the United States, there are regulations of similar contents in
Japan, which provide minimum requirements about lightning protection.
As to the structures of lightning protection devices and the method
of grounding, there is a standardization presented by the Japan
Industrial Standard (JIS) and the Japan Electrical Construction
Association (JECA) suggests some kinds of facilities according to
the differences of buildings in the actual application, as seen in

(2)
Table 1.

2.3. Design principle of lightning protection at TNSC

Using the data of IKL and those in Table 1, we employ the
design principles of lightning protection system for the Osaki
Launch Site, following not only the minimum requirements, but the
special design principles described below. These principles can

be applied to the buildings of the other stations.

2.3.1. Lightning Protection for electric power systems

a. Power plants and substations are of indoor type, being housed
inside a building of reinforced concrete, and the building itself
is protected by lightning rods. The outer view of the power plant
is shown in Fig. 2 as an example.

b. We employ the embedding and trough laying systems for the
feeders of high and low voltage, using corrugated steel armoured
cables instead of overhead wiring system.

The corrugated steel armoured cable is effective to lower the
earth potential when it is grounded. In addition lightning

are attached to the sending and recelving end of high voltag
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2.3.2. Lightning Protection for the electronic device and
communication line

a. The electronic devices are as a principle accommodated in a

building of reiﬁforced concrete which is protected by lightning
rods of roof conducter Lype.

b. Outdoor antennas are protected by independent lightning rods,
which are installed by taking, the situations of the places into
account. An example is shown in Fig.3.

¢c. The communication cables are either embedded or laid in
troughs and leading-in points of the cables are protected from the

lightning surge using overvoltage protection devices. But we don’t

use buried bare cables of common rod counterpoise system or
interconnecting of the separate electrode system, although it

(3) i
was recommended by FAA.

2.3.3. Lightning Protection for the building of storage and the
handling facilities of explosives and dangerous objects
a. According to Table 1, we applied augment protection to
those buildings, where, in principle, independent lightning rods
and overhead grounding wires are used, so that the protection
angle may become below 45 degrees. An example of Rocket motor

storage is shown in Fig.A4.

b. Grounding rods are attached to every independent lightning
rod, which is interconnected by use of buried bare cables.
When necessary, the total grounding resistance is made lower,

using auxiliary electrodes.




3. Actual examples
3.1. Mobile Service Tower (MST) for N-launch viecle

As shown in Fig.5 , MST is about 55 meters high, being
composed of truss structure and regarded as a kind of cage. The
four lightning rods mounted on the top of MST are connected to
the grounding rods respectively through down conductors along
the corners of MST. Since MST is moved along the rail by about
80 meters, these grounding rods are equipped at both the viecle
assemble position and the retrograde position, being 8 sites in
all and separated into two groups. These grounding rods are
interconnected by buried bare cables to rails, launch pads and
the grounding rods of umbilical tower, as well as to the
surrounding grounding rods of liquid oxygen storage, fuel
storage and nitrogen gas storage. Thus, the elevation of earth
potential is minimized as well as counterpoised over the area
about 150 meters long and 100 meters wide, including the site of
the launch deck, so that the viecle, the auxiliary ground support
equipments, the dangerQus products and the explosives are
protected. In addition, according to the safety manual, the works
are interrupted and workers are evacuated in the viecle launching

area including the inside of MST, when thunder cloud approaches.




3.2. Dangerous Areas

Facilities for the rocket motor storage and handling are called

"Dangerous Area", which include rocket motor storage, ignitor

storage, rocket motor checkout building and spin test building.
These facilities are protected through augment protection as
described in section 2.3.3, using independent lightning rods,
overhead ground wires and buried bare cables. Fig.6 shows an :
example of the spin test building. These protection system is so
designed that the buildings covered with in MSoangle relative

to a vertical plane including the l1ightning rods and overhead
grounding wires can be protected.

Each facilities in the dangerous area is placed in the bottom

areas between gentle hills, in order to minimize the effect to the
surrounding facilities in case of explosion or other accidents, so

that the soil humidity is very high, resulting in specific

resistance of the soil of as low as 20 to 30 ohms-m. Hence,
grounding resistance becomes 4 to 8 ohms with respect to each
grounding rod, and the total grounding resistance obtained by
connecting through buried bare wires is 0.2 to 0.4 ohms, so that

minimization of the earth potential elevation in case of lightning

strike can be well expected. J

4, Lightning alarm device

4.1. Status of lightning alarm system in Japan
The objects of the recent development of the lightning alarm |

system in Japan can be divided into three cases: The first is the

development of the system to protect power transmission lines from

lightning strikes. The second is the thundercloud warning system

of Defence Agency of Japan which has been reported to have been

installed recently at the Komatsu Base of the Air Self Defence Force, §
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for the purpose of warning the air area around the air base. The
third is the development of simple apparatus for leisure industry,
for example, which protect Golf players at Golf countries.

(1) The systems for the protection of electric power feeders
include the thundercloud warning system installed by the Tokyo
Electric Power Company’ which forecast the occurrence of thundercloud
20 minutes beforehand with 50 percent probability by use of

weather radars and data processing apparatus. The Shikoku Electric
Company utilizes information from discharge waves obtained from

many observation stations to cut off or transfer the power supply
system.

(2) Although details are not known, it is reported that the system
of The Defence Agency of Japan uses a thundercloud sensing radar

and two sets of direction finders and 8 sets of electric field
meters to monitor the range within.SO km in radius.

(3) As simple devices for public use, there are the systems which
count the thundercloud discharges and give a warning of thunderstorm
when the discharge density exceeds a certain level in a certain
interval, or give a warning when the charge of electric field is
senced. Both systems, however, can not detect the range and the

direction of the thundercloud.

4.2, Test of lightning strike warning devices at TNSC

Two kinds of lightning strike warning devices that have been
designed for public use have recently been installed at TNSC for
the purpose of test. By use of these devices we have examined
the characteristics of thunderstorms at Tanegashima Island and
attempted to select a practical thundercloud sensor for further
development of thundercloud alarm system. One of the devices

tested is of lightning discharge counting type consisting of a
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25 KHz band receiver, a pulse counter, a display unit and a recorder.

The receiving antenna is of the type shown in Fig. 7 . The pulse counter
is reset every 5 minutes automatically, and when 3 successive signals are
received, a noticesignal is displayed, and 7 successive signals are received,
a warning signals displayed. By this device, it is reported that the
approach of thundercloud can be noticed in the range of 20 to 30 km and, in
the range of 10 km, it can give a warning,. The TNSC has not yet examined
the relationship between the discharge counts and the range with this device.
This device is unable to distinguish between the intracloud discharge, the
stepped leader and return stroke. The attached antenna is omni direc-

tional, so that it can not discriminate the direction with only a single

device. The other device tested is of electric field measuring type.

This device gives a warning on the basis of the density of thundercloud

discharge, using a rotary type electric field measuring instrument, as

shown in Fig. 8, which measures the electric field associated with the

occurrence of thundercloud and detects thundercloud discharge that synchro-

nizes with lightning, so that the thundercloud discharge is distinguished :
from the discharges of the other causes. Fig. 9 shows a schematic of

this device, and Fig. 10 shows an example of the variation of electric

field in the case of strike to the earth recorded in TNSC. This device,

like the former device, can neither determine ihe range and direction of

the thundercloud nor measure the absolute electric field intensity. ’




5. Conclusion

In this report the lightning protection system of TNSC has been
outlined. Our experience can not be said sufficient at present,
and we consider to make further study and development so that we
can establish a more economical and effective system. We hope that
the thunderstorm warning or protection system capable of predicting
the thunderstorm reliably at least one hour beforehand can be
established, so that we can protect those persons who are encaged
in dangerous works or outdoor works and treat properly dangerous
products.

We would like to comment that the FAA reports were very useful
to our consideration of the present lightuning protection system

at TNSC.
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Fig.1l. Isokerdunic level (IKL) in

20 miles section for Japan
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Fig. 2. Osakl power plant protected by

the lightning rods
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Fig. 6. Augment protection with independent

lightning rods and overhead ground wire

for spin test building
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ABSTRACT

A lightning rod or air terminal along with a good conducting path to ground
provides a safe path for the lightning current to reach ground without causing damage
to wood or other non-conducting structures. Modern steel structures are not nor-
mally susceptible to such lightning direct effects. However, the voltages and
currents induced by lightning currents that flow in a conducting structure can
cause damage or upset in sensitive electronic or other electrical equipment.

They can also cause dangerous sparking in areas where explosive gases, vapors,
dusts and other ignitable materials are present. Sparking can also initiate a short
circait. current which is then sustained by the circuit voltage causing failure of
computer or control circuitry. Personnel may be exposed to moderate electric
shock.

The induced effects result from the interaction between susceptible conductors
and the electromagnetic fields associated with the lightning. The magnetic field
changes inside a structure, that produce induced voltages, depend on the lightning
current flow paths in the structure. These induced effects can be minimized by
lightning current control techniques. The current distribution can often be changed
so as to minimize the magnetic field in the region of the equipment to be protected.
This concept is applicable to many shielding and ground current flow problems.




PROTECTION FROM LIGHTNING - INDUCED EFFECTS

J.R Stahmann
PRC Systems Services Co.
Kennedy Space Center, Florida

1.0 INTRODUCTION

Ben Franklin found that by using lightning rods, connected to an earth
ground, a safe path could be provided to ground for the lightning currents
without damage to wood frame or other nonconducting structures. Modern
steel structures are not normally susceptible to lightning direct effects
which are usually burning and welding at the points of arc contact. However,
currents and voltages may be indirectly induced in the conductors of sensitive
electronic or electrical equipment which is located in the structure. This
equipment may be damaged or upset by the currents and voltages induced by
nearby lightning currents in the structure. Dangerous sparking, in areas
where explosive gases, vapors, dusts and other ignitable materials are present,
may occur. Sparking can initiate a short circuit current which is then sustained
by the circuit voltage, causing failure of computer or control circuitry. Per-
sonnel may be exposed to moderate electric shock.

Induced voltages and currents may be reduced by shielding the equipment
circuits and cables, using protective devices and by controlling the current
paths about the structure so as to reduce induction in the region where the
susceptible equipment is located.

2.0 INDIRECT EFFECTS

Currents and voltages resulting from a lightning strike in conductors that
are not directly contacted by the lightning channel or in the main lightning
current paths are considered indirectly produced. These include induced volt-
ages and currents inside enclosures or resulting from a common connection
such as a ground. In contrast, the direct strike contact effects include burning,
eroding, blasting, deformation and other structural damage. High pressure
shock waves and large magnetic forces are associated with lightning strokes
having high peak currents.

When a thunderstorm charged region is overhead, the charge may start a
random stepping motion toward the ground in the form of a leader with a velocity
of about 100 kilometers per second or 1/3000 the speed of light. The trip from
cloud base to ground takes about 20 milliseconds. The high electric field
produced when the leader approaches the earth causes displacement and point-
discharges to flow from objects on the earth such as buildings, trees, and people.
When the leader tip is close to the ground (about 70 meters), streamer discharges
from the earth propagate upwards to meet it, Streamer currents range from
10 to 1000 amperes. People conducting these streamers may feel the equivalent

of a hammer blow on the head. They are usually knocked down, stunned, and

-113-




may be temporarily paralyzed. They usually can be saved by prompt application
of first aid techniques. A few of the streamers may reach the leader and become
part of the main lightning channel. The rest terminate when the electric field
collapses as the electric field is suddenly reduced when the channel is completed.
People sharing current with the main channel are usually burned severely at the
points of lightning entry and exit and heavily shocked. Some of these pecople may
survive if the shared current is relatively small or of short duration.

Figure 1 illustrates how a person may share in a lightning stroke by standing
close to an outdoor isolated pole or tree. A side flashover may occur to a person
near the pole. Part of the ground current may flow between the legs of a person
walking nearby. Figure 2 shows that a worker carrying a pipe in an open area
is susceptible to the induced streamer hazard and may also share some of the
stroke current.

2.1 Electric Field Induction

A thundercloud induces a charge on the Earth opposite to that of its base.
When a lightning discharge occurs, changes in electric field may be as great
as 15 kilovolts per meter as far as 3 miles away. The changes in electric field
induce high voltages on objects, particularly on long insulated wires such as
power lines and ungrounded fences. The redistribution of these charges man-
ifests itself as a current flow through the impedances of any grounding conductors
and appears as a voltage across these impedances. Lightning leaders that lower
a charge from the cloud to ground can cause very high prestrike voltages in
transmission lines, even if they do not contact the line directly. While direct
strokes cause more damage, induced voltages are more numerous and can cause
outages on low voltage lines or can damage connected equipment. Induced voltages
of one million volts have been frequently recorded on overhead transmission lines.

Telluric or earth currents can flow in buried cables during thunderstorms,
and large transient voltages may be coupled into these cables. Impedances
between the ground points of an earthed multiple ground system also share earth
currents, If the system can be isolated, a single ground point may be used.
Where ground currents flow, the cabling between grounded systems must be
carefully shielded.

2.2 Magnetic Field Induction

Electromagnetic coupling exists where a voltage is induced in a circuit
magnetically coupled to the current carrying conductors. For instance, in
Figure 3, voltage E is magnetically induced in loop A by the field produced by
the changing current in conductor B. Conductor B cculd, of course, be any
conductor that is carrying the lightning current, including the lightning channel, &
The voltage induced in a single-turn isolated loop is the line integral around the
closed path of the electrical field intensity E in volts per meter, f-f:. odl .
This can be related to the rate of change of the magnetic field by using Stokes's

-114-




WOOD POLE

—— iy

Figure 1. Indirect Side Flash and Shared Ground Step Current Hazards

"/::4’ ";:, f'f’ P

Figure 2. Shared Lurrent and Induced Streamer Hazards

“Io- !




0-YOLT REFERENCE

Figure 3, Magnetically Induced Voltage

-,

6-YOLT REFERENCE

Resistively Coupled Voltage Due to Lightning

-116-




theorem, fﬁ «dl [V}%‘-J‘é, and one of Maxwell's equations, VXE = -JB/Jt,
known as Faraday's law. The induced voltage reduces to the familiar form:

Volts = - (1/3t)df Beds = - Area (9B/3t) = -9$/Qt (1)
Therefore, the voltage induced in the loop is equal to the rate of change of the
normal component of the flux linking it. One volt is induced in a single turn
of a one square meter loop by a magnetic field rate of change of one tesla per
second,

2.3 Resistive Coupling

A lightning stroke current I, Figure 4, may terminate in the enclosure A
and then flow into earth through the ground resistance R, producing a voltage
E between the enclosure and ground. If a cable shield is connected to the
enclosure as shown in Figure 4, this voltage appears on the cable shield rela-
tive to earth ground, but not relative to the enclosure A. The cable runs to
another enclosure B, grounded through R,. I a single point ground is used
only on the cable shield at enclosure A, the voltage E'exists between the cable
shield and enclosure B. Since no current flows in R,, the ground resistance
of enclosure B, all the voltage E appears across the discontinuity. The voltage
E, between the circuit and enclosure B will be some fraction of E', depending
on the circuit impedances. For a 100 kiloampere stroke and a one ohm ground,
E'could be 100 kilovolts. Of course, arcover would occur before this voltage
is reached. The most direct way of minimizing E' and E, is to connect the
cable shield to enclosure B and allow the shield to conduct a portion of the
stroke current. This illustrates the need for an overall shield, grounded at
both ends, for lightning protection of cables between two enclosures. Good
earth grounding of both enclosures does not obviate this requirement.

3.0 ELECTRIC AND MAGNETIC SHIELDING

The shielding effectiveness of an enclosure against electric fields first
decreases at a rate inversely proportional to frequency and then increases
with frequency as the depth of penetration becomes much less than the thick-
ness of the material. As an example of electric field shielding, the minimum
shielding effectiveness of a 1/16-inch wall aluminum sphere, 36 inches in
diameter, would be about 220 decibels at 50 kilohertz.

Magnetic shielding for an enclosure is difficult to attain at low frequencies.
A high permeability material may be used to duct the field around the enclosure.
This method is generally not practical for ordinary shielding because of cost
and weight. At intermediate frequencies, shielding effectiveness increases in
proportion to the frequency due to the reflections from the conducting enclosure
surface as a result of currents induced on the surface. Shielding effectiveness
is reduced if these currents are prevented by cracks or apertures in the surface.
At high frequecies, shielding by absorption or skin effect again predominates.
A 36 inch aluminum sphere, used as an example for electric field shielding,
has a magnetic shielding effectiveness of about 80 decibels at 50 ki lohertz,

A steel conduit or enclosure provides better shielding over the lightning spectrum

than copper or aluminum. The same attenuation is obtained at about 1/10 the
frequency so that a longer pulse would be effectively attenuated. Large atten-
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uations are obtained for relatively thin sheets of the order of 0.05 inch thick,
Magnetic coupling through apertures may exceed diffusion coupling, especially
at high frequencies.

With good shielding the voltage inside the shield can be reduced to the order
of the shield-resistance voltage drop. Shield braid generally does not offer
adequate shielding at high frequencies, but is adequate over most of the lightning
frequency spectrum. Conduit and cable trays can be made to provide good shield-
ing. Cables can also be double shiclded to improve shielding effectiveness, and
circuits can be isolated on signal pairs to separate the circuit from the shield
resistive voltage drop.

4.0 CURRENT CONTROL FOR MINIMIZING INDUCED EFFECTS

Tall structures may attact severe lightning strokes from distances 10 times
the height of the structure. For a 500 foot tower the radius of attraction is
one mile. The induced voltages inside a structure, due to a direct stroke to the
structure, can be reduced by controlling the current flow so as to minimize
the magnetic flux produced inside the structure. This can be accomplished by
causing the current to flow symmetrically about the structure so as to cancel the
magnetic flux in the structure in the region where susceptible equipment or
cabling is located. As an illustration, for 16 vertical conductors arranged as
shown in Figure 5, there is a zone of negligible induction in the center for equal
currents in all conductors. At the boundary of this zone the magnetic field is
reduced by a factor of 2000 (66 decibels) as compared to the field between two
of the wires. The reduction is greater inside the zone. Inside a structure,
equipment susceptible to lightning transients should be located in the zones of
negligible induction.

Figure 6 illustrates a technique for obtaining symmetrical current {low about
a structure using an insulating mast, shield wires and ground conductors termi-
nated in equal ground impedances. The shield wires may be commected to build-
ing steel if symmetrical current flow can be provided by the structure. If not,
insulated cables might be used. The insulation need only be adequate for the
difference between the cable voltage and that induced in the building steel.

5.0 VERIFICATION TESTING

The ability of equipment to withstand the indirect effects of lightning must be
verified by analysis or test. A diagram of the various transient levels is shown
in Figure 7, A protector may be used to reduce the transient to a specified level
below the transient control level (Z margin) relating to the degree that the actual
transient level is known. Depending on the criticality (X margin) of the circuit,
a transient design level is specified above the control level and, depending on
the extent to which the actual equipment susceptibility is known (Y margin),

a susceptibility (upset) level is sct, The vulnerability (damage) level is above
the susceptibility level.




H = 2000

///

H = | BOUNDARY

Figure 5. The Field Intensity is Reduced From 2000 Ampere/Meter Between
The Wires to 1 Ampere/Meter or Less for a Large Internal Region
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Analysis usually requires some assumptions. Therefore, proof tests of
lightning induced effects should be made to verify and assist analysis. Some
reasons for tests are:

a) Verification of analysis

b) Extension of analysis

c) Identification of weaknesses and detection of surprises
d) Quality assurance

Proof testing, by applying typical lightning currents to systems, is often
faster and more cost-effective than analysis. Generally, it is best to combine
analysis and proof testing. Periodic testing for maintenance is also desirable
to ensure that the system shielding or other lightning protection has not been
degraded due to environmental factors, modifications, retrofits, or other
causes.
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When one is studying the electromagnetic effects of lightning it is frequently
difficult to treat the problems analytically, even if all the factors that influence

the effects can be visualized. One of the tools that may be used to aid the analysis

or visualization is the geometric model; a model that is (usually) smaller than the
actual system under study. By injecting lightning like pulses of current into such

a model and measuring the resultant circuit behavior the investigation can frequently
sift out the factors that are of most importance for further study and simultaneously
identify those factors that do not significantly affect the system response.

Models are probably most valuable for their educational capabilities. They
are best used for illustrating the physical phenomena involved in a lightning inter-
action problem and for scoping out the magnitude of the problem. Physical scaling
laws and the skill of the model builder often preclude the determination of the exact
response, particularly if the response involves the electromagnetic fields internal
to a structure.

The purpose of this paper is to give some specific details on how models may

be built and tested and to give guidance on what they can and cannot be used for.
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Introduction

When one is studying the electromagnetic effects of light-
ning it is frequently difficult to visualize the factors that
must be taken into account. It is even more difficult to treat
those factors analytically. This is particularly true if the
system under study is physically large because one must then
take account of the distributed nature of both the electromag-
netic fields produced by lightning and of the electrical circuits
that are acted upon by those fields. One of the tools that can
aid the investigator is the geometric model; a model that is
(usually) physically smaller than the actual system under study.
By injecting lightning like pulses of current into such a model
and measuring the resultant circuit behavior the investigator
can frequently sift out the factors that are of most importance
for further study and simultaneously identify those factors that
do not significantly affect the system response and which may be
consigned to a guarded limbo. Sometimes the characteristics of
the models are such that actual quantative measurements can be
made. More frequently however the limitations of the model art
(and it is largely an art) are such as to limit one to only
qualitative measurements. Even qualitative measurements however
can be most educational. Frequently the educational insights
provided by measurements on simple models are the most valuable
product of the model art.

The purpose of this paper is to illustrate some of the
characteristics of models and to illustrate the uses to which
models may be placed. Many of the points will be illustrated
by reference to a model study made on the launch facilities used
at Kennedy Space Center for the Apcllo and Skylab programs.
These will be supplemented somewhat by examples of models that
have been used for study of the effects of lightning on power
transmission lines. The treatment will be largely in how-to-do-
it format; at least within the confines of one paper.

Types of Models

The type of models we will talk about the most is of the
geometrical relative type. Before it is described any further,
a brief digression will be made to describe other types of
models used in the investigation of electromagnetic and transient |
phenomena . |

Models are classified both as to their structure and to the
information they yield. One structural type would be the model
circuit in which the inductances, capacitances, and resistances
of an extensive electrical system are replaced by the lumped
inductances, capacitances and resistances of an electrical cir-
cuit in the laboratory. Such a model, though it may not look
like the real thing, can duplicate the essential electrical
quantities in which one is interested. Another structural type
would be the scale model or geometrical model of which the model
train is an excellent example. Such models can be made as much
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like the real article as the situation warrants or as the skill
of the model maker will allow. b

With regard to the information obtainable from models,
they can be divided into two groups; the absolute model and the
relative model. 1In the absolute model the power level of the
original is simulated and quantitative data can be obtained on
all the electromagnetic properties of the system. In the rela-
tive model on the other hand, the power levels are not simulated
and data can be obtained only on those properties which do not
depend on power levels. These include impedances, voltages
between points, current distributions, and magnetic fields in
the region surrounding the model.

The type of model which is most suitable for the study of
transient and electromagnetic field phenomena is the geometrical
relative tvpe.

Models are described in terms of scale factors; the
relationship between a certain property on the model and the
corresponding property on the prototype. These scale factors
involve the fundamental physical dimensions of length, mass,
time and charge (or current). Only a limited number, usually
three, of these scale factors may be chosen independently.

Table 1 shows the scaling relations that would apply in terms

of the length (), time (t) and impedance (Z) paramenters. When
scale factors are applied to these three quantitites (or any
three quantities) the scale factors for all the other quantities
are fixed. Care must be given to the choice of scale factors
since some choices lead to more useful models than do other
choices.

Models of the type we are discussing here were first used
extensively for the study of lightning effects on power trans-
mission lines. 1In such studies it is appropriate to choose
scales such that impedances in the model are the same as the
impedances in the actual transmission line. Accordingly the
impedance scale factor Z is set equal to unity. Since it is
most easy to work in a medium (air) having the same dielectric
constant as an actual transmission line, the appropriate scale
factors to choose arbitrarily are:

2
Z:
E =

This choice results in the length () and time (t) scales
being the same. Typical scale factors used in transmission
line studies have been & = 1/50 and t = 1/50. With the length
and time scale both equal to 1/50 other scale factors are as
shown in Table 2. All these relationships can be met except the
requirement that conductivity in the model be 50 times that in
the actual structure. Materials with a conductivity 50 times
that of structural steel, aluminum or copper do not exist. This
is unfortunate, but merely reflects the fact that modeling
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requires that compromises must be made between the demands of
theory and the limitations of practice.

The problems raised by material conductivity set one of the
important dividing lines between what models can and cannot be
easily used for. Broadly speaking, if the effects under study
are influenced by the electromagnetic fields external to the
materials from which the model is made, the models may be used
for quantitative studies of electrical response. Transmission
line studies fall into this category. The voltages induced
on conductors are influenced very little by the material from
which the towers are built and so theoretically correct scaling
of material conductivity is of little impcrtance.

Studies involving electromagnetic fields internal to a
structure produced by an external source are a different matter.
Such fields are strongly influenced by the electromagnetic
shielding properties of the material, properties strongly depen-
dent upon material conductivity. We will touch only very
briefly on the tricks available to the user of the models. As
an example, it is possible to choose conductivity

Dk
(0—?7—‘)

as one of the three quantities to be chosen independently. If
the impedance (Z) and the dielectric constant (e) are chosen to
be unity then the length and time scales should be chosen as

¢ = 2 and t = 2%, This course of action has the drawback that
the time scale may become too small to handle. On a 1/50 scale
model the time scale would be 1/2500. To duplicate a 1 micro-
second rise time source current would require a model source
rise time of 400 picoseconds. Alternatively one might build a
?odel from thinner materials than the length scale would call
or.

Frequently the manual dexterity of the model maker, or the
cost of buying his services, sets more of a limitation on the
construction of the model than does the availability of mate-
rials from which to build the model. Under those circumstances
there is some virtue in ignoring the subleties of modeling and
using the model primarily as an educational tool.

Construction of a Typical Model

Perhaps the easiest way to illustrate the potentialities
of models is to describe one model that the author has used.
It was a model used to verify some of the assumptions made
during an analytic study of voltages induced on electrical
wiring of Apollo type launch facilities at Kennedy Space Center.
Ae such, this model was intended mostly as an educational tool
and not as an exact duplication of any specific launch facility.

The model was constructed to a length scale of 1/48, 1" on
the model corresponding to 4' on the actual launch facilities.
To all intents and purposes this can be taken as a lenoth scale

e

- ————




of 1/50, a more numerically convenient value to use when dis-
cussing test results.

A photograph of the model is shown on Figure 1. Only one
swing arm was simulated since the purpose of the tests was only
to demonstrate some of the basic principles of transient voltage
peneration, and not to obtain qualitative data on circuits that
were used in Skylab or Apollo.

Some characteristics of the model are as follows: No
attempt was made to duplicate the type of materials used in the
actual launch facility or to duplicate the exact cross-sectional
shape of the structural members. The legs of the tower were
made from aluminum angle, the diagonal bracing members made
from aluminum rectangular strip and the decks of the tower made
from galvanized steel folded into the shape of a shallow dish.
The base was formed from galvanized steel shaped into a box
structure. The tops and bottoms of the base were bolted onto
the sides of the base with machine screws at 2" spacings. The
walls which outlined the openings through which engine exhaust
would pass were likewise formed of galvanized steel, bolted to
the top and bottom plates. No attempt was made to duplicate
the partitions or floors internal to the base. Within the
tower the elevator shafts were duplicated by a rectangular box
of galvanized steel extending from the top to the bottom of the
tower. A number of the cable travs running vertically in the
tower were duplicated, the trays being duplicated by 1/4" copper
tubing passing through the various floors and making a press fit
with the floors. Where the cable trays opened into the base
the copper tubes were soldered to the galvanized steel top
plate of the base. No attempt was made to duplicate stairs or
any of the water, propellant, or air conditioning pipes that
were present on the actual launch facility.

A vehicle was simulated by an aluminum tube. The bottom
of the vehicle was open. The top could be covered by a metal
sheet held in place by a weight. Any more detailed simulation
of the vehicle would have been a waste of time since the purpose
of the simulation was only to provide a check on some of the
assumptions upon which analytical studies were based.

A limited number of dummy electrical circuits were run
from the base, up the cable trays and across the umbilical arm
to the vehicle. These circuits will be described in a bit more
detail later on.

Test Techniques

The equipment and techniques required to inject lightning-
like currents into the model and to measure the resulting
currents, voltages and magnetic fields will be described in
considerable detail with the aim of presenting "how to do it"
information to others that may wish to pursue the model art.

The first point to emphasize is that the model was not
subjected to high voltage arcs from any high voltage laboratory
generator. Rather it was subjected to current impulses
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conducted directly into the model from a low voltage pulse
generator. Low voltage is used in a relative sense here; charg-
ing voltages in the pulse generator had to be upwards of 15 kV
in order to inject sufficient current into the model that mea-
surements of voltage on representative shielded circuits could
be measured. Such charging voltage and pulse power levels are
well beyond the range of any typical laboratory pulse generators,
even those billed as high power pulse generators.

The reason that one needs a high voltage for the generator
is that the current into the model must be built up to substan-
tial levels in a fairly short time, 1/50 the time for the rise
of the actual lightning currents. If one is to duplicate a
lightning current rising to crest in 5 microseconds the current
injected into the model must rise in 5/50 or 0.1 microseconds.
The rate at which current builds up in this type of cirecuit
depends upon the ratio of the inductance of the loop through
which the current flows to the resistance in that loop. That
resistance may be quite high. 1In this particular circuit the
discharge resistance was 300 ohms. The energy storage capacitor
had to be charged to about 12000 volts to get the 21 ampereb
peak current ultlmately reached.

The model was set up in a room having a floor covered with
aluminum foil which was connected to the steel framing beams of
the building. These beams were in turn connected to the steel
plates forming the ceiling of the room. The aluminum foil pro-
vided a good ground plane. The pulse generator was placed on
the ceiling above the model and connected to the model through
a piece of wire. The return current from the floor back to the
generator flowed in a broadly distributed manner through the
steel framing members of the building. This type of connection
avoids the higher inductance that would appear if one tried to
provide a dedicated wire return path. It also minimizes the
magnetic fields associated with the flow of current in the
return path.

The circuit diagram of the pulse generator is shown on
Figure 2, with the component values shown on Table 3. Capaci-
tors Cl and C2 (in series) formed the prime energy storage
capacitor. They were charged through the isolating resistor
R1-R4 from an external 15 kV dc power supply. They were dis-
charged into capacitors C4 and C5 (in parallel) through R8 and
the primary discharge gap Gl1. C4 and C5 were subsequently
discharged through the secondary spark gap G2 and into the model
through L1 and R9. Spark gaps were used as the switches because
they were the simplest devices able to handle the voltage. A
two stage discharge circuit was used to promote fast switching
of the secondary spark gap.

The layout of parts of the pulse generator is shown on
Figure 3. All the parts were enclosed in an 1" x 17" x 3"
aluminum box. The components were mounted on a piece of insu-
lating board and insulated from the box by another insulating
board. The primary spark gap Gl was formed from two 1.5"
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lengths of 3/8" steel bolt stock threaded through rectangular
aluminum blocks. Between the rods was placed a piece of copper
wire of 0.05" diameter. Electrically this trigger electrode was
held at a voltage half-way between that applied to the elec-
trodes of the spark gap by the voltage divider R5-R6. A door
knob-type ceramic capacitor insulated the trigger electrode from
the secondary winding of the trigger transformer Tl. When a
pulse of about 400 volts was applied to the primary of Tl a
voltage as high as 40 kV was produced in the secondary of the
transformer. This voltage was sufficient to lead to a breakdown
between the trigger electrode and one of the main electrodes of
the spark gap. As soon as a breakdown of half the gap occurred
the resulting ionization was sufficient to cause breakdown of
the rest of the gap, thereby dumping the energy stored on Cl and
C2 into the secondary load capacitor.

Capacitor C6, which served to filter out the high freaquency
noise produced by the breakdown of the spark gaps and to confine
that noise within the interior of the metal case, was required
to have very low inductance. C6 was physically formed from a
metal plate about 1.5" wide x 5" long connected to the output
terminal of the pulse generator and spaced away from the wall of
the box by a piece of plastic 0.125" thick. The capacitance of

C6 was thus on the order of 100 picofarads.

The waveshape of the current produced by this pulse genera-
tor is shown on Figure 4. The peak current was about 21.5
amperes and it rose to crest in about 0.03 microseconds, equiv-
alent to 1.5 microseconds full scale. The current decaved to a
half value in about 0.9 microseconds, equivalent to 45 microsec-
onds full scale. The trigger generator, not shown for reasons
of space, produced about five trigger pulses per second.

Making measurements on a model like this involves two major
problems. The first is that of keeping the spurious noise
(high frequency '"hash'") from being picked up by the measuring
oscilloscope and measuring leads. The second is that of keeping
the measuring leads from influencing the magnetic fields around
the model or having induced in them signals noise (other than
"hash') which masks the desired signals.

For control of high frequency hash it is necessary to
shield both the oscilloscope and measuring cables. Ideally one
would put the model inside a shielded room and the measurement
oscilloscope outside, or vice versa. Such facilities were not
available and so the measuring oscilloscope was housed in an
aluminum box of dimensions 2' x 2' x 4'. One end of the box
was open so that the operator could get to the oscilloscope and
view the resulting displays. This shielding box was placed as
far away from the model as possible, in this particular case
about 15'. Three types of signals were brought into the
oscilloscope; a trigger signal, a signal from a current measur-
ing transformer and a signal from the base of the model.
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Figure 5 shows the shielding and grounding techniques used. All
the signals were carried on RG-58/U coaxial cable. The coaxial
cables from the base of the model and from the current trans-
former were additionally shielded by 3/8'" copper tubing. The
tubing was fastened to the model and to the oscilloscope box
with compression-type tubing fittings. Inside these tubes were
placed the lengths of RG-58/U coaxial cable. At the base of the
model the shield of the cable was connected to the interior side
of the metal plate forming the bottom of the base. At the box
holding the oscilloscope the cable passed directly through the
wall of the box and went directly to the input of the oscillo-
scope. The coaxial cable from the output of the current trans-
former was treated in the same way; the cable shield being
connected to the metal case holding the current transformer and
isolated from the box housing the oscilloscope. The copper tube
used for shielding was connected to the case of the current
transformer.

The purpose of these shielding and connection practices was
to minimize the noise currents that might flow on the outside
surface of the shield of the cable. The less current that flows
on the outside of the cable shield the less is the current that
can couple from the shield onto the signal conductor inside
the measuring cable. Minimizing the current on measuring cables
is also the main way that one minimizes the influence of the
measuring leads on the electromagnetic fields surrounding the
model. An example of this is seen in the way that the input
current was measured. This was done through the use of a cur-
rent transformer through which the model lightning current was
passed. The case of this transformer was connected carefully
to the copper tube surrounding the output measuring cable. The
shield, which was not allowed to touch the wire carryving the
model current was run radially away from the conductor so as to
most rapidly get away from the high magnetic field around the
conductor. Other measuring cables were run inside the model
vehicle or inside the cable trays of the tower, all places
where the magnetic field was low. Some of these points will be
elaborated upon more momentarilvy.

The oscilloscope was triggered by a signal derived from a
trigger transformer around one leg of the tower. The trans-
former was a home-made one using three turns of wire on a
ferrite core placed over the tower leg. Faithfulness of repro-
duction of current waveshape was unimportant here, the important
thing being only to derive a triggering signal when current
began to flow in the tower leg. The construction and placement
of the transformer is shown on Figure 6.

Magnetic fieiis can be measured with a variety of pickup
coils. One of these can be seen on Figure 1. This one con-
sisted of several turns of wire contained in a shielded case.
The output from this particular probe was displayed on an
oscilloscope so that both the amplitude and waveshape of the
field could be measured. Such a probe averages the field over
a fairly large area. It is possible to make very small probes
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so that detailed measurements can be made of how the magnetic
field distributes around a structure. The output voltage from
such probes is generally too low to be displayved on an oscillo-
scope, but it can be measured on a tuned voltmeter or radio
interference meter In such cases it is helpful to resonate the
self inductance of the pick-up coil with a parallel capacitor
and to excite the model with a CW source of that frequency. In
such a case the frequency should be well below any of the
natural resonance modes of the model.

Some Typical Test Results

One example of a set of measurements taken on this model is
shown on Figure 7. A subminiature coaxial cable over which
another shield had been pulled (making it a triaxial type of
cable) was run from the base, up one of the cable trays in the
umbilical tower and across the umbilical -arm to the vehicle. In
the vehicle it was connected to a measuring cable permanently
installed in the vehicle. This measuring cable, which was also
a subminiature coaxial cable, was enclosed in a copper tube run
up the inside surface of the vehicle. The ends of the circuit
were terminated to ground through 50 ohms, either by a resistor
or by connection to the 50 ohm measuring cable running to the
oscilloscope.

The inner shield could be grounded either at the vehicle
(Point A) or at the base (Point B). A perennial question in-
volves the best point to ground this shield. Measurements under
all possible conditions showed that there are some significant
differences in the circuit voltages depending on how this shield
is grounded. Tracings of the oscillograms taken during the
test are also shown on Figure 7. They show that grounding the
shield at the base led to an oscillatory type of voltage that
was higher than if the shield were not grounded at all. The
lowest voltages were found when the shield was grounded at both
ends .

A second set of measurements is shown on Figure 8. Here
a singly shielded conductor was run across the umbilical arm to
the vehicle. The shield represented the overall shield commonly
used at KSC. The object of the measurements was to show how
the grounding of this shield affected the voltage that would be
produced in the vehicle. The measurements clearly showed how
important it was that this overall shield be grounded at both
ends. It can also be deduced from these measurements that
virtually all the magnetic flux to which the conductors are
exposed is that which is found around the umbilical arm.

For the purposes of this paper the important points are not
so much the phenomena illustrated above, but that these types
of measurements are possible and can in fact be made with rela-
tive ease once the basic model has been set up. The fact that
measurements can be done directly in the time domain, rather
than through the frequency domain is also important. In tran-
sient studies of this nature calculations or measurements made
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in the frequency domain have the drawback that thev must be
converted into time domain through numerical integration of the
inverse Fourier transform, a task that is time consuming and
expensive without specialized and dedicated calculation equip-
ment.

SedE Uit elmdiniuedt L.l Sa.

Other Applications of Models

While this paper can touch upon them only very briefly,
it is appropriate to mention some of the other electromagnetic
field problems for which models either have been or can be used.

The author's first extensive usage of models was to study
the response of power transmission lines to lightning. Figure =
9 shows how this can be done. A distributed transmission line :
type device representing the lightning leader was suspended
above the model and charged from a voltage source. The elec-
trical charge stored on this '"'leader" sets up an electric field
that attracts charge of opposite polarity onto the line con-
ductors. When the switch is closed the charge in the leader
flows into the tower and sets upn a magnetic field between the
tower and the conductors. Simultaneously the charge on the
conductors is released. The resu'ting voltages between the
conductors and the tower can be measured with the voltage
dividing probe. The switch in such a circuit can be a relay
with mercury wetted contacts, an avalanche transistor or a
pressurized spark gap depending on the operating voltage. This
type of circuit has been used to produce current pulses with
rise times on the order of 1 ns.

Models of aircraft can be used to measure the magnetic
field distribution on the surface of the aircraft if lightning
current passes through the aircraft. A metallic model of the
aircraft would be built, suspended well away from any metallic
walls or floors and current passed through the aircraft. The
magnetic field intensity could be measured directly with the aid
of a magnetic field probe.

In some cases tethered balloons are used to lift electronic
packages to high altitudes. 1If they are struck by lightning
significant currents can flow upon the cables interconnecting
the various electronic packages. A model can be used to find
out the approximate magnitude of these currents.

During the design of tlie Space Shuttle a question arose as
to the magnitude of the current that would flow on the cables
of the engine controller if the exhaust bell of the engine were
struck. A very simple model of an engine was built from sheet
metal. Upon this were mounted metal boxes representing the
various parts of t.e engine controller. Current was injected
into the model and measurements made of how this current dis-
tributed among the various interconnecting cables.

A variation of the model shown on Figure 1 has been used to
ctudy the effects of the lightning diverting wires used on the
Skylab program and which will be used on the Shuttle. With such
a model it is very easy to measure how much current flows down
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the diversion wires and to measure how that flow of current
reduces the magnetic field in and around the launch complex
from what that field would be if the stroke were to strike
directly upon the umbilical or access towers. This same model
has been used to measure the current that would flow on the
cables between the tail service masts and the orbiter. The
measurements have confirmed that the currents and circuit volt-
ages should be much less than they would be if an Apollo type
of umbilical cable across an umbilical arm had been used.
Previous, though less detailed, models had, incidentally, been
used to illustrate how the magnetic fields associated with
those currents led to the flow of current on the umbilical
cables and to show how the placement of those cables on the arm
affected the current on the cables.

Summary

Models are probably most valuable for their educational
capabilities. They are best used for illustrating the physical
phenomena involved in a lightning interaction problem and for
scoping out the magnitude of the problem. They are also very
useful as base cases against which analytical tools may be
checked. They are less valuable for parametric studies in
which one is looking for an optimum combination of devices or
practices to minimize a particular transient problem. This is
particularly true if one is working at the limits of the model
art, as one is doing if the currents, voltages, or fields under
study are a small fraction of the injected model lightning
current or of the field produced by that current. One is like-
wise working at the limit of the model art if the phenomena
under study are strongly influenced by the properties of the
material from which the model is made. Parametric studies are
best done with the aid of an analytical model developed after
consideration of the phenomena revealed during a model study.

As an oversimplification one might say that model measure-
ments are gounded in reality, but may have inconsistencies
depending upon the skill of the model maker. Analyvtic calcu-
lations on the other hand will be consistent from one calcula-
tion to the next, bu* can be consistently wrong unless the
calculator knows which physical factors to emphasize in his
analytic models.

In general, it is easier to measure the division of current
among the conductors of a model than it is to measure magnetic
fields or voltages. Finally it might be noted that current
division can often be measured with sufficient accuracy on
quite crude models.




TABLE 1
SCALE FACTORS IN A RELATIVE GEOMETRICAL MODEL

Scale Factor in Terms

Quantity of 2, t and 7
Length ()
Time t
Impedance iz

o -
Conductivity @ =gz
Dielectric Constant € = f%

o =,
Permeability Y
Frequency f = —}?
Angular Frequency w = %;
Wavelength A= R
Phase Velocity Vo = 2/t
Propagation Constant y = 1/%
Resistance R =17
Reactance X=1
Capacitance € = Ll
Self Inductance L =tZ
Mutual Inductance M=tz

model dimension
A11 scale factors are of the form prototype dimension

TABLE 2
SCALE_OR FACTORS APPROPRIATE TO A MODEL WITH UNITY IMPEDANCE LEVEL
Impedance Impedance = 7 = 1
Dielectric Constant = ¢ = 1
Permeability =y = 1

Area = L? = 1/2500
Volume = 1/125000
Inductance = tZ = 1/50
Capacitance = t/Z = 1/50
Resistance = 7 = 1
Conductivity = 1/ 2Z = 50
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TABLE 3

PULSE_GENERATOR - COMPONENTS

0.068 uF - 10 kV

300 pF, 40 kV Ceramic
0.001 uF - 10 kV
0.00047 uF - 10 kV

Copper plate 1.5" x 5" spaced 0.125"
from chassis by Lexan insulator

Primary Spark Gap

Secondary Spark Gap

Ceramic Preionizer

0.56 Meg, 10%, 2w Carbon

100 Meg, 2w, 10 kV

3002, 10w Wire Wound, Non-inductive
15062, 10w Wire Wound, Non-inductive
3002, 10w Wire Wound, Non-inductive
Approx. 0.5 uH

TR-180B (EG&G)







15 k¥ DC Trigger

Figure 2 - Pulse Generator for Simulated Lightning Currents
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Figure 3 - Pulse Generator - Parts Layout
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Figure 4 - Waveshape of Current Pulse
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Current Transformer
Aluminum foil

3/8" Copper Tube
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Figure 5 - Shielding and Croundipg Techniques to
: Minimize Electrical Pickup.
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Figure 6 - How to Derive a
Trigger Signal.
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Figure 7 - Voltages Produced on a Doubly Shielded Circuit
a) IS ungrounded
b) IS grounded only at Vehicle - Point A
¢) IS grounded only at Base - Point B

d) IS grounded at both A & B
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Voltages on a Singly
Shielded Circuit

a) OAS ungrounded

b) OAS grounded at B&C, not at A
c) OAS grounded at A,B and C

d) O0AS grounded at A, not at B&C

Figure 9 - A Model Test of a
Transmission Line

Insert shows a balun device
to prevent current flow along
the exterior of the measuring
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ABSTRACT

The criteria and methodology used to determine requirements and
select devices to protect systems and equipments from lightning trans-
ients conducted by landlines and ac power lines are presented. The
magnitude, rise time and duration of lightning transients and surges
expected are reviewed. Typical equipments and systems are analyzed
to define their surge withstand capability. The characteristics and
protection capacity of three types of protection devices are summarized
to aid in selection for specific applications.
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LIGHTNING PROTECTION
FOR LANDLINES AND
SECONDARY AC POWER LINES

Lewis Becker
Kentron Hawaii, Ltd.
April 1977

Kentron has been under contract since July 1975 to design lightning
protection and grounding, bonding, and shielding modifications for FAA
tacilities. Many FAA facilities require landlines to interconnect equipments
and most all use commercial ac power. Designs for existing facilities are
nearing completion; however, preparation of standards and specification
requirements for new equipments and facilities is just starting. A primary
objective of this paper is to encourage a cooperative effort throughout the
lightning protection community in the development of lightning protection
criteria and standards for new equipments and facilities.

1. Introduction

Many tyvpes of components, arresters and circuits are available for the
protection of equipments using landlines and ac power lines. Protection of
landlines, especially buried landlines, is more readily accomplished because
of the magnitude of lightning transients is far less than on directly ex-
posed ac power lines. Additionally, series resistors can usually be added
to landline circuits to divide the transient energy between two or more
suppression components.,

Protection criteria for landlines and ac power lines and the transient
voltage withstand levels for equipments are reviewed. The characteristics
of three types of protection components and their application to protection

design is then discussed.

2. Protection Criteria

For protection of equipment and circuits from lightning-induced transients
in buried landlines, the transient is usually defined to have an upper peak
voltage limit of 1000 volts, with a rise time of 10 microseconds and a half-
peak decay time of 1 millisecond. An upper peak current limit of 500 to 1000
amperes 1is generally accepted for buried landlines. However, all transient
parameters will vary greatly depending on many physical factors including
length and characteristics of the line, degree of exposure, effectiveness of
any cable or guard shielding (if any), and location (number of thunderstorm davs).
Adjustments in the criteria are appropriate depending on the value of equipment
being protected and necessity for uninterrupted operation.

For secondary ac power lines, the surge waveshape used most often s
8 by 20 microseconds with a 10 kV per microsecond rate of rise. Definition
of current levels and frequency of occurrence for lightning surges conducted
to the service disconnecting means is needed in order to specify protection.
Kentron is in the process of developing criteria for FAA facilities and pre-
liminary results are presented in Figure 1,
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Figure .

NUAMBER OF LIGHTINING SURGES

IN 100 YEARS AT ONE FACILITY
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3. Equipment Withstand Voltage Levels

Lightning Current Levels on Secondary AC Power Lines
(Typical Design Criteria)

SURGE CURRENT RANGE AT FACILITY AC POWER

SERVICE DISCONNECTING MEANS (KILOCAMPE RES

100 OR GREATER

75 10O 100

50050 75

25 TO 50

57160 25

For selection of protection components and devices, the transient
voltage withstand level of equipments and circuit components must be

known or conservatively estimated. For

ponents, standards do not exist for lightning transient levels.

most equipments and circuit com-
Therefore,

information available from manufacturers must be obtained, laboratory test-

ing performed or conservative engineering estimates used.

Limits for

common types of equipments and components are provided for guidance.

* Transistors and Integrated Circuits:

Diodes:
Relays and indicating lights: 5

* DC power supplies with step-down
1.5 times diode PIV rating times
primary voltage ratio.

Small motors, small transformers
normal operating voltage.

*  Large motors, large transformers
normal operating voltage.

In addition to the above, capacitors are many times overlooked and unless
their dielectric punch-through voltage for transients is known, limiting
transients to 1.5 times the dc working voltage is recommended.

3. Silicon Avalanche Suppressors (SAS)

Silicon avalanche suppressors (large junction avalanche diodes) are
available in I millisecond peak power ratings of 1.5 kilowatts and 5
Many devices are available with fixed

kilowatts as shown in Figure 2.
parameters that fall within the voltage

cxample, a typical 1.5 kW suppressor will have a turn-on voltage of 6.8
volts and a peak pulse current rating of 139 amperes. In comparison, a
1.5 kW SAS which turns on at 200 volts will reach its maximum clamp voltape
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of 274 volts at 5.5 amperes. As expected, for devices with the same tran-
sient power ratings, the safe transient current level is :less -for devices

with higher turn-on and clamp voltages., SAS suppressors, within practically
the same voltage range are available with 5 Kilowatts transient power ratings
with correspondingly higher current ratings as shown in Figure

Figure 2. Silicone Avalanche Suppressors Typical Characteristics |

PARAMETER RANGE OF AVAILABLE DEVICES
15 KILOWATT PEAK POWER 5 KILOWATT PEAK POWER
FOR 1 MILLISECOND FOR 1 MILLISECOND
(DO 13 PACKAGE) (DO 21 PACKAGE)
BREAKDOWN (TURN ON) VOLTAGE AT 68 TO 200 VOLTS 62 TO 200 VOLTS

1MILLIAMPERE

MAXIMUM CLAMPING VOLTAGES AT 108 TO 274 VOLTS 96 70274 VOLTS
PEAK PULSE CURRENT

PEAK PULSE CURRENT 139 TO 55 AMPERES 525 TO 18 AMPERES 4
(10 X 1000) MICROSECONDS | i
|
]
5. Zinc Oxide Nonlinear Resistors (ZNR)

Zinc oxide nonlinear resistors are available in a wide variety of leaded
disc sizes appropriate for landlines and ac power lines. Those commonly
used for landline protection are listed by Figure 3. As with SAS devices,
individual INR's have fixed breakdown (or turn-on voltages) with a correspond-
ing maximum clamp voltage and current, In comparison SAS devices start with
clamp voltages in the 6 to 7 volt range; whereas, the breakdown voltage for
ZNR devices starts at 22 volts as listed for the 10 and 14 mm disc.

- = T . : = —
Figure 3. INR™ Type Devices (Leaded Disc Types) Typical
Characteristics

[
! PARAMETER RANGE OF AVAILABLE DEVICES
‘L 5 MM DISC 7 MM DISC 10 MM DISC | 14 MM DISC 20 MM DISC
| DC BREAKDOWN VOLTAGE AT 100 TO 470 100 TO 470 22 T0O 1100 22 TO 1800 | 100 TO 1800
1 MILLIAMPE RE VOLTS VOLTS VOLTS VOLTS vOLTS
r MAXIMUM CLAMPING VOLTAGE 230 TO 1200 240 TO 1100 90 TO 2700 80 TO 4400 | 240 TO 4400
AT MAXIMUM SURGE CURRENT VOLTS VOLTS VOLTS VOLTS VOLTS
| MAXIMUM SURGE CURRENT 100 AMPERES 2650 AMPERES 250 TO 500 500 TO 1000| 2000 AMPE RES
(8 X 20 MICROSECOND WAVEFORM) | AMPERES AMPERES
+, - o o e e S S
|
| LIFE DEPENDS ON SURGE CURRENTS AND WAVEFORM 2
Rk S yp—— & SR el SRR ST L — e

NOTE b ZINC OXIDE NONLINEAR RESISTOR

7 MAXIMUM SURGE CURRENT (8 X 20 MICROSECOND) CAN BE APPLIED TWICE WITHOUT INCURRING
DAMAGE OR OVER STRESSING THE DEVICES
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o . L v E. - NLBe ——
PARAME TER RANGE OF AVAILABLE DEVICES
LA sl e BT
20 MM DISC l 25 MM DISC ] 32 MM DISC
) el et B - .
DC BREAKDOWN VOL TAGE AT 200 TO910 VOLTS | 200 TO910 VO TS | 200 TO 910 VOLTS
1 MILLIAMPE RE |
MAXIMUM CLAMPING VOL TAGE 525 T0O 2800 VOLTS | 590 TC 3200 VOLTS 640 TO 3800 VOL TS
AT MAXIMUM SURGE CURRENT
MAXIMUM SURGE CURRENT 25K TO SK AMPERES ’KIHIOKAMP(H[S! 10K TO 20K AMPERES
(8 X 20 MICROSE COND WAVEFORM) ‘ |
LIFE DEPENDS ON SURGE CURRENT AND
WAVEFORM 2

Larger size ZNR discs in 20, 25 and 32 mm sizes, packaged in a molded
case with terminals are available as listed in Figurc 4. These sizes of
INR discs are used primarily for the suppression of ac power line transients
as indicated by their voltage ratings.

Figure 4. ZNRl Type Devices (Molded Case Types) Tvpical
Characteristics

NOTE b ZINC OXIDE NONLINEAR RESISTOR

2 MAXIMUM SURGE CURRENT (8 X 20 MICROSECONDS) CAN BE APPLIED TWICE WITHOUT
INCURRING DAMAGE OR OVER STRESSING THE DEVICES

Additionally, still larger ZNR devices are available in 55, 80 and 112 mm
disc sizes. Typical characteristics for a high energy ZNR arrester for ac
power line protection, designe. with three 80 mm discs in parallel, is given
in EFigure §.

Figure 5. High Energy ZNR Surge Arrester Typical Character.istics

SIZE: THREE 80 MM DISCS IN PARALLEL
—
POWER LINE VOLTAGE: 250V AC MAXIMUM
DC BREAKDOWN VOLTAGE AT 560 VOLTS

1 MILLIAMPERE:

MAXIMUM CLAMPING VOLTAGE CURRENT CLAMPING VOLTAGE
(10 X 20 MICROSECONDS)

10 kA 1300 VOLTS

40 kA 1600 VOLTS

150 kA 2450 VOLTS




Figures 6 and 7 illustrate, to approximate scale, the response of SAS
and IZNR devices and their voltage rise at rated currents. Since the ZNR
devices typically have higher current ratings than SAS devices, comparison
of specification data for both types of devices, particularily current ratings,
1s necessary to optimize protection design. Response time for ZNR devices is
less than 50 nanoseconds, which is adequate for suppression of lightning tran-
sients. Response time for SAS devices is faster, typically a few nanoseconds.

Figure 6. Typical Operating Curve for Silicou Avalanche Suppressor

TURN ON MAXIMUM CLAMP VOLTAGE
@ RATED PEAK PULSE CURRENT

VOLTAGE

TIME

Figure 7. Typical Operating Curve for ZNR Suppressor

MAXIMUM CLAMP VOLTAGE
@ RATED WITHSTANDING
SURGE CURRENT

| TURN ON

TIME
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6. Gas-Filled Spark Gap Devices

In addition to SAS and INR devices, gas-filled miniature spark gaps are
readily available with characteristics suitable for landline protection
design. Figure 8 summarizes the characteristics of miniature spark gaps.
Generally spark gaps for landlines are rated at either 5 kA or 10 kA peak
current with 20 KA units available. Physical size increases with current
rating and when space is available, the 10 kA size would be perferred for
longer life over the 5 kA devices, The transient firing (impulse sparkover)
voltage of small spark gaps typically start at 275 volts for 100 volts per
microsecond rate of rise. When the impulse sparkover voltage is exceeded,
the spark gap will transition to a glow mode and then to the arc mode, conduct
current and drop the transient and line voltage to the gap's characteristic
arc voltage. The arc voltages of miniature spark gaps are typically in the
range of 15 to 30 volts. 1If the normal line voltage exceeds the gap's arc
voltage, and the line can supply sufficient current, the gap will not extin-
guish. When this posibility exists, a resistor can be placed in the line or
In series with the gap to insure extinguishing. During design, attention
must be given to the dc¢ sparkover rating of spark gaps. Since the spark gap
will operate at dc and low frequencies, the maximum signal or operating voltages
on the line must be less than the dc¢ sparkover voltage.

Spark gap arresters for secondary ac power protection function iden-
tically to miniature spark gap arresters discussed for landlines with one
basic exception. A resistive element is normally installed in series with
the arrester to limit power line follow current and aid in extinguishing.

With high surge currents the resistance will create relatively high discharge
voltages. Typical characteristics for a secondary ac power arrester are given
by Figure 9, The impulse sparkover voltage of 1400 volts is fairly repre-
sentative for this class of arresters. Similarly a one-time surge rating

at 150 kiloamperes and 2500 surges at 10 Kiloamperes is typical, The variation
in discharge voltage is illustrated in Figure 10 for surge current discharges
of 10, 40 and 150 Kkiloamperes.

Figure 8. Gas-Filled Miniature Spark Gaps Typical Characteristics

—_
PARAMETER RANGE OF AVAILABLE DEVICES
e ) = e
DC SPARKOVER VOLTAGE J 90 TO 1000 VOLTS
AT — R v —— _————
IMPULSE SPARKOVER VOLTAGE 275 TO 2000 VOLTS
100 VOLTS/MICROSECOND
} RATE OF RISE 4‘

MAXIMUM CURRENT CAPACITY 2K TO 10K AMPE RES

8 BY 20 MICROSECOND)

WITH 5 KA RATING) 10 BY 1000 MICROSECOND WAVE FORM

|
l
LIFE (TYPICAL FOR SPARK GAP T 50 OPERATIONS AT 500 AMPERES 1.
|
&
J




Fipure 9.

Gas-Filled Spark Gap Arrester (With Series Nonlinear Resistor)

— —— —_ =
PARAME TER TYPICAL RATING J
IMPULSE SPARKOVER VOLTAGE RANGE 1,400 VOLTS PEAK ‘
10 KV MICROSECOND RATE OF F11SE |
== — = = e —— T e o = —_— -
DISCHARGE VOL TAGE CONDUCTED DISCHARGE
(10 BY 20 MICROSECOND WAVEFORM) CURRENT VOLTAGE [
10 kA 1400 VOL TS '
40 kA 3000 VOL TS
150 kA 5500 VOLTS
L A - e b T v < A L T -
MAXIMUM CURRENT DISCHARGE 150,000 AMPERES. 10 BY 20 MICROSECOND WAVEFORM
CAPABILITY ONE TIME |
L S e e sl |
LIFE 2,500 SURGES AT 10,000 AMPERES, 10 BY 20 MICROSECOND
WAVE FORM
L o) = : . i TR J

Figure 10. Typical Operating Curve

for Gas-Filled Spark Gap Arrester

with Nonlinear Series Resistor
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7. Landline Protection Design.

Two typical landline protection circuits are illustrated in Figure 11,
These circuits illustrate the components previously discussed plus a series
resistor in the line. The SAS is selected to limit the transient voltage
level to below the damage level of the circuit being protected. The SAS's
fast response time and long term reliable operation is used to dissipate
all small surges and the initial crest of all higher surges. Higher energy
surges will develop sufficient voltage across the series resistor to fire
the spark gap which conducts the remaining transient current to ground.

The ZNR is an alternate device to use in place of the spark gap and
particularly serves an advantage when only a low resistance can be used
in series with the line. ZNR's can be selected with lower turn-on and
clamp voltages, in comparison with the impulse sparkover voltages of gaps.
Thus, a smaller resistor can be used to limit the current through the SAS.

The circuits illustrated are presented as typical. Many variations
and alternatives exist. If the value of the equipment is relatively low
and continuous operation is not essential, a single suppression component
may be selected. On the other extreme, landlines with significant exposure,
costly equipment, and essential continuous operation, may justify a five
element suppression circuit, such as an SAS to case ground across the pro-
tected circuit, a series resistor (or inductor), a higher voltage IZINR to
case ground, another series R or L, and then a still higher wvoltage ZINR
or spark gap directly to earth ground. By the selection of suppression
turn-on and clamp voltages and resistors or inductors, extremely high tran-
sient energy can be distributed and dissipated.

Figure 11. Control and Signal Landlines Typical Protection Cricuit
Configurations

PROTECTED PROTECTED
LANDL INE 10350 EQUIPMENT  LANDLINE 2-350 EQUIPMENT
| i
{ | g
) & |
f/ CIRCUIT NO 1 ! Lt CIRCUIT NO 2
‘ |
1 L .L i
EARTH CASE EARTH CASE
TROUND GROUND GROUND GROUND

, UNIPOLAR SILICON AVAL ANCHE SUPPRESSOR POSITIVE LINE VOLTAGES
HEVERSE DIRECTION FOR NEGATIVE LINE VOLTAGES AND USE BIPOLAR
FOR POSITIVE AND NEGATIVE SIGNALS)
) )
TN ZNR (BIPOLAR) ZINC OXIDE NONLINEAR RESISTOR
)

( t.} MINATURE GAS FILLED SPARK GAP (BIPOLAR)
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8. Landline Protection for New Equipments

Protection for equipment circuits requiring landlines 1is best and most
economically implemented when equipments are designed. After the fact mod-
ifications for equivalent protection will invariably cost 10 to 100 times
more for proper installation, documentation and drawing changes.

Typical landline protection for new equipment design is illustrated in
Figure 12. The preferred location for the first suppressor is directly from
line to equipment case. The series resistor (or inductor) is specified with-
in and as part of the equipment to be certain the equipment designer accounts
for the line voltage or signal drop. The IZINR or spark gap, suppressing the
higher voltages, is located at the facility landline junction box to limit
transient energy within the facility. Providing a short direct connection to
the earth electrode system is necessary for the higher energy suppressor at
the landline junction box. This is particularly important for all spark gap
devices to keep the discharge current surge off equipment ground networks.
Landlines should be routed separately from low level analog and digital signals
within the facility. Finally, to avoid a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>