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PREFACE

This book is an attempt to present under one cover the current state of
knowledge concerning the potential lightning effects on aircraft and the means
that are available to designers and operators to profect against these effects. The
impetus for writing this book springs from two sources——the increased use of
nonmetallic materials in the structure of aircraft and the constant trend toward
using electronic equipment to handle flight-critical control and navigation
functions. Nonmetallic structures are inhereatly more likely to be damaged by a
lightning strike than are metallic structures. Nonmetallic structures also provide
less shielding against the intense electromagnetic fields of lightning than do
metallic structures. These fields have demonstrated an ability to damage or cause
upset of electronic equipment.

Such concerns, when added to the continuing apprehension regarding
the vulnerability of fuel systems to lightning, have led in the past decade to
increased research into lightning effects on aircraft. The results of this research
are contained in the technical reports and literature published by ourselves and
by researchers in other laboratories who are also working on these problems.
Conferences and symposiums have been held so that researchers could exchange
ideas and information; there is a high degree of cooperation among all of those
working towards the goal of complete safety-of-flight in the lightning environ-
ment.

The persons who can best use information on aircraft protection from
lightning are the aircraft designers and operators, but generally they are not
among those who produced this information. Moreover, they are often unaware
of its existence, and they seldom have the background to distill from it the
important facts that can and should be applied to achieve safer designs. The
purpose of this book is to present the most important parts of this body of
knowledge in a manner most useful to the designer and the operator.

This book is organized into seventeen chapters. In the first of these we
review what lightning is and how it originates. The second chapter describes how
the aircraft becomes involved with the lightning flash and why it is that aircraft
do not produce their own lightning flashes, but may, we think, sometimes trigger
natural ones. Chapter 3 considers how often and under what conditions aircraft
have been struck, reviews avoidance procedures now in use by operators, and
reviews their degree of success. We also take up the question of whether or not
strikes could be totally avoided. The fourth chapter summarizes the various
effects which have occurred when lightning has struck aircraft, giving the
operator an idea of the direct and indirect effects which he may expect when his
aircraft is “zapped.”

Since our main purpose is to help the designer protect against those effects
that may be hazardous, the remainder of the book is devoted to this purpose.
Chapters 5, 6, and 7 deal with protection against the direct physical damage
effects. Chapter 5 sets forth three philosophical steps which guide us in the
design work that follows. Attention is also called to government standards or
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certification regulations which deal with aircraft lightning protection.

Chapter 6 reviews in some depth what is known about lightning effects on
aircraft fuel systems and tells how to design protection against these effects. We
give considerable attention to this subject and urge the designer to do likewise
because of the serious consequences in the past of lightning effects on these
systems. Chapter 7 deals with the protection of the aircraft from structural
damage resulting from lightning, with emphasis on the nonmetallic materials——
materials that may be more vulnerable than the metal structures they are
beginning to replace.

The remainder of the book deals with indirect effects. Chapter 8
introduces the reader to the basic mechanisms by which induced voltages occur
in aircraft electrical circuits, and Chapters 9 through 14 treat these mechanisms
in greater detail. Chapters 15 and 16 then consider the impact of induced
voltages upon solid state electronic devices and tell how these devices may be
protected. Here, concepts such as the fransient control level philosophy are
presented. Concepts of this kind may form the basis for future specifications
that define the roles to be played by both the aircraft designer and the
electronics equipment designer. Finally, in Chapter 17 we show how aircraft can
be tested to determine their actual susceptibility to indirect effects and how
equipment can be tested to determine its vulnerability or prove that protection
design goals have been met.

To some extent, each chapter stands by itself and can be utilized without
knowledge of the others. Dependencies often exist, however, among the
lightning effects on structural, electrical, and fuel systems; for the most
thorough understanding of lightning effects on any one of these systems, the
reader is urged to read the entire book.

Part of the research upon which this book is based was conducted by
ourselves, but a significant amount was conducted by researchers at other
laboratories. We have referred to or incorporated that work frequently. Without
it our present understanding of lightning effects——as well as this book——would
not have been possible. Not all of the work conducted in this field could be
referenced, of course, but we have carefully studied most of it. The work we
reference is that which we consider to be definitive, and we have taken care to
provide complete source details so that the reader can refer to them for
additional information.

Even though much has now been learned about lightning effects on
aircraft and how to design protection, there are still some lightning effects which
are not fully understood. Examples of these are (1) the mechanisms by which
lightning currents diffuse into interior structural members and conducting parts
together with the extent to which this happens and (2) the effects of
electromagnetic radiation from the lightning arc upon aircraft electrical and
electronic systems. We have tried to identify these areas as they are encountered,
and we caution the reader to remain alert for developments in these areas in the
future.

While much of this book may appear oriented to the designer, there is
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much here of benefit to the operator as well. Familiarity with its contents will
enable him to know what to expect, what not to expect, and why particular
things happen when lightning strikes his aircraft. The book will show him where
to look for damage after a strike, and, we hope, help him to better identify
potential problem areas and to communicate them to researchers and designers
in time to avert future problems.

The preparation of this material was supported by the Aerospace Safety
Research and Data Institute, Lewis Research Center, National Aeronautics and
Space Administration under Contract NAS3-19080. We wish to acknowledge the
support of that organization. We also wish to acknowledge the support of H. V.
Bankaitis, Solomon Weiss and, in particular, of Paul T. Hacker of that
organization. It was Mr. Hacker who first suggested that a book of this nature be
written.

Also, we deeply appreciate the help of Beryl 1. Hourihan in digging
through our files for materials and in preparing the rough draft; and the
diligence, skill, and long hours applied by Catharine L. Fisher, who edited this
book, bringing order and clarity to a sometimes confusing array of facts and
figures,

F.
I

>
-

isher
Jlumer

>
~

April 1977






Preface .

TABLE OF CONTENTS

Chapter 1 — The Lightning Environment . . .. .. .. ................... 1

1.1 Introduction .. ...... .. ... it 1

1.2 Generation of the Lightning Flash .. ............. ... ... 2

1.3 Further Development of the Lightning Flash . .. ............. 16

1.4 Lightning Polarity and Direction . . ... ......... ... ... .... 18

1.5 Intracloud Flashes ... ... . ... . @t i it e 19

1.6 Measured Characteristics of the LightningFlash . .. .. ......... 20

1.7 Thunderstorm Frequency and Lightning-Flash Density ......... 27

1.8 Engineering Models of Lightning Flashes . . .. ... ............ 31
References . .. i v it i e e e e e e e e e e 34
Chapter 2 — Aircraft Lightning Attachment Phenomena .. ... ........... 37
2.1 Introduction . ... ... e e e 37

2.2 Aircraft Influence on Flash Formation . .. .. ............... 37

2.3 Swept Strokes . ... . . e 49

2.4 Aircraft Lightning Attachment Zones .. .. .. .. ............. 51
References . o i it i e e e e e e e e e e e 54
Chapter 3 — Lightning Strike Experience ... ...... ... ... ... ... ... ... 57
3.1 Introduction . ... .. i i e e e e 57

3.2 Altitudeand Flight Path .. .. .. ... ... ... ... . ..... 57

3.3 Synoptic Meteorological Conditions . . . .. .. ... ... ......... 59

3.4 Immediate Environment at Time of Strike . .. .. .. .. ......... 62

3.5 Thunderstorm Avoidance .. .. .. .. . .t ci vt in it e 65

3.6 Frequencyof Occurrence .. .. ... .. .. i nn. 71

R OIS . o v it e i e e e e e e e e e e 73
Chapter 4 — Lightning Effects on Aircraft . .. ...... .. ... .. ... ... ... 75
41 Introduction ... ... i e e e 75

4.2 Direct Effects on Metal Structures .. . ........... ... ... ... 78

4.3 Nonmetallic Structures . .. ... ... . . e, 85

44 Fuel Systems .. .. ... it i e 89

4.5  Electrical Systems . .. . ... .. ... .. e e 91

46 Engines. ... ... . . ... e e e 96

4.7 Indirect Effects ... ... ..o i e 98
References ... .. e e 102
Chapter 5 — Direct Effects Protection . .. .. ... ... ... .. ... ... ... 105
5.1 Introduction ... ... . . . e 105

5.2 Basic Stepsin ProtectionDesign ... ... ... . ... ... ... 105

5.3 The Lightning Environment as Related to Attachment Zones .. ... 110

vil



TABLE OF CONTENTS

5.4 Applicable Airworthiness Regulations . . . ... .. ... .......... 111
References . .. .. . . . 114
Chapter 6 — Fuel System Protection .. ............ ... .. ... ....... 115
6.1 Introduction . ........ .. .. .. ... 115
6.2 FuelFlammability _....... .. ... ... .. ... ... .. .... ... 115
6.3 Sourcesoflgnition .. ......... ... ... ... ... . .., 120
64 VentOutlets .. ... . ... . .. .. 121
6.5 Fuel Jettisonand DrainPipes . .. ....................... 134
6.6 Hot Spot and Hole Formation in Integral Tank Skins . .. .. ..... 136
6.7 Integral Fuel Tanks with NonmetallicSkins . . .. .. .... ... ..., 154
6.8 Current Flow Through Structures and Components. . . .. .. .. ... 157
6.9 Fuel SystemChecklist .. ..... ... ........ ... ... ... ..., 178
References . ...... .. . ... .. ... .. 181
Chapter 7 — Structures Protection . . .. .. ... . ... . .. .. ... ... 185
7.0 Introduction .. ... ... 185
7.2 Metallic Structures .. .. ... ... 186
7.3 Nonmetallic Structures . .. ....... ... ... ... . L., 206
References . ...... ... ... .. . . .. 250

Chapter 8 — Voltages and Currents Induced By Lightning .. .. ... ... ..... 253

8.1 Definition and Elementary Considerations . . . .. ............. 253
8.2 The Exterior Response of the Aircraft Structure . . . ... ... ... .. 354
8.3 The Internal Response of the Aircraft Structure .. ..... .. .. ... 259
References . .... ... ... . ... .. .. 267
Chapter 9 — The External Magnetic Field Environment ... ... .. ... ..... 269
9.1 Elementary Considerations . .. . ........ ... ... ....... 269

9.2 Determination of the External Current and
Magnetic Flux Density . Y )
9.3 Examples of External Magnetu Flelds .................... 285
References ... ... ... .. . . . .. 292
Chapter 10 — The Internal Magnetic Fields Created By Diffusion . ... ... .... 293
10.1 Circular Cylinders . .. .. .. .. ... . .. . 293
10.2 Elliptical Cylinders .. .. ... ... . ... ... . i 303
103 FieldsWithin Cavities .. .. ...... .. .. ... .. ... ... .. ... 320
References ... ... ... ... . . .. . 327
Chapter 11 — The Internal Fields Coupled Through Apertures . ...... ... .. 329
11.1 MagneticFields . ... ... ... .. . . i 329
112 ElectricFields . .......... ... . ... ... ... ... . 342



TABLE OF CONTENTS

113 MagneticField Zones .. .. ........ ... .. ... . ......... 344
References . .. .. .. ..o, e 348
Chapter 12 — Voltages and Currents Induced onWiring . . .. ............. 349
12.1 Elementary Considerations . .. .. .. .. ... ... o, 349
12.2 Transmission Line Effects ... ... e e 351
12.3 Aids for Calculation of Voltage and Current ................ 357
12.4 Voltage and Currents in the Space Shuttle . .. ... ........... 359
References . .. .. .. i ittt e e i e e e e 360
Chapter 13 — Effects of ShieldsonCables . .................... 361
13,1 Introduction .. ... .o i it e i e 361
13.2 Some Elementary Illustrations . ... ..................... 362
13.3 Transfer Quantities . . . . . . .. i it it i i e e e e 369
13.4 Multiple Conductorsand Shields . .. ...... ... .. ... ... ... 385
13.5 Transfer Characteristics of ActualCables .. .. ... .. ... ... ... 393
13.6 Transfer Characteristics of Connectors . .. .. ... ............ 394
13.7 Groundingof Shields. .. .. ... ... ... . o o o 394
R eTENCeS & o o e s i e e e e e e e e e e e e e e 405
Chapter 14 — Examples of Induced Voltages Measured on Aircraft ......... 407
4.1 Introduction . . .. .. i i i e e e e 407
14.2 Wing from F-89J Aircraft . ... ... ... ... o il 407
143 F-8 Digital-Fly-By-Wire(DFBW) . .. .......... ... ....... 413
References . . v v vt i e et e e e e e e e e 427
Chapter 15 — Design to Minimize Indirect Effects .. .. .. ............... 429
15.1 Some Premises and Goals for Design. . . .. ... e ... 429
15.2 Improvement Through Location of Electromc Equnpment ....... 429
15.3 Improvement Through Location of Wiring. . . .. ............. 430
15.4 Improvement Through Shielding . ....................... 433
15.5 Improvement Through Circuit Design .. .. .. ... ... ... ... ... 438
15.6 Circuit Protection Through Use of Protective Devices ... ....... 441
15.7 Improvement Through Transient Coordination . . .. .. ......... 446
References . . . i o e e e e e e e 450
Chapter 16 — Component Damage Analysis .. .. .. ................... 451
16.1 Introduction .. .. ..o vt i i e e 451
16.2 Theoretical Models .. .. .. .. .. o i 451
16.3 EmpiricalModels . .. .. ... ... ... .. ... 451
16.4 LIMItations . .. v v et vt et et e it e e e 452
16.5 Failure Mechanisms——Semiconductors. .. . ................ 452
16.6 Damage CONStANtS ... vttt v e it iim e e 455



TABLE OF CONTENTS

16.7 Failure Mechanisms——Capacitors .. .. ................... 463
16.8 Failure Mechanisms——Other Components. .. .. ............. 464
16.9 Examples of Use of Damage Constants . . ... ............... 465
References . . ... ... . it e 492
Chapter 17 — Test Techniques For Evaluation of Indirect Effects .. ... .. ... 495
17.1 Introduction .. ... ... .. ... .. ... e 495
17.2 Waveform Definitions .. ....... ... ... ... ... .. .. c.0... 496
17.3 Tests on Complete Vehicles . ... ........... ... ... ....... 498
174 Tests on External Electrical Hardware . ................... 504
17.5 TestsonInternal Equipment . . .. .. ... ..., .. .. .. ........ 505
17.6 Design Notes for Transformer Pulse-Injection Equipment . .. .. .., 520
References . ... ... . .. . . 530
Appendix 1 — SR-52 Calculations — Conductor .. .................... 533
Appendix 2 — SR-52 Calculations — Tube . . .. .. ...... ... ... ........ 535
Appendix 3 — Program MAGFLD ... ...... ... ... ... . . ... .. ..... 539
Index ... e e e 545



CHAPTER 1
THE LIGHTNING ENVIRONMENT

1.1 Introduction

The lightning flash originates with the formation of electrical charge in the
air or, more commonly, clouds. The most common producer of lightning is the
cumulonimbus thundercloud. Lightning, however, can also occur during sand-
storms, snowstorms, and in the clouds over erupting volcanos. Lightning has
even been reported to occur in clear air, though this phenomenon is rare and is
possibly a result of lightning originating in conventional clouds beyond the
observer’s field of vision. Lightning originating in sandstorms and volcanic
eruptions is not of serious concern to aircraft, but lightning associated with
snowstorms occurs sufficiently often as to present a problem, not because its
nature is different from lightning associated with thunderstorms but because it is
apt to occur when it is uncxpected.

The most common types of lightning are those involving the cloud and
ground, called cloud-to-ground lightning, and lightning between charge centers
within a cloud, called intracloud lightning. This latter is sometimes erroneously
called intercloud or cloud-to-cloud lightning. True cloud-to-cloud lightning
between isolated cloud centers is possible; however, what appears to be cloud-to-
cloud lightning is often a spectacular manifestation of intracloud discharges.

Most research on lightning has centered on cloud-to-ground lightning;
despite its importance to aircraft operation, much less information on the
characteristics of intracloud lightning than on those of cloud-to-ground lightning
exists, for a variety of reasons. The first is simply that intracloud lightning,
unlike cloud-to-ground lightning, is largely hidden from direct observation. The
second is that conducting research on the characteristics of lightning is often a
labor of love requiring both extensive apparatus and extreme patience. Observing
lightning from a fixed ground station is much easier and cheaper than observing
lightning from a moving aircraft. The third is that most of the funding for re-
search on lightning has come, directly or indirectly, from those who are con-
cerned with the effects of lightning on electric power transmission and distribu-
tion lines, which are affected only by cloud-to-ground strokes.

The characteristics of lightning are discussed in the sections which follow.
However, much of the material relative to the physics of lightning will be dis-
cussed primarily in terms of cloud-to-ground strokes for the reasons cited
above and because frequently it is difficult to say for any given flash which type
was involved. While aircraft may be involved with any of the three types of
lightning, cloud-to-ground and intracloud lightning flashes are the most common
types. But where aircraft design and operation are of concern, the type of flash
makes little difference.

Figure 1.1 shows a generalized waveshape for the current flowing to
ground from a typical negative cloud-to-ground flash and presents terms for the
five main regions shown: the leader, the initial return stroke, an intermediate
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current, a continuing current, and one or more restrikes. Each of these aspects
will be discussed.

INTERMEDIATE RESTFRIKE
LEADER  —s}— INITIAL RETURN CURRENT| CONTINUING
" STROKE CURRENT '(FRONT)
B c 1-5us
{(FRONT) (TAIL) D E l (TAIL)
A 1-T0us 10-100us 1-10ms 10-200ms || 10-100us
i

10-150 kA
Figure 1.1 Generalized waveshape of current in negative cloud-to-ground
lightning. (Note that the drawing is not to scale.)

1.2 Generation of the Lightning Flash

1.2.1 Generation of the Charge

The energy that produces lightning is assumed to be provided by warm air
rising upwards into a developing cloud. As the air rises it becomes cooler, and at
the dew point, the excess water vapor condenses into water droplets, forming a
cloud. When the air has risen high enough for the temperature to drop to -40 °C,
the water vapor will have frozen to ice. At lower elevations there will be many
supercooled water drops that are not frozen, even though the temperature is
lower than the freezing point. In this supercooled region, ice crystals and
hailstones form.

According to one theory, the cloud becomes electrically charged by the
following process (Reference 1.1). Some of the ice crystals which have formed
coalesce into hailstones. These hailstones fall through the cloud gathering
additional supercooled water droplets. As droplets freeze onto a hailstone, small
splinters of ice chip off. Apparently, these splinters carry away a positive
electrical charge, leaving the hailstone with a net negative charge. The vertical
wind currents in the cloud carry the ice splinters into the upper part of the
cloud, while the hailstone, being heavier, falls until it reaches warmer air, where
some portion of it melts and the remainder continues to earth. Thus, the upper
part of the cloud takes on a positive charge while the lower region takes on a
negative charge. In some other manner, another smaller pocket of positive charge
may be formed near the front of the base of the cloud and below the main body
of negative charge,

Other theories have been proposed to account for the electrification of the
cloud (References 1.2 to 1.7). All of them are based on experimentally observed
evidence that the charge in the top of the cloud is positive. There may also be a
body of positive charge near the front of the base of the cloud. The charge in the
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rest of the cloud is negative. Figure 1.2 shows a typical cloud with the charge
distributed as previously described. The cloud is moving to the left. The
unbroken lines represent stream lines of air.
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Figure 1.2 Generalized diagram showing distribution of air currents and
electrical charge distribution in a typical cumulonimbus cloud.

The air currents and the electrical charges tend to be contained in localized
cells and the cloud as a whole to be composed of a number of cells. A typical
cloud might have the cell structure shown in Figure 1.3 (Reference 1.8). The
electrical charge contained within a cell might appear as shown in Figure 1.4
(Reference 1.9). The temperature at the main negative-charge center will be
about -5 °C and at the auxiliary pocket of positive charge below it, about 0 °C.
The main positive-charge center in the upper cloud will be about 15 °C colder
than its negative counterpart.

The lifetime of a typical cell is about 30 minutes. At its mature stage the
cell as a whole will have a potential, with respect to the earth, of 108 to 109
volts (V). Tt will have a total stored charge of several hundred coulombs (C) with
potential differences between positive- and negative-charge pockets again on the
order of 108 to 10 V. The cell as a whole will have a negative charge.

1.2.2 Conditions on the Ground

As the cloud passes over a point on the ground, an electrical charge is
attracted into the ground under the cloud. The average electric field at the
surface of the ground will change from its fair-weather value of about 300 volts
per meter (V/m) positive (air positive with respect to the earth) to as high as
several thousand volts per meter. Generally, when a cloud is overhead, the field
from cloud to earth will be negative, but when a localized positive region is
overhead, the field may be positive. The potential gradient will be concentrated
around sharp protruding points on the ground and can exceed the breakdown
strength of the air, which has a nominal value of 30000 V/cm. When the

3



metre foot
moo_“m -51°C
12 000 — //" - - - -
35/000 « pa S e S S S -38°C
> <
10 000 'k._k\\\\'\\\\yf’//;,-*,
30,000 _______.Y »:1 J26°C
.—\'\\\\\\ \ ‘ /', R
800025,000 ; L J\\—\ .
t-\\\\ K I ‘/
20,000 ‘\k\’ vty Ty g
5000 - i“‘ T ﬂ“ f FooTEIT
o f .I ./' » ; . ' ; ’ ” e o
i ..4.../././/././.\.
\ 7 . I l I / . T~ __ A re
4000 ag/./ t . . :;‘/' 'l:///.‘//.—f
10,000 e — L gc]
o =
— Hd e / ” o -' * v
2000 // //// //
5000 (. A7C
| Q/
%’ T \\\\\\ S
/, // f. n'll
§ )//surface rai | N\ \ 28°C|
0 e "2\’<\ AR Q\K\ Q{\\ A
e rain
* SNOW horizontal scale _ﬁr_n"
> jce crystals wind speed scalz f_m/j
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breakdown strength of the air is exceeded, current into the air increases sharply
and a bluish electrical discharge called corona forms around a point. This

discharge is the St. Elmo’s

fire that appears on such places as masts of ships,

aircraft wing and tail tips, and from trees and grass on high ground. The
magnitude of the current from a single discharge point may range from 1 or 2
microamperes (uA) to as high as 400 pA.

4



Height {km])

__Freezing -
level

Figure 1.4 FEstimated charge distribution in a mature thundercloud (after
Phillips).

1.2.3 Development of the Leader

At some state in the electrification of the cloud, a discharge towards the
earth takes place. It starts as a slow-moving column of ionized air called the pilot
streamer. After the pilot streamer has moved perhaps 30 to 50 m, a more intense
discharge called the step-leader takes place. This discharge lowers additional
negative charge into the region around the pilot streamer, recharges it, so to
speak, and allows it to continue for another 30 to 50 m, after which the cycle
repeats.

A discharge propagating in this manner is called a streamer discharge; its
development is illustrated in Figure 1.5. The streamer is initiated when a free
electron is accelerated in a sufficiently high electrical field (a). An electron (b) so
accelerated collides with neutral molecules of air (c), ionizes them, leaving them
with a positive charge, and creates new electrons at a rate of a per unit length.
The electrons, being much less massive than the positive ions, move under the
influence of the electric field, leaving the positive ions behind, If the discharge
continues to develop over the length a, there will be at the head of the discharge
(d) a number of electrons given by

N=exp (/g (an)) dx (.1

where a is the Townsend ionization coefficient and n is the attachment
coefficient. In air at atmospheric pressure, electron multiplication can exist only
where the field is higher than 25 kV/cm because only in this case is a greater
than 7.
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Figure 1.5 Stages in the development of a leader.

Left in the wake of these electrons will be positively charged ions (e). If
the electric field is high enough, the initial avalanche will reach a critical size
(approximately 108 electrons) for another avalanche of electrons (f) to be
initiated by photoionization (g) from the initial discharge. The electric field that
accelerates this secondary discharge is the sum of the initial electric field and
that produced by the positive space charge left behind by the initial avalanche.
Under the action of the total field, these successive avalanches reach the positive
space charge (h), neutralize it, and leave a new positive charge a little farther on.
With such a mechanism a positive charge moves step by step into the un-ionized
air leaving behind it a partially ionized filament (i). This filament is a conductor,
though at this stage of its development perhaps only a poor conductor.

The processes just described relate to a positive electric field. In a negative
electric field a similar, though more complicated, phenomenon occurs. The
initial avalanches seem to develop in the air farther ahead of the leader and to
propagate both ways: into virgin air and back toward the more fully developed
leader. The end result is much the same; behind the advancing head of the leader
is an ionized column - in this case with a predominance of negative charge and
"having at its center a more heavily conducting filament.

If the initial development of the leader takes place in the charged cloud,
the developing streamer branches and begins to collect charge from its
surroundings. Because it collects charge in this way, the streamer may be viewed
as connected to the cloud and at the same potential as the cloud. As the head of
the leader moves farther into the un-ionized air, charge flows down from the
charged regions of the cloud, along the partially conducting filament and toward
the head of the leader, thus tending to keep all parts of the leader at a very high
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potential. The amount of charge, q,, lowered into the leader will be on the order
of 2 to 20 x 104 C/m of length. A leader 5 km long would then have stored
within it a charge of I to 10C,

Since the potential of the leader is very high, there will be a high radial
electric field along the leader. This field will be high enough to exceed the
breakdown strength of the air, and secondary streamers will branch out radially
away from the central filament. The filaments will branch out radially until the
field strength at the edge of the ionized region falls to about 30 kV/cm.

It can be shown that the electric field strength at the edge of a cylinder
containing a charge, q,, per unit length is

10
1.8x 10 ¥ q
F = e 2 (1.2)
r

(V/m, C/m, m)

From this and the above breakdown strength of air, it can be deduced
that the radius of the leader will be 1.2 to 12 m. At higher elevations the
breakdown strength of air is less; hence the leader radius may be more.

2
et
e
-
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Figure 1.6 The lightning leader as postulated by Wagner,
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As postulated by Wagner (Figure 1.6 [Reference 1.10]), the head of the
leader may have a larger diameter than that of the rest of the leader, though this
is difficult to prove by photographs. The head of the leader, nevertheless, is
generally visible because of the optical radiation associated with the extension of
the electron avalanches. But once the growth ceases, the radiation stops;
consequently, the corona sheath surrounding the central conducting filament is
not visible.

The process can be studied in the laboratory, albeit on a smaller scale than
that of natural lightning. Figure 1.7 shows typical phenomena observed during
the breakdown of the air between electrodes about 10 m apart. The sketch is
based on a series of short-duration (about 1 microsecond [us]) photographs
taken at intervals of about 25 us with an image-converter camera. As the
electrons are attracted out of the initially ionized region at the head of the
leader, the conducting filament lengthens and the corona discharge at the head
of the leader occurs farther on in previously un-ionized air.
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Figure 1.7 The development of a leader in the laboratory.

Photographs of actual lightning leaders may be taken with a Boys camera,
a camera in which the film moves relative to the camera lens. An example of
such a photograph is shown in Figure 1.8 {(Reference 1.11), The leader is seen
originating at the top left-hand corner of the picture and lengthening as time
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increases. The bright line at the right of the picture is called the return stroke
and will be discussed shortly.

1ms
Figure 1.8 Boys camera photograph of a lightning leader.

From such ghotographs it has been learned that the leader advances at
about 1 to 2 x 10° m/s, or 0.03 to 0.06% of the speed of light (Reference 1.12).
In order that a charge of 2 to 20 x 104 C be deposited by a leader advancing at
the rate of 1 x 10° m/s requires the average current in the leader, ip, to be 20 to
200 A. A current of this magnitude could be carried only in a highly conducting
arc discharge, the assumed central conducting filament of the leader. Such an arc
would have a diameter on the order of a few millimeters and an axial voltage
gradient, gg, of about 5 x 103 V/m. A leader 4 km long would then have a
voltage drop along its length of 2 x 107 V. The longitudinal resistance, Ry, of
the conducting filament gp/ip would then be in the range of 40 to 400 ohms per
meter (©2/m).

While of less importance as regards aircraft, it might be noted that leaders
sometimes start at the ground and work their way toward the sky. This happens
most frequently from tall buildings or towers, or from buildings or towers
located atop hills. Generally, one can tell from the direction of the lightning
flash branching whether the leader started at the cloud or at the ground: if the
branching is downward (Figure 1.9), the leader originated at the cloud; if the
branching is upward, the leader originated at the ground.

1.2.4 The Return Stroke

As the negatively charged step-leader approaches the ground, positive
charge accumulates in the ground underneath it or, more accurately, negative
charge is repelled away from the region under the leader. At some point the
electric field strength around objects on the ground becomes sufficiently high
that a streamer starts at the ground and works its way toward the downward-
approaching leader. When the streamers meet, the conducting filament in the
center of each streamer provides a low-impedance path so that the charge stored
in the head of the leader can flow easily to ground. As the current in the central

9
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Figure 1.9 Leader direction as determined from direction of branching.
(a) Downward-branching leader starts at cloud.
(b) Upward-branching leader starts at ground.

filament rises from its initial current of a few tens of amperes to higher values, it
gets hotter, its diameter expands, its longitudinal gradient decreases, and it
becomes an even better conductor, which in turn allows even more current to
flow in the arc. As the charge in the lower part of the leader is neutralized, the
heavily conducting arc reaches higher into the charged leader channel. The head
of the region in which this neutralization tukes place moves upwards at a rate of
roughly 100 000 km/s (or one-third the velocity of light) until it reaches the
cloud. This heavily conducting region, called the refurn stroke, produces the
intense flash normally associated with the lightning stroke. Some stages in the
development of the return stroke are shown in Figure 1.10 (Reference 1.13).

The velocity with which this return stroke propagates, together with the
amount of charge deposited in the leader channel, determines the amount of
current developed in the return stroke. Let v be the velocity of the return stroke
and q be the amount of charge deposited per unit length, d¢, along the leader
channel. Since

dg
[=— 1.3
m (1.3)
q d¢ L4
an V = — .
T (1.4)
then I = qv (1.5)



As a numerical example let

v =108 m/sand q=10x 104 C/m

I = 10x10%x108=10x 10%4=100000 A

The velocity of the return stroke is not constant from one stroke to the
next, It seems to vary with the magnitude of current that is ultimately
developed. The relationship between current and velocity may be deduced either
from theoretical concepts or experimentally. The relationship derived by Wagner
(Reference 1.14) is shown in Figure1.11. Considerations of the return stroke
velocity are primarily of importance in studying the time history of the electric
field produced by the lightning flash. The velocity, however, may affect the
surge impedance of the lightning stroke, and thus the way that the stroke
interacts with a metallic conductor like an aircraft,
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Figure 1.10 Stages in the development of the return stroke.
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Figure 1.11 Relation between stroke current and velocity of return stroke.
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The velocity of propagation of the return stroke is less than that of the
speed of light for two basic reasons. The first reason involves the longitudinal
resistance of the return stroke channel.

Some of the factors associated with this longitudinal resistance are shown
in Figure 1.12. Central to the phenomenon is the fact that the current in the
lightning channel must increase fairly rapidly from the 200 A (approximately)

100 kA

200 A

100 kV/m

10kV/m
5kV/m

409/m

0.1 Q/m

At<1-5ps

()

Figure 1.12 Phenomena associated with passage of the return stroke.

(a) Current
(b) Longitudinal voltage
(¢) Longitudinal resistance
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current associated with the initial development of the leader to a current of
perhaps 100 kA as the return stroke becomes fully developed. Tt is a
characteristic of an arc channel discharge that if the current through the arc is
increased, the arc channel expands in diameter, keeping a fairly constant current
density across the channel. This channel cannot expand instantaneously, since
energy must be put into the channel to cause the channel to heat up sufficiently
to force it to expand. Accordingly, if the current through the arc channel is
increased suddenly by a large magnitude, as in Figure 1.12(a), the longitudinal
voltage gradient of the channel must suddenly increase. Since the rate at which
energy is injected into the channel is the product of the current and the
longitudinal voltage gradient, the increased longitudinal voltage gradient may be
taken as the mechanism forcing the arc channel to get hot enough to expand to
the diameter required to carry the high currents. It is not known what the
maximum longitudinal voltage gradient would be in a lightning channel, but it is
known from studies of arcs in laboratories that the gradient will fall to values on
the order of 100 kV/m in a fraction of a microsecond. Presumably in a few
microseconds, the channel dianieter will have expanded to its final value, and the
longitudinal voltage gradient will have decayed back toward values on the order
of 5 to 10kV/m. The longitudinal resistance, then, would fall from values on the
order of 40 £/m to values on the order of a small fraction of an ochm per meter,
in times on the order of a few microseconds.

This collapse of longitudinal resistance, however, is far from instantaneous.
The initial resistance of the leader is sufficiently high to retard the development
of the upward-going return stroke and hence reduce its velocity of propagation
below that of the speed of light. Presumably, leaders which lead to the
formation of high-amplitude lightning currents either have a sufficiently low
longitudinal resistance to begin with or the longitudinal resistance is reduced to
low values sufficiently fast by the high-amplitude return strokes that the
longitudinal resistance presents less of an obstacle for the upward-going return
stroke than it does for the flashes which involve lower peak currents.

An additional factor that affects the velocity of the return stroke and is
the second reason that the velocity is less than the speed of light is shown in
Figure 1.13. As explained earlier, the leader deposits in its wake a column of
electrical charge with diameters on the order of several meters. At the center isa
highly conducting core, which has a diameter of a few miilimeters for the leader
and which expands to a few centimeters during the passage of the return stroke.
The inductance of this return stroke is determined by the diameter of the highly
conductive central core, and the capacitance by the diameter of the column of
electrical charge. The lightning stroke may then be modeled as shown in Figure
1.13(b), in which a highly conductive central conductor is fastened onto a series
of projecting splines, much like the backbone of a fish. A better analogy might
be to view the lightning flash as a piece of tinsel rope for decorating a Christmas
tree: a central piece of string is surrounded by a tube of fine filaments projecting
radially away from the central core. In either case, the radial filaments can carry
a radial current, i, but cannot carry an axial current, i;. Accordingly, the

13



lightning return stroke has both a high capacitance and a high inductance per
unit of length. In this respect it differs from a solid conductor of large diameter
which, while possessing a high capacitance per unit length, simultaneously
possesses a low inductance per unit length. It follows that the surge impedance,
governed by the ratio of inductance to capacitance, is high while the velocity of
propagation, governed by the product of inductance and capacitance, is less than
that of the speed of light.
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Figure 1.13 Effect of corona cloud on velocity of propagation.
(a) Distributed charge surrounding a highly conductive central
core
(b) Highly conductive central conductor fastened onto a series
of projecting splines

Wagner (Reference 1.15) concludes that the surge impedance of the
lightning flash is of the order of 3 000 € for return strokes of large amplitude,
100 kA. This value is large compared to the surge impedance (=500 £2) of a
simple conductor in air and remote from a ground plane or other current return
path.

The waveshapes of lightning-tlash currents measured at ground level are
reasonably well known, principally from the work of Berger (Reference 1.16),
Typical waveshapes detailing the front of the initial return stroke are shown in
Figures 1.14 and 1.15 (References 1.17 and 1.18). In all cases, the current is
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seen to have a concave front, the current initially rising slowly but then
increasing to a maximum current rate of change just before crest amplitude is
reached. It may be speculated that the initial slowly changing portion of these
current oscillograms (which, of course, were measured at ground level)
represents the growth of an upward-going leader from the lightning tower
reaching upwards to contact the downward-approaching lightning leader. It can
also be speculated that the maximum rate of change of current, which occurs
just before crest, is most representative of the rate at which the current can
increase in the lightning channel as the return stroke passes one particular point
in space. This is supported by the observation that subsequent sirokes in a
lightning flash, even measured at ground level, exhibit front times considerably
faster than the rise time of the initial stroke in the flash.

The true front time of the leading edge of the return stroke as it passesa
point remote from ground has probably never been measured. It, however, seems
appropriate to assume that it will be faster than the leading edge of currents
measured at ground level.
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Figure 1.14 Front waveshapes of lightning currents as measured by Berger.
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Figure 1.15 Current oscillograms from single strokes or first downward strokes.

1) Fast time-scale t{; 2) Slow time-scale t5. In osc. No. 6119 TI,
chopping may be caused by a flashover in the measuring equipment.

After the charge has been drained from the leader by the upwardly moving
return stroke, the current measured at the ground decays, though at a rate
slower than that at which the current rose to its peak. Oscillograms showing
typical decay times are shown in Figure 1.15 (Reference 1.18). The figure
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displays the current on two different time scales, emphasizing the front and the
tail. Some of the oscillograms showing the front are the same as those shown in
Figure 1.14 (Reference 1.17).

As the return stroke approaches the cloud, it may encounter other
branches of the leader, as shown in Figure 1.16. As it passes these branches, the
charge stored in them will feed into the developing lightning stroke and
momentarily increase the current. Eventually, the return stroke will reach the
cloud. Our understanding of the phenomena occurring within the cloud is
hindered by our not being able to see the phenomena, but we can infer some of
the phenomena from measurements of the electrical radiation produced by the
developing flash and from the usual behavior of the flash after the initial return
stroke has passed. As the return stroke reaches into the cloud, it appears to
encounter a much more heavily branched leader than it did in the air below the
cloud. The return stroke can thus tap the charge diffused through a large volume
of the cloud, rather than only the charge in the more localized leader. It would
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Figure 1.16 Further development of the flash.
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appear to be during this period that the intermediate current (Component D of
Figure 1.1) is developed. As the discharge continues to spread through the cloud,
for times on the order of fractions of a second, currents on the order of a few
hundred amperes continue to flow in the lightning flash. These are referred to as
continuing currents (Component E of Figure 1.1). As one may expect, there is
no clear-cut demarcation between the tail of the return stroke and the
intermediate current, or between the end of the intermediate current and the
start of the continuing current.

Eventually, and usually, the developing discharge within the cloud reaches
into a different cell of the cloud or, at any rate, into a region where there is
another localized body of electrical charge. At this stage there occurs what is
called a restrike (Component F of Figure 1.1). The restrike starts with additional
charge being lowered from the cloud to form a new leader, or, more properly, to
recharge the central portion of the old leader. Presumably, because of the
residual ionization in the channel, this charging process occurs smoothly, not in
the step-by-step process by which the initial leader penetrates into the virgin air.
Accordingly, this is called a dart leader instead of a stepeader. Unlike the initial
step-leader, the dart leader is seldom branched. When the dart leader reaches
ground level, a return stroke again occurs. The amplitude of this return stroke is
again high, since the current comes from an intensely ionized region close to the
ground. While the amplitude is usually not as high as that of the first return
stroke, the current rises to crest more rapidly than does that of the initial return
stroke, presumably because the upward leader from the ground does not have to
propagate into virgin air.

1.4 Lightning Polarity and Direction

Most lightning flashes originate in the cloud and lower negative charge to
earth. The question of direction of the lightning flash is sometimes confusing.
With the intent of clarifying matters, the statement is sometimes made that
lightning strikes upward and not downward. This is at least partially true; the
return stroke that produces the high peak currents, thunder, and the highest
intensity light, in fact does start near the ground and grow upward into the
ionized channel previously established by the step-leader, thus tapping the
charge in the step-leader. The step-leader, nevertheless, originated at the cloud.
The source of energy is in the cloud, and the lower amplitude and longer
duration currents have their origin in the charge stored in the cloud. Thus, in
terms of the engineering definition of current, these flashes result in the
direction of current flow from the earth to the cloud. This type is commonly
called a negative polarity flash.

When tall buildings or mountain tops are involved, the lightning flash often
does originate at the ground; the step-leader starts at ground level and propagates
upwards into the cloud. Such flashes seem to be triggered by the high electric
field concentrated around the top of the building or mountain. They may be
recognized by the upward direction of branching, as mentioned earlier and
shown in Figure 1.9(b). This type of flash therefore results in current flow from
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the cloud to the ground and is called a positive polarity flash. Positive polarity
flashes usually have lower peak currents than do flashes that originate at the
cloud.

About 10% of all flashes are positive polarity flashes, and a fraction of
these involve the highest peak currents and charge found associated with
lightning. Examples of some of these strong positive flashes are shown in Figure
1.17 (Reference 1.19). The positive flashes typically have only one high current
stroke; they lack the restrike phase generally noted on flashes of negative
polarity. '
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Figure 1.17 Examples of strong positive strokes. Currents are recorded on time-
scales ty and ty; Qg electric charge (coulombs) within 2 us from
the origin; Q) electric charge (coulombs) in the continuing
current after 2 us.

1.5 Intracloud Flashes

Intracloud flashes occur between charge centers in the cloud. A distin-
guishing characteristic of intracloud flashes is that they seem to lack the intense
return stroke phase typical of flashes to the ground, or at least that the electrical
radiation associated with true intracloud discharges lacks the characteristics
associated with the return stroke of cloud-to-ground flashes. Discharges between
charge centers take place during cloud-to-ground flashes as well, and, to an
observer within the cloud, it may be difficult to tell whether or not a flash to
ground occurred.
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