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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,
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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
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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
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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.

WAVESHAPE OF
VOLTAGE APPLIED —————» _
TO ELECTRODE 1 ———
1.5 4
>
3
i
O 1
<
=
-
g
0.5
0 1
250
ELECTRODE ——»
Y fl '2
[ /
o ;"W.‘;
SURGE = 3 .
GENERATOR AN AR N
@ " ' (LSS
x 4f- B ,'r.l}:
5 Ly
24 -
8 j—
GROUND 10
27, PSSP LTS T T TS, PP T 7777 7T T 777777

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
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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
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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.
17



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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With regard to aircraft the matter may be academic. Aircraft are struck
underneath clouds by clear-cut cloud-to-ground flashes and by flashes within
clouds. Based on the damage observed, the peak current sometimes is very high.
Whether the high current was associated with the upper end of a cloud-to-ground
flash or with a true intracloud flash makes little difference.

In temperate regions about two-thirds of all flashes are intracloud flashes.
In tropical regions, where there is more lightning activity, the ratio is higher.

1.6 Measured Characteristics of the Lightning Flash

Lightning flashes are quite variable from one to another. Peak currents,
total duration, waveshapes, number of strokes in the flash, charge transferred,
etc., may all vary over wide limits, and only in general terms can one find a
correlation between different parameters. Data on the characteristics of lightning
are best presented in statistical terms, the mode that will be used in the
following sections.

One item that needs to be emphasized is that virtually all the data on
lightning comes from measurements made at ground level, and these measure-
ments may be influenced by the growth of an upward leader. Very few
measurements have been made of the amplitude and waveshape of lightning
currents' passing through aircraft. Most of the measurements that have been
made were of strokes with lower peak currents and longer times to crest than
those often observed at ground level. In part this may be explained by chance
and in part by the fact that many of the flashes intercepted may have been
intracloud flashes and not cloud-to-ground flashes. As noted earlier, intracloud
flashes often lack the well-defined high-amplitude return stroke of cloud-to-
ground flashes.

The best summary of the statistical characteristics of lightning is that
compiled by Cianos and Pierce (Reference 1.20). They observed that many of
these characteristics were nearly linear when plotted as a Jog-normal distribution.
They then made a judgment as to the linear distribution that was the best fit to
the experimentally observed data. The figures that follow are reproduced from
their report.

Figure 1.18 (Reference 1.21) shows data on the peak current amplitude in
lightning strokes. Regarding the damage that may be caused by lightning, this is
one of the most important parameters. There are two curves shown, one for the
first return stroke in a flash and one for subsequent return strokes. The first
return stroke is generally of the highest amplitude. For engineering analysis,
Cianos and Pierce have determined that subsequent return strokes may be
represented as half the amplitude of the first return stroke. Marked on the curves
are the amplitudes corresponding to the 2, 10, 50, 90, and 98% probabilities.

The peak value of the current is related to the explosive, or blasting, effect
of lightning. It is also relative to the maximum voltage developed across ground
resistance and hence to the risk of side flashes occurring in the vicinity of objects
struck (or, related to the maximum voltage developed across loading resistors
struck (or, related to the maximum voltage developed across bonding resistance
and hence to the possibility of sparking at structural interfaces).
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Figure 1.18 Distribution of peak currents for first return stroke and sub-
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Figure 1.19 Distribution of time to peak current.
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Figure 1.19 (Reference 1.22) gives a distribution of the time for the
current to reach its peak amplitude. This time is subject to considerable
interpretation for any particular lightning stroke, since there is seldom a clearly
definable time at which the stroke starts. Lightning strokes typically have a
concave front, starting out slowly and then rising faster as the current gets
higher. Thus, the effective rate of rise of the lightning current is not directly
obtained by dividing the peak current by the front time. The best summary of
the effective rates of rise is given on Figure 1.20 (Reference 1.23). The rate of
rise of a lightning current is an important factor in determining how much
voltage is induced into electrical equipment, and in determining how many
lightning conductors are needed and how they should be placed.
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Figure 1.20 Distribution of rates of rise.

The duration of the stroke current affects the distance across which side
flashes may develop, and affects how severely metal structures may be deformed
by magnetic forces or the explosive liberation of energy. This distribution is
shown in Figure 1.21 (Reference 1.24). The duration of the stroke, which is
measured in tens of microseconds, should not be confused with the total
duration of the lightning flash. The total duration, shown in Figure 1.22
(Reference 1.25), is frequently on the order of a second. The duration of the
total flash is influenced by the number of return strokes in the flash (Figure 1.23
[Reference 1.26]) and the time interval between strokes (Figure 1.24
[Reference 1.27]).

Figure 1.25 (Reference 1.28) gives information on the total charge
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Figure ]1.22 Distribution of duration of flashes to earth.
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transferred in the flash. Little of the charge is transferred by any one stroke.
Instead, most of it is transferred by the continuing currents. The total charge
transfer and the amplitude and duration of the continuing currents largely
govern the thermal effects of lightning. Data on the characteristics of these
continuing currents are shown in Figures 1.26, 1.27, and 1.28 (References 1.29,
1.30,and 1.31).

1.7 Thunderstorm Frequency and Lightning-Flash Density

One of the major factors to consider in determining the probability of
lightning damage is the number of lightning flashes to earth in a given area and
for a given time. Since precise quantitative data do not exist (except at a few
specifically instrumented structures), a secondary measure, the frequency of
thunderstorms, is used.

For many years, weather bureau stations have recorded thunderstorm days
(the number of days per year on which thunder is heard). This index, called the
isokeraunic level, is shown for the continental United States in Figure 1.29°
(Reference 1.32). It should be noted that the information so collected is of
limited value for several reasons. First of all, no distinction is made between
cloud-to-cloud discharges and cloud-to-ground flashes. Also, there is no
allowance for the duration of a storm. A storm lasting an hour would be counted
as heavily as one lasting several hours. A better indicator of lightning frequency
would be thunderstorm hours per year. Some weather bureau records are now
being made of thunderstorm hours, but not much data has yet been

MEAN ANNUAL NUMBER OF DAYS WITH THUNDERSTORMS

e L 30
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N

Figure 1.29 Thunderstorm days (isokeraunic level) within the continental
United States as reported by U.S. Weather Bureau.
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accumulated. Despite its limitation, the isokeraunic level is broadly useful and
can be correlated at least partially with lightning strokes to earth-based objects.
Pierce has summarized some of the available data, shown in Figure 1.30
(Reference 1.33).
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THUNDERSTORM DAYS PER ANNUM, T

107! 1 10 10
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Figure 1.30 Relationship between annual thunderstorm day (Ty) and flash
density (oy) values,

This flash density includes both flashes between clouds and flashes to
ground. There is some evidence that the proportion of flashes that go to ground
is related to the geographical latitude of the point under study. This relation
would exist because the proportion of flashes to ground depends partly on the
average height of clouds, and this, in turn, depends on the type of storm
formation. Pierce (Reference 1.34) has proposed the relation shown in Figure
1.31).

The number of lightning flashes to any particular object depends strongly
on the terrain upon which the object is situated. Objects on the crests of hills are
more prone to be struck than are objects in valleys. All other things considered,
however, the probability that a given object will be struck depends upon the area
covered by that object. For objects flat upon the ground- —for example, a tong
group of cables laid on the ground surface——the strike interception area can be
taken as directly equal to the area covered. Figure 1.32 shows such a group of
cables. Equating the stroke interception area to the actual area covered implies
that the stroke interception prohability is unity for stroke I and zero for stroke
2 falling somewhat to the side. This may not be strictly true, since the ultimate
contact point of a lightning flash seems to depend upon the junction of the
downcoming lightning leader and induced leaders which are drawn from the
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ground when the electric field strength at the ground surface becomes high
enough. Such induced leaders could well appear somewhat earlier from a group
of cables lying on the ground than from the undisturbed ground surface.
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Figure 1.31 Relationship between geographical latitude and proportion of
flashes to ground.

If there is a protruding object on the ground, the stroke interception area
depends upon the height of the object. While there is no uniformity of judgment
on the effective stroke interception area of a protruding object, one can at least
glean some information from the observed pattern of damage to objects near a
tall building or on a building protected by lightning rods. It has long been
observed that lightning very seldom strikes within a one-to-one cone of
protection of a protruding object. The significance of this fact is shown on
Figure 1.33. A lightning flash that would ordinarily continue directly to the
ground at point r will instead be diverted to the protruding object. This implies
that if the distance to point r is less than h, the probability of the protruding
object being struck at a distance less than h is very little less than unity. It stands
to reason also that the probability of striking the ground falls off from unity
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Figure 1.32 Probability of striking a flat area.

only gradually as one moves farther and farther away from the protruding
object. For purposes of calculations of lightning-stroke incidence rate, it can
then be assumed that a structure of height h will intercept all flashes that would
ordinarily strike the ground over a circle of radius 2h.

It is not as easy to determine analytically how often aircraft in flight will
be struck. Field experience seems to be the only reliable guide. Commercial
aircraft in regularly scheduled service in the United States are struck about once
per year, frequently while in takeoff, landing, or holding patterns, and usually
while flying at less than 15 000 ft altitude. Transport aircraft are seldom struck
while at cruising altitudes and speeds, partly of course as a result of the fact that
storms usually can be, and are, avoided. Aircraft constrained to operate at lower
altitudes and along fixed corridors tend to be struck more often.
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Figure 1.33 Probability of striking a protruding object.

Military aircraft tend to be struck less often than commercial aircraft,
since they are flown in training flights, which are usually scheduled during good
weather, much more often than in combat.

1.8 Engineering Models of Lightning Flashes

For purposes of analysis it is helpful to have models of the current flowing
in both typical and severe lightning flashes. Pierce (Reference 1.35) gives several
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Figure 1.35 Time history of severe (basic) lightning model.

models, shown in Figures 1.34 and 1.35 (References 1.36 and 1.37). Other
models may be devised. One that has received wide prominence in the aerospace
field is the Space Shuttle Lightning Protection Criteria waveform (Figure 1.36
[Reference 1.38]). These, of course, are models for design purposes. As such
they duplicate the effects (usually worst case effects) of lightning, but the
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chances of any real lightning flash producing currents of this exact shape is
virtually zero.
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Figure 1.36 Diagrammatic representation of lightning model.
(Note that the diagram is not to scale.)
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CHAPTER 2
AIRCRAFT LIGHTNING ATTACHMENT PHENOMENA

2.1 Introduction

Statistics on lightning strikes reported by aircraft pilots seem to indicate
that no aircraft is likely to receive more than one or two lightning strikes in a
year but that some types of aircraft receive more strikes than others. Compared
with exposure to other hazards, such as hail, birds, and turbulence, which are
also encountered during flight, the exposure of aircraft to lightning strikes seems
relatively infrequent. Because of this relatively low incidence, inclusion of
lightning protective measures in the designs of some aircraft has been considered
unnecessary. The question also arises: If lightning strikes do in fact occur
infrequently, can they be avoided altogether? Because some types of aircraft
seem to experience more than their “fair share” of lightning strikes, a related
question also arises: Why are some aircraft more vulnerable than others? To
answer these questions a considerable amount of research on the effects of such
factors as aircraft size, engine exhaust, and microwave radar emissions on
lightning-strike formation has been undertaken during the past few years. Much
of this research has been aimed at answering the question of whether or not an
aircraft can in fact produce its own lightning strike, or static discharge, or if it
can trigger an impending flash from a nearby cloud. While some of the findings
are as yet inconclusive, others have provided definite answers to some of these
questions. In this chapter we summarize what has been learned about the
aircraft’s influence on lightning-strike occurrence and dispel some other
misconceptions about this phenomenon. In succeeding chapters we examine how
other factors, such as flight and weather conditions, affect lightning strikes and
conclude why it is important that lightning protection be incorporated into all
new aircraft designs.

2.2 Aircraft Influence on Flash Formation

At the beginning of lightning-flash formation, when a stepped-leader
propagates outward from a cloud charge center, the ultimate destination of the
flash at an opposite charge center in another cloud or on the ground has not yet
been determined. The difference of potential which exists between the
stepped-leader and the opposite charge center(s) establishes an electrostatic force
field between them, represented by imaginary equipotential surfaces. They are
shown as lines in the two-dimensional drawing of Figure 2.1. The field intensity,
commonly expressed in kilovolts per meter, is greatest where equipotential
surfaces are closest together. It is this field that is available to ionize air and form
the conductive spark which is the leader. Because the direction of electrostatic
force is normal to the equipotentials and strongest where they are closest
together, the leader is most likely to progress toward the most intense field
regions.

If an aircraft happens to be in the neighborhood, it will assume the
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Figure 2,1 Aircraft influence on stepped-leader direction.

electrical potential of its location. Since the aircraft is a thick conductor and all
of it is at this same potential, it will divert and compress adjacent equipotentials,
thus increasing the electric field intensity in the vicinity of the aircraft, and
especially between it and other charged abjects, such as the leader. If the aircraft
is far away from the leader, its effect on the field near the leader is negligible;
however, if the aircraft is within several tens or hundreds of meters from the
leader, the increased field intensity in between may be sufficient to attract
subsequent leader propagation toward the aircraft. As this happens, the
intervening field will become even more intense, and the leader will advancze
more directly toward the aircraft.

The highest electric fields about the aircraft will occur around extremities,
where the equipotential lines are compressed closest together, as shown in Figure
2.2. Typically, these are the nose and wing and empennage tips, and also smaller
protrusions, such as antennas or pitot probes. When the leader advances to the
point where the field adjacent to an aircraft extremity is increased to about 30
kV/cm, the air will jonize and electrical sparks will form at the aircraft
extremities, extending in the direction of the oncoming leader. Several of these
sparks, called streamers, usually occur simultaneously from several extremities of
the aircraft. These streamers will continue to propagate outward as long as the
field remains above about 7 kV/cm (Reference 2.1). One of these streamers will
meet the nearest branch of the advancing leader and form a continuous spark
from the cloud charge center to the aircraft. Thus, when the aircraft is close
enough to influence the direction of the leader propagation, it will very likely
become attached to a branch of the leader system.
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Figure 2.2 Compression of electric field around an aircraft.

When the aircraft is attached to the leader, some charge (free electrons)
will flow onto the aircraft, but the amount of charge which can be taken on is
limited by the aircraft size. The measure of the aircraft’s ability to store charge is
its capacitance. The capacitance of a complex object, such as an aircraft, is
impractical to calculate but may be estimated by comparing it with the easily
calculated capacitance of a sphere of equivalent surface area in an infinite field
in which no other charge centers are present. The capacitance of such a sphere is
given by

C=4neea = 4meey ‘\/;—-S; 2.0

where

C = capacitance (farads [F])

a = radius (meters)

S = surface area (metersz)

€, = absolute dielectric constant (=10"%/36n for vacuum)

€, = relative dielectric constant with respect to vacuum
(= 1 for air)

39



For a typical transport aircraft with a total surface area of 3000 m2, C s,

from Equation 2.1
10”9 V? :
C=dn|— ) fladl 2.2
(36‘n ) ) 4n (22

-9
= 107 3,000 _ 1545 X 109
9 ar 9

17017 X 109 = 1717 picofarads (pF)

f

A similar calculation has been made by Schaeffer and Weinstock
(Reference 2.2) for smaller fighter aircraft, of 420 pF, and by Moore (Reference
2.3) for helicopters, of 600 pF.

The amount of charge which can be stored by an object having a known
capacitance is

Q =CV (2.3)

where
Q = charge (coulombs)
C = capacitance (farads)
V = object potential (volts)

Thus, before the amount of charge which can be stored on an aircraft can
be found, it is necessary to determine the potential, V, which the aircraft can
assume, For this purpose, it will be assumed that the potential of the entire
aircraft is the same as that of a small sphere whose radius is similar to that of the
sharp aircraft extremities from which streamers develop and from which charge
begins to leave the aircraft. Assuming, for example, that this radius is 2 cm, the
capacitance of a sphere of this radius is first determined directly from Equation
2.1,

C = 4ne,e, (0.02) (2.4)

-0
(%-)(0.02) = 2.22pF

The electric field at the surface of this charged sphere (Reference 2.4) is given by
E = ___9_3 (2.5)
4me €,a”
If E is assumed to be equal to 30 kV/cm, which is the ionization stress of air ina
uniform field, and if Equation 2.3 is substituted in Equation 2.5 for Q, then

30kVjiem = SV __ (2.6)
41relreva2
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The values of C and a of Equation 2.4 are then substituted into Equation
2.6 and the equation solved for V| as follows:

v = (30x103) [(0.11x10) (0.02)?)

.
2.22x10°12 27)
4
= _____0~00‘32"12 = 0.000594x108
2.22x10712
= 504 kV

Since the cloud and ground charge centers already establish an ambient field,
59.4 kV is the potential at which the aircraft must be relative to the ambient
field for streamering to occur. If the capacitance of even a large aircraft is no
more than about 2000 pF, as given by Equation 2.2, then the maximum amount
of charge which the aircraft can retain is

Q = (2x107) (59.4x103) (2.8)
Q = 118.8x10°® coulombs (C)

Q = 100 microcoulombs (uC)

This can be considered the amount of charge which a leader can deliver to
the aircraft before streamers occur from opposite extremities. If additional
charge flows onto the aircraft, more profuse streaming will occur, and from
extremities of larger radii of curvature. In fact, the maximum charge which can
be on the aircraft probably exceeds by up to 100 times the streamer initiation
value, However, statistics on natural lightning characteristics show that a typical
leader contains about 1 to 10 C (Reference 2.5), so there is still no room for any
significant portion of this to accumulate on an aircraft. Thus, the aircraft merely
becomes an extension of the path being taken by the leader on its way to an
ultimate destination at a reservoir of opposite polarity charge. Streamers may
propagate onward from two or more extremities of the aircraft at the same time.
If so, the incoming leader will have split, and the two (or more) branches will
continue from the aircraft independently of each other until one or both of
them reach their destination. This process of attachment and propagation
onward from an aircraft is shown in Figure 2.3.

When the leader has reached its destination and a continuous ionized
channel between charge centers has been formed, recombination of electrons
and positive ions occurs back up the channel, and this forms the high-amplitude
return stroke current. This stroke current and any subsequent stroke or
continuing current components must flow through the aircraft, which is now
part of the conducting path between charge centers, as shown in Figure 2.4(a).

If another branch of the original leader reaches the ground before the
branch which has involved the aircraft, the return stroke will follow the former,
and all other branches will die out, as shown in Figure 2.4(b). No substantial
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Figure 2.3 Stepped-leader attachment to an aircraft.
{a) Stepped-leader approaching aircraft
(b) Stepped-leader attachment and continued
propagation from an aircraft

currents will flow through the aircraft in such a case, and any damage to the
aircraft will be slight. A still photograph of a downward-branching flash after
completion of the main channel is shown in Figure 2.5. Several dying branches
are evident in the photograph.

2.2.1 Precipitation Static

The foregoing analysis began with the assumption that the aircraft is at the
potential of its position in an electric field established by the cloud and ground
charge centers. In dry air this is correct, but if the aircraft is flying through dry
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I'igure 2.4 Return stroke paths.
(a) Return stroke through the aircraft
(b) No return stroke through the aircraft

precipitation in the form of sleet, hail, or snow, the impact of these particles on
the aircraft will cause a charge to separate from the particle and join the aircraft,
leaving the aircraft with a preponderance of positive or negative charge
(depending on the form of precipitation), thereby changing its potential with
respect to its surroundings. This phenomenon is known as triboelectric charging
and has been extensively studied by Tanner and Nanevicz, and others (Reference
2.6). It is commonly referred to as precipitation static, or P-static.

The P-static charging process is easily capable of raising the aircraft to a
potential of 50 kV, or more, with respect to its surroundings, a charge sufficient
to cause iomization at sharp extremities. This ionization radiates broadband
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Figure 2.5 Downward-branching flash.

electromagnetic radiation (EMR) throughout the low- and high-frequency
spectrum. This EMR is often received as interference, or static, by the aircraft
communications or low-frequency automatic direction finding (LF-ADF)
receivers. The radiated EMR spectrum from P-static discharging at a typical
trailing edge is shown in Figure 2.6 (Reference 2.7).

The EMR results from a continuous series of minute streamer-like
discharges of ionized air in the immediate (i.e., 10 cm) vicinity of sharp
extremities. These discharges also produce a continuous ultraviolet glow visible
at night and called St. Elmo’s Fire or corona.

P-static discharging (corona) will occur initially from the sharpest
extremities, where the surrounding field first reaches the ionization potential for
air. If more P-static charge enters the aircraft than is bled off by the discharges at
these extremities, the aircraft potential will increase until the field surrounding
extremities of large radii also becomes intense enough to ionize air. Thus, as the
aircraft potential increases, the radiated EMR from static discharging becomes
more intense, and so does the associated static in communications receivers.
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Figure 2.6 Normalized noise spectrum from trailing edge.

To reduce the level of P-static interference, it is therefore appropriate to
reduce the amount of charge which can be stored on the aircraft, and thus its
potential relative to its surroundings. This has been done (Reference 2.8) by
attaching devices called static dischargers to the aircraft. These are brushes or
sharp needles with very small radii of curvature and thus of low corona inception
potential. They are most effective in draining charge from the aircraft when
located at regions where the surrounding field stress is already high and where
the airflow may readily carry away discharged electrons or ions. Thus, they are
usually found on trailing edges of wing tips, empennage tips, and tail cones, as
shown in Figure 2.7. While these dischargers are sometimes struck by lightning,
they are not capable of either attracting or preventing lightning flashes, or of
diverting them from other attachment points on the aircraft.

P-static persists for as long as the aircraft is being charged by impact with
dry precipitation, such as sleet or snow. It is rarely reported in rain. It is thus a
continuous phenomenon lasting from several seconds to many minutes. Once the
aircraft has left such a region, the static in communications receivers quickly
clears up, and the aircraft potential reverts to that of its surroundings——
established again by its location in the ambient cloud-ground electric field.
Because of its low capacitance, an aircraft cannot retain enough P-static charge
to produce a startling flash of several meters (or more) in length or a loud report,
such as is often heard when lightning strikes the aircraft. Nevertheless, pilots
often report a “static discharge” from the aircraft, and proceed to describe the
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Figure 2.7 Precipitation static discharger on an aircraft.

symptoms of a lightning strike: i.e., a long, bright flash or spark extending
outward from the aircraft, usually accompanied by a loud report, such as that
which would be produced by a shotgun going off outside the cockpit.

Thus, the P-static process cannot contribute much to the formation of a
lightning leader or to the process of leader attachment to an aircraft. It is true
that an approaching streamer is most likely to attach to a point from which an
opposing streamer has developed, but the intense field produced by an advancing
leader would overcome that produced by the P-static process and draw streamers
of its own from most locations where P-static discharges were occurring.

The P-static discharging process may be intensified when the aircraft isin a
region where the ambient electric field is relatively intense, as is the case when a
lightning flash is imminent. When the flash occurs (whether or not it intercepts
the aircraft), the main charge centers are neutralized and the field collapses,
thereby reducing the intensity of P-static discharging. This is the reason that
pilots frequently report that P-static interference gradually intensifies until a
lightning flash occurs and then diminishes instantaneously. This experience
reinforces the pilot’s impression that the flash is a sudden static discharge from
the aircraft alone. For this reason P-static interference should be looked upon by
pilots as an indicator that a lightning strike may be imminent (i.e., within a few
seconds to a few minutes). P-static interference is, in fact, reported prior to the
lightning strike in about half of the lightning-strike incidents described in recent
airline lightning-strike reports (Reference 2.9).
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2.2.2 Can an Aircraft Trigger a Lightning Strike?

A question often asked is If an aircraft cannot produce its own lightning
flash, can it trigger a natural one? Stated another way the question might be
Would the lightning flash have occurred if the aircraft were not present?

While there is insufficient scientific data upon which to base a conclusive
answer to these questions, the following factors suggest that the aircraft does not
often trigger a flash.

I.  Aircraft often fly through electrified regions without being struck,

while lightning flashes are occurring nearby.

2. The stepped-leader must begin from a charge source capable of
furnishing it with several coulombs of charge. Thus, the potential
(voltage) of this center, and the surrounding field intensity, would
seem to be much greater than that about an aircraft, leaving the
implication that, unless the aircraft is very close to the charge center,
it can have little influence on the surrounding field or on the process
of leader initiation.

3. Laboratory breakdown tests of long high-voltage air gaps, thought to
be similar to lightning leader formation, show that initial ionization
always begins at one of the electrodes and not from an object
suspended in the gap (Reference 2.10). Such an object significantly
influences the voltage level at which breakdown begins only if it is
close enough to one electrode to influence the field about this
electrode.

It is more probable that the aircraft does not become involved until after
leader propagation has begun. If the leader happens to approach the aircraft, the
field intensification produced by the presence of the aircraft becomes much
more significant, and the leader may now be attracted to the aircraft.

There is some evidence (Reference 2.11) that jumbo jet (wide-body)
aircraft do trigger their own flashes, but this is not yet conclusive, since
accumulated flight hours are not yet nearly as great as those for conventional
aircraft. If large-body aircraft are in fact triggering flashes, it is probably because
their larger sizes make a more noticeable perturbation on the electric field near
the cloud charge centers from which leaders begin.

The aircraft motion has little influence on the propagating leader because
the aircraft is moving much slower, about 102 m/s, than the leader, which is
advancing at 103 to 106 m/s. Thus, the aircraft appears stationary to the leader
during the leader formation process.

" Several other stimuli have been mentioned as possible causes of aircraft
lightning strikes. These include engine exhaust and radiated electromagnetic
energy (i.e., radar transmission).

2.2.2.1 Effect of Jet Engine Exhaust

There has been speculation that the hot jet-engine exhaust gases may
contain a sufficient number of ionized particles to attract or trigger a lightning
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flash to the aircraft. This speculation has been heightened by the widely
publicized launch of Apollo 12, which apparently triggered a lightning flash that
struck the top of the vehicle when it had reached 1950 m and again at 4270 m.
The flash exited from the vehicle exhaust plume. Subsequent studies by
Nanevicz, Pierce, and Whitson (Reference 2.12) of this and other incidents in
which a rocket was rapidly introduced into an intense electric field indicate that
the exhaust plume does appear electrically conductive, making the rocket appear
longer than its own physical length. An empirical study by Pierce (Reference
2.13) of documented strikes to tall grounded and airborne conductors concludes
that there must also be a potential discontinuity between the conductor and the
adjacent atmosphere of up to 100 V if the lightning leader is initiated from the
conductor, and that the rapid discharge of hot ionized gas from the rocket
engine may cause sufficient charge separation from the vehicle to increase its
potential to 106 V or more with respect to its surroundings.

Shaeffer and Weinstock (Reference 2.14) have studied the conductivity of
an aircraft jet-engine exhaust. In this case, ionized particles and free electrons in
a jet exhaust originate in the combustion chamber as a result of chemical
reactions taking place between the intake air and jet fuel. The ion concentration
in a jet-engine exhaust has been measured by Fowler (Reference 2.15) to be
between Sx106 and 3x107 particles per cubic centimeter (3p/cm3) and the free
electron density deduced from this to be between 5 x 10 to 3 x 105 p/em3.
The electron density in luminous rocket exhaust has been calculated by Pierce
(Reference 2.16) to be 1012 p/cm3, as has that in the tip of an advancing leader.
Conversely, the free electron density in ambient air ranges from 100 to 103
p/cm3. Evidently, then, the jet-engine exhaust is only slightly more ionized than
the ambient air and much less so than the rocket exhaust, with the result that
the jet exhaust would not be expected to have sufficient conductivity to initiate
or attract a lightning leader. This conclusion is supported by aircraft lightning-
strike incident reports, which indicate that engine tail pipes are not often
lightning attachment points unless they are already located at an aircraft
extremity, where the electric field would be intense from geometrical conditions
alone.

There is also no evidence to suggest that jet aircraft are struck more often
than piston-engined aircraft. Overall, the ability of the jet aircraft to operate at
higher altitudes and spend less time climbing and descending to airports has
probably rendered the jet less susceptible than its piston-engined predecessor to.
lightning strikes, which occur predominantly at low or intermediate altitudes.
Recorded strikes which have hit jet engines almost always have terminated on
the tail pipes of the aft- (tail-) mounted engines of conventional jet transport
aircraft. However, a few recent reports of strikes to wide-body aircraft show
evidence of strikes to the tail pipes of wing-mounted engines (Reference 2.17).
The evidence to date is indirect, since no tell-tale burn marks have been found
on the tail pipes themselves. Instead, electronic engine instruments with sensors
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mounted on the engine have experienced damage, and no attachment points
have been found other than the flash entry point at a nose or wing tip. Lightning
attachment points on jet tail pipes may be masked by exhaust deposits or simply
be indiscernible because of the high melting temperature of tail pipe metals. If
this is true, the increased volume and temperature of the jumbo jet exhaust may
have become a region of sufficient ionization or weakened dielectric strength to
divert a propagating leader into the exhaust channel or to enable the formation
of outward-propagating streamers from the tail pipe, once the aircraft has been
struck elsewhere by a leader. While this engine exhaust may divert an existing
leader, it seems improbable that it could trigger a flash by itself.

Viewed another way, if the jet engine were leaving behind an ionized
exhaust, it seems probable that an imbalance of charge on the aircraft would
eventually result, even when flying in clear weather. As with P-static charging,
this would raise (or lower) the aircraft potential with respect to its surroundings
and cause static discharging and corona from sharp extremities, causing
interference in radio equipment. It is well established that this does not happen.

2.2.2.2 Effects of Electromagnetic Radiation

Another suggestion has been made that an aircraft’s radar may trigger or
divert lightning strikes. This possibility was also investigated by Schaeffer and
Weinstock (Reference 2.18), who show that the transmitted power level of
microwave radiation necessary to produce an electric field capable of ionizing air
is about 6.7 x 100 watts (W), which is far greater than that available from
aircraft radars, They also point out that a radar would not be designed to ionize
air because the energy required would reduce transmitted beam energy and
because ionized air would cause an undesired radar return signal.

Aircraft lightning-strike incident reports also show no evidence of radar or
other EMR having been involved in the lightning-strike formation. There are
cases in which radomes are punctured, but clearly these are simple cases of
dielectric breakdown of the plastic radome material, with flash termination on
some airframe-grounded object inside the radome or on the radar antenna itself.
The punctures have occurred whether or not the radar set was turned on. The
addition of conductive diverter strips to the outside of the radome usually
prevents these punctures by enabling lightning flashes to attach directly to a
diverter.

2.3 Swept Strokes

After the aircraft has become part of a completed flash channel, the
ensuing stroke and continuing currents which flow through the channel may
persist for up to a second or more. Essentially, the channel remains in its original
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location, but the aircraft will move forward a significant distance during the life
of the flash. Thus, whereas the initial entry and exit points are determined by
the mechanisms previously described, there may be other, subsequent, attach-
ment points that are determined by the motion of the aircraft through the
relatively stationary flash channel. In the case of a fighter aircraft, for example,
when a forward extremity such as the pitot boom becomes an initial attachment
point, its surface moves through the lightning channel, and thus the channel
appears to sweep back over the surface, as illustrated in Figure 2.8. This
occurrence is known as the swept-stroke phenomenon. As the sweeping action
occurs, the type of surface can cause the lightning channel to attach and dwell at
various surface locations for different periods of time. If part of the surface,
such as the radome, is nonmetallic, the flash may continue to dwell at the last
metallic attachment point (aft end of the pitot boom) until another exposed
metallic surface (the fuselage) has reached it; or the channel may puncture the
nonmetallic surface and reattach to a metallic object beneath it (the radar dish).
Whether puncture or surface flashover occurs depends on the amplitude and rate
of rise of the voltage stress created along the channel, as well as the
voltage-withstand strength of the nonmetallic surface and any air gap separating
it from enclosed metallic objects. When the lightning arc has been swept back to
one of the trailing edges, it may remain attached at that point for the remaining
duration of the lighting flash. An initial attachment point at a trailing edge, of
course, would not be subjected to any swept-stroke action.
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Figure 2.8 Typical path of swept-stroke atitachment points.

The aircraft cannot fly out of, or away from, the channel. This is because
the potential difference between charge centers (cloud and earth or another
cloud) is sufficient to maintain a very long channel until the charges have
neutralized each other and the flash dies. The aircraft is a very small (and highly
conductive) part of the channel and cannot move sufficiently far away from the
vicinity of the channel to become detached from it during the brief lifetime of a
lightning flash.
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2.4 Aircraft Lightning Attachment Zones

Since there are some regions on the aircraft where lightning will not
attach, and others which will be exposed to attachment for only a small portion
of the total flash duration, it is appropriate to define the zones on the aircraft
surface which will be exposed to different components of the flash and therefore
receive different types and degrees of effects. For purposes of aircraft fuel
system protection, the Federal Aviation Administration (FAA) has defined in its
advisory circular AC 20-53 (Reference 2.19) the following zones:

Zone I,

(a) AIl surfaces of the wing tips located within 18 inches of the tip
measured parallel to the lateral axis of the aircraft, and surfaces
within 18 inches of the leading edge on wings having leading edge
sweep angles of more than 45 degrees

(b) Projections such as engine nacelles, external fuel tanks, propeller
disc, and fuselage nose

(¢) Tail group: within 18 inches of the tips of horizontal and vertical
stabilizer, trailing edge of horizontal stabilizer, tail cone, and any
other protuberances

(d) Any other projecting part that might constitute a point of direct
stroke attachment

Zone 2. Surfaces for which there is a probability of strokes being swept
rearward from a Zone 1 point of direct stroke attachment. This zone
includes surfaces which extend 18 inches laterally to each side of
fore-and-aft lines passing through the Zone 1 forward projection points of
stroke attachment. All fuselage and nacelle surfaces, including 18 inches of
adjacent surfaces not defined as Zone 1, are included in Zone 2.

Zone 3. Surfaces other than those covered by Zones | and 2. Ignition
sources in these areas would exist only in the event of streamering.

These definitions confine zone boundaries to the 18-inch distances
described above. Even though they have proved adequate for protection of
present-day transport category aircraft, it has been recognized that the lightning
attachment zones of new aircraft designs in fact may not fit these rigid
definitions. Therefore, an industry committee, designated special Task F of the
Saciety of Automotive Engineers (SAE) Committee AE-4 on Electromagnetic
Compatibility, has recently clarified the definition of these zones and broadened
their application by removal of the arbitrary 18-inch description. The Task F
recommended definitions are as follows (Reference 2.20):

Zone 1. Surfaces of the vehicle for which there is a high probability of
direct lightning-flash attachment or exit
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Zone 2. Surfaces of the vehicle across which there is a high probability of
a lightning flash being swept by the airflow from a Zone 1 point of direct
flash attachment

Zone 3. Zone 3 includes all of the vehicle areas other than those covered
by Zone 1 and Zone 2 regions. In Zone 3 there is a low probability of any
direct attachment of the lightning-flash arc, but Zone 3 areas may carry
substantial amounts of electrical current by direct conduction between
some pairs of direct or swept-stroke attachment points in other zones.

The Task F definitions further divide Zones | and 2 into A and B regions
depending on the probability of the flash hanging on for any protracted period
of time. An A-type region is one in which there is low probability that the arc
will remain attached, and a B-type region is one in which there is a high
probability that the arc will remain attached. Some examples of zones are as
follows:

Zone 1A, Initial attachment point with low probability of flash hang-on,
such as a nose

Zone IB. Initial attachment point with high probability of flash hang-on,
such as a tail cone

Zone 2A. A swept-stroke zone with low probability of flash hang-on, such
as a wing mid-span

Zone 2B. A swept-stroke zone with high probability of flash hang-on,
such as a wing trailing edge.

The Task F definitions are not in conflict with the FAA criteria but,
rather, are broader in scope and consider the complete aircraft in addition to
those areas of importance to the fuel system, which is the system primarily
addressed by FAA AC 20-53.

In accord with the Task F criteria, typical lightning effects and test criteria
(described in subsequent chapters of this book) have been categorized according
to each of these zones. The actual boundaries of each of these zones on a
particular aircraft can never be exactly determined, but they can be established
with sufficient accuracy to enable adequate lightning protection to be designed
for the aircraft.

Initial lightning attachment points (Zone 1A) can usually be established by
inspection and comparison with other aircraft in-flight experience. Locations of
the other zones can then be deduced from the locations of Zone 1A, in
accordance with the definitions. Alternately, simulated lightning flashes can be
fired in a laboratory to a model of the aircraft, and the Zone ! (A and B)
attachment points determined photographically; however, the validity of such
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scale mode] testing is somewhat questionable because of the nonlinear behavior
of air breakdown phenomena. Model test results have shown good comparison
with aircraft of conventional wing and empennage configuration but may be less
capable of accurately predicting the attachment points of more modern designs
of blended wing-fuselage construction or high wing sweep-back angles. An
example of lightning-strike attachment zones determined from a model test of
the Lockheed S-3A aircraft is shown on Figure 2.9,

LEGEND

ZONE 1A

H“HZONE2A

= ZONES 18 AND 2B

Figure 2.9 Lightning-strike attachment zones predicted from model test results.
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CHAPTER 3
LIGHTNING STRIKE EXPERIENCE

3.1 Introduction

The atmospheric and flight conditions under which aircraft have been
struck by lightning have been of interest since the beginning of powered flight
because lightning and other thunderstorm effects, such as turbulence and icing,
are to be avoided if possible. To learn about these conditions, various
lightning-strike incident reporting projects have been implemented. Beginning in
1938, the Subcommittee on Meteorological Problems of the National Advisory
Committee for Aeronautics (NACA) prepared and distributed a sixteen-page
questionnaire to airlines and the Armed Forces (Reference 3.1). Pilots filled out
one of these questionnaires after each lightning-strike incident and forwarded it
to the NACA subcommittee for analysis. This questionnaire was evidently too
long for widespread use, however, and, although it could have been shortened,
was discontinued by 1950. Nevertheless, the program provided important data
for the first time on the meteorological conditions prevailing when strikes
occurred and the resulting effects on the aircraft. For one thing, the data
obtained from the NACA program showed that some lightning-strike conditions
arc common to many incidents.

Subsequent programs were conducted by the Lightning and Transients
Research Institute (LTRI) (Reference 3.2) and the FAA (Reference 3.3).
Projects currently in operation are being conducted by Plumer and Hourihan of
General Electric (Reference 3.4), Anderson and Kroninger of South Africa
(Reference 3.5), Perry of the British Civil Aviation Authority (Reference 3.6),
and Trunov of the USSR National Research Institute for Civil Aviation
(Reference 3.7). Strike incidence data, based largely on turbojet or turboprop
aircraft, is usually summarized according to the following categories:

] Altitude

. Flight path (i.e., climb, level flight, descend, etc.)

] Meteorological conditions

. Outside air temperature

° Lightning-strike effects on the aircraft

Altitude, flight path, meteorological conditions, and air temperature are
topics discussed in this chapter. Lightning-strike effects on aircraft will be
discussed in the succeeding chapter.

3.2 Altitude and Flight Path

Figure 3.1 shows the altitudes at which these reporting projects show
aircraft are being struck, as compared with a typical cumulonimbus (thunder)
cloud. The turbojet and turboprop data from the four summaries are in close
agreement. For comparison, the data from the earlier piston aircraft survey of
Newman (Reference 3.8) are also presented. Cruise altitude for jet aircraft is
considerably higher (10 km) than that of earlier piston aircraft, which flew at
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about 4 to S km; yet Figure 3.1 shows the altitude distribution of
lightning-strike incidents to be nearly the same. This fact indicates (1) that there
are more lightning flashes to be intercepted below about 6 km than above this
altitude, and (2) that very likely jet aircraft are being struck at lower than cruise
altitudes: that is, during climb, descent, or hold operations. Flight regime data
obtained from the jet projects shown in Figure 3.2 (Reference 3.9) confirm this.
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Figure 3.1 Aircraft lightning-strike incidents vs altitude.

If the strike altitudes shown in Figure 3.1 are compared with the electrical
charge distribution in the typical thundercloud shown in the figure, it is evident
that strikes which occur above about 3 km result from intracloud flashes
between positive and negative charge centers in the cloud (or between adjacent
clouds), whereas strikes below about 3 km probably result from cloud-to-ground
flashes. Strike incidents occurring above 6 km are rare because of the absence of
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concentrated charge centers at the higher altitudes and because aircraft at these
altitudes can more easily divert around thunderclouds than can aircraft at lower
altitudes.
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Figure 3.2 Flight conditions when struck.

3.3 Synoptic Meteorological Conditions

Data discussed thus far might imply that an aircraft must be within or
beneath a cloud to receive a strike and, since electrical charge separation is
brought about by precipitation, that most strikes would occur when the aircraft
is within a cloud in regions of precipitation. Strike incident reports show that
these conditions often do exist, but other lightning strikes occur to aircraftin a
cloud when there is no evidence of precipitation nearby, or even to aircraft
flying in clear air a supposedly safe distance from a thundercloud. FAA and
airline advisory procedures instruct pilots to circumvent thunderclouds or
regions of precipitation evident either visibly or on radar, but strikes to aircraft
flying 25 miles from the nearest radar returns of precipitation have been
reported. Occasionally a report of a “bolt from the blue,” with no clouds
anywhere around, is received. It is highly improbable, however, that these
reports are correct because it does not seem possible for electrical charge
separation of the magnitude necessary to form a lightning flash to occur in clear
air. In most well-documented incidents, a cloud is present somewhere (i.e.,
within 25 miles) when the incident occurs.

Perhaps of most interest to aircraft operators are the area weather
conditions which prevailed at the time of reported strikes. There is no universal
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data bank for this type of data, but a summary has been made by H. T. Harrison
(Reference 3.10) of the synoptic meteorological conditions prevailing for 99
United Air Lines lightning-strike incidents occurring between July 1963 and
June 1964, Table 3.1 lists the synoptic type and the percentage of incidents (=
number of cases) occurring in each type. Examples of the most predominant
synoptic conditions are presented in Figure 3.3 (a), (b), (¢), (d), and (e)
(Reference 3.11).

Table 3.1 SYNOPTIC TYPES INVOLVED WITH
99 ELECTRICAL DISCHARGES

JULY 1963 TO JUNE 1964

Synoptic type Percentage
Airmass instability 27
Stationary front 18
Cold front 17
Warm front 9
Squall line or instability line 9
Orographic 6
Cold LOW or filling LOW 5
Warm seclor apex 3
Complex or intense LOW 3
Occluded front 1
Pacific surge 1

Harrison has summarized this data by saying that any conditions which
will cause precipitation may also be expected to cause electrical discharges
(lightning), although he adds that no strikes were reported in the middle of
warm front winter snowstorms. Data from the projects of Plumer and Perry
(Reference 3.12) presented in Figure 3.4 (Reference 3.13) show that lightning
strikes to aircraft in the United States and Europe occur most often during the
spring and summer months, when thunderstorms are most prevalent.

It is also important to note that many strike incidents have been reported
where no bona fide thunderstorms have been visually observed or reported. L.P.
Harrison (Reference 3.14), for example, reports that in 1946 active thunder-
storms werc manifested in less than half of the 150 strike incidents which he
studied. Later, from July 1963 to Junc 1964, United Air Lines flight crews
reported 99 cases of static discharges or lightning strikes in flight (Reference
3.15). Correlation of these incidents with weather conditions prevailing in the
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vicinity and in the general area at the time of strike gave the results shown in
Table 3.2,
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Figure 3.3 Examples of most frequent synoptic meteorological conditions when
aircraft have been struck. Tip of arrow indicates position of
aircraft when struck (continued).
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Figure 3.3 (Continued),

Table 3.2 PERCENTAGES OF STRIKE INCIDENTS VS

REPORTED THUNDERSTORMS
Thunderstorms Reported in Vicinity 33%
Thunderstorms Reported in General Area 24%

No Thunderstorms Reported 42%

3.4 Immediate Environment at Time of Strike

Figures 3.5, 3.6, and 3.7 show the immediate environment of the aircraft
at the times of the 214 strikes reported in the project of Plumer and Hourihan
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(Reference 3.16). In over 80% of the strikes reported, each aircraft was within a
cloud and was experiencing precipitation and some turbulence. With precipita-
tion present, turbulence is to be expected, since vertical air currents acting
against precipitation are thought to be the cause of electrical charge separation.

Incident reports also show that most aircraft strikes occur when an aircraft
is in the freezing level of 0 °C. Figure 3.8 (Reference 3.17) from Newman’s
project (Reference 3.18), for example, shows the distribution of lightning strikes
to aircraft as a function of outside air temperature. Freezing temperatures (and
below) are thought to be required for the electrical charge separation process to
function. Of course, strikes to aircraft at temperatures higher than +10 °C have
occurred when the aircraft was close to (or on) the ground, where the ambient
air temperature may be as high as about +25 °C.
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3.5 Thunderstorm Avoidance

Clearly, whenever it is possible to avoid the severe environments which
thunderstorms present, it is desirable to do so. For, even if the aircraft is
adequately protected against lightning effects, the turmoil caused by wind and
precipitation in or near thunderstorms presents a serious hazard to safe flight.
Consequently, the operating procedures of commercial airlines and those of
other air carriers strongly advise against penetration of thunderstorms.

In attempts to avoid thunderstorm regions, pilots use three indicators:

] Visual sighting of thunderclouds (cumulonimbus) in daytime and of

lightning at night

. Airborne radar patterns of precipitation areas

® Ground-base radar patterns, if available, relayed by Air Traffic

Control (ATC) to aircrews as instructions for thunderstorm
avoidance.

Methods of thunderstorm avoidance in common use are, in order of
preference

L] Circumvention of thunderclouds, ideally by 25 miles or more

] Flying over the tops of thunderclouds

. Flying beneath the bases (bottoms) of thunderclouds.

Obviously, when other conditions are equal, the degree to which any of
these measures is successful depends on the accuracy of the information received
by the pilots.

Aside from visual observation (which has obvious limitations), the most
common method of detecting thunderstorms is using airborne weather radar.
Radar, however, cannot detect clouds themselves; it can detect only the
associated precipitation (if any), which is capable of producing an echo; only the
rain that may be present in the cloud will produce a radar echo.

A typical C-band airborne weather radar presentation of a thunderstorm
(cumulonimbus cloud) with active precipitation and frequent lightning is shown
in Figure 3.9 (Reference 3.19). The pictures were taken during a research project
carried out by Beckwith of United Air Lines to determine the weather detection
capability of airborne radar. The photographs shown were taken during a United
Air Lines flight from Chicago to Denver on August 3, 1960.

Figure 3.9 (Reference 3.19) shows the northern end of a line of severe
thunderstorms, developed from a cold front, in Illinois. A detour to the north
was planned and successfully executed with the aid of this radar presentation.
The flight remained in clear and generally smooth air while making the detour.
The strong echos were easily detected with a slight upward tilt of the radar
antenna to eliminate ground clutter,

It is possible to obtain more information regarding the intensity of a storm
by use of the contour circuit provided on most radars. This circuit provides a
means of eliminating any reflected signal the intensity of which is above a
certain level. Figure 3.10 (Reference 3.20) shows the same radar return as that in
Figure 3.9 (Reference 3.19) one minute later with the contour circuit employed.
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The thin, distinct outlines which now appear in place of the original echo
indicate a narrow boundary across which the intensity of rain varies from no rain
(outside the white outline) to intense rain (inside the white outline). This change
in return intensity is called the rain gradient ; and the narrower the white outline
of the return, the more abrupt, or steeper, is the gradient.

TIME: 00262
ALTITUDE: 28 000 FT.
RANGE MARKS: 10-MILE
ANT.: 1%2° UP
HEADING: 255° TRUE
STRONG ECHOES HERE ARE THE N END OF

A LINE OF THUNDERSTORMS WHICH WERE PRO-

TIME: 0028Z
ALTITUDE: 28 00O FT.

SOUTH OF DUBUQUE, IOWA, LOOKING SE
TO 5 AND W EDGE OF THUNDERSTORM LINE.
THIS CUMULONIMBUS WAS BUILT TO AN ESTI-
MATED ALTITUDE OF 45 000 FEET. ECHO ON

PHOTO 17-R2 CORRESPONDS TO THIS VISUAL.

DUCING SEVERE WIND AND LIGHTNING DAM-
AGE BELOW. LESS THAN ONE HOUR EARLIER,
HAILSTONES OF GOLF BALL SIZE WERE RE-
PORTED IN THE AREA OF THE NEAREST LARGE
ECHO. STORM PICTURED ON PHOTO 17-C2.

Figure 3.9 Radar presentation and subsequent photograph of a thunderstorm.

The amount of electric charge separation and lightning activity is known
to be directly related to the degree of interaction between precipitation and
vertical air currents (turbulence). Further, the severity of turbulence is also
related to the amount of temperature difference that exists between different
masses of air. Thus, turbulence and electrical activity are likely to exist at
well-defined boundaries, such as those indicated by steep rain gradients on
contoured radar. These boundaries derived from contour radar are often used in
planning a detour.

Considering the variable nature of thunderstorms and the limited
information as to their whereabouts and severity available to pilots, it is not
surprising that there are varying opinions as to what detour distance is adequate
to avoid turbulence and lightning. Primarily, a pilot is advised to use distances
commensurate with his radar’s specific capability.

The specifications and policies of one of the major airlines (Reference
3.21) follow,
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TIME: 0027Z
ALTITUDE: 28 000 FT.
RANGE MARKS: 10-MILE
ANT.: 1°UP
HEADING: 255° TRUE
CONTOUR: ON
Figure 3.10 Same as Figure 3.9 but with contour to show very steep rain
gradient of each cell,

Specifications:
Wavelength: 3.2 cm (X-Band) through 5.6 cm (C-Band)
Antenna Size: 12-inch or larger (X-Band); 25-inch or larger (C-Band)
Power (Peak): 10 kW (X-Band) or higher; 75 kW (C-Band) or higher

Policies:

1.  When the temperature at flight level is 0°C or higher, avoid all

echoes exhibiting sharp gradients by 5 nautical miles.

2. When the temperature at flight level is less than 0°C, avoid all

echoes exhibiting sharp gradients by 10 nautical miles.

3. When flying above 23 000 feet avoid all echoes, even though no

sharp gradients are indicated, by 20 nautical miles.

Weather radar, however, is not a foolproof means of detecting and
avoiding thunderstorms because situations exist in which radar is not capable of
distinguishing a thunderstorm return from ground or other precipitation returns
in the same vicinity. Such a case is illustrated in Figure 3.11 (Reference 3.22).
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TIME: 0153Z
ALTITUDE: 29 000 FT.
RANGE MARKS: 25-MILE

TIME: 01552
ALTITUDE: 29 O00FT.
DECAYING THUNDERSTORM BUILT TO

ANT.: 0° ABOVE FLIGHT ALTITUDE FOR WHICH NO
HEADING: 060° TRUE. OVER ST. GEORGE, MATCHING ECHO WAS VISIBLE IN 5COPE PIC-
UTAH. TURE 11-R-3.

A THUNDERSTORM ECHO IS NOT DISTIN-
GUISHABLE FROM TERRAIN AT THIS OR OTHER
ANTENNA SETTINGS TO MATCH THE VISUAL
SIGHTING AT 9:30 BEARING IN PHOTO 11-C2.

Figure 3.11 Thunderstorms not distinguishable on radar scope.

In this case, returns from the ground (ground clutter) obscured the return
from the storm. However, if ground clutter does not obscure a storm return and
an aircraft is successful in avoiding all thunderstorms by the recommended
distances of up to 25 miles, the severe turbulence associated with thunderstorms
is usually also avoided. Nevertheless, lightning flashes may extend farther
outward from the storm center than does turbulence and for this reason are not
as easily avoided. Indeed, there are several reports each year of aircraft receiving
strikes “in the clear” 25 or more miles from the nearest storm. That lightning
flashes can propagate this distance is evident from ground photographs of very
long, horizontal flashes.

A decaying thunderstorm, moreover, may not present a distinctive radar
echo. Sometimes this type of storm becomes embedded in expanding anvils or
cirrus clouds in such a way that it is not visible. In-flight measurements
conducted by the Air Force and the Federal Aviation Administration, and
reported by Fitzgerald (Reference 3.23), indicate that thunderstorms in their
early stages of dissipation have sufficient charge to cause a few lightning
discharges if a means of streamer initiation becomes available; an aircraft
entering such a region may initiate, or trigger, such a flash. Thus, in normal TFR
operations in regions where an active thundercloud is merged with decaying
thunderclouds and other cloudy areas, those diversions from the normal course
that are taken to avoid the active cloud may redirect flight through a decaying
area, where a lightning strike is possible.

Attempts have been made from time to time to develop an airborne
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instrument capable of warning pilots of an impending lightning strike and
providing information to the pilot for use in avoidance. Most such instruments
are based on the principle of detecting the ambient electric field which would
exist when a lightning flash is imminent (Reference 3.24). None of these
instruments have been successfully tested in an aircraft, and because of the
apparent wide variation of electric field magnitudes and directions which may
exist at the aircraft surface just before a strike occurs, the prospects for success
seem remote. The situation is further complicated by the problems of field
interpretation and translation into advisory information to aid the pilot in
deciding on an avoidance maneuver.

Perhaps the most effective warning of imminent strikes available to flight
crews is that which is readily available—the buildup of static discharging and (at
night) St. Elmo’s Fire (corona). Static discharging causes interference (insta-
bility) in Low Frequency Automatic Direction Finding (LF-ADF) indicators, or
audible “‘hash” in most communications receivers. St. Elmo’s Fire is visible at
night as a bluish glow at aircraft extremities where the discharging is occurring.
Pilot responses to lightning strikes (which may also be called static discharges or
electrical discharges) vary. Typical answers by pilots of one airline (Reference
3.25) to the question “Do you have any recommendations for avoiding electrical
discharges?” were as follows:

“From cruise speed, a reduction of 25% to 30% in airspeed will
often allow the static buildup to stabilize at a lower maximum and
dissipate rather than discharge. These buildups are generally
accompanied by a buzz-type static on VHF [very high frequency]
and ADF [automatic direction finding] and a random swinging of
the ADF needles though I have observed the ADF needles to hold a
steady error of up to 90° as the static level stabilized at or near its
peak, generally just prior to the discharge or beginning of dissipa-
tion,”

“Climb and descend through the freezing level as quickly as
possible.”

“Avoid all precipitation. 1 know of no way to predict accurately
where a discharge will occur,”

“Slow down to minimum safe speed, change altitude to avoid
temperature of 20 °F to 35 °F.”

“Not without excessive detour, both route and altitude.”
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“The static discharges I have encountered have built up at a rate
which would preclude any avoidance tactics (3 to 15 seconds).”

“No, I have never known when to expect this until just prior to the
discharge.”

“No, not in the modern jets. Once the static begins the discharge
follows very quickly.”

“All information received at the ... training center applicable to
static discharges and thelr avoidance has been completely accurate
and helpful.”

“No, hang on!”

“Lead a clean life.”

Thus, there is a wide divergence of pilot opinion regarding the best way to
avoid lightning strikes. However, from this and many other sources, it is possible
to list the symptoms most often present just prior to experiencing a lightning
strike, and the actions (if any) which most pilots take to reduce the possibility
of receiving a strike.

A lightning strike is imminent when a combination of some of the
symptoms which follow is present.

Symptoms:
1. Flight through or in the vicinity of the following:
Unstable air
Stationary front
Cold front
Warm front
Squall line
Within a cloud
Icy types of precipitation
Air temperature near 0 °C
Progressive buildup of radio static
St. Elmo’s fire (when dark)
Experiencing turbulence
Flying at altitudes between 1.5 and 4.5 km (5000 and 15 000 ft );
most prevalent: 3.35 km (11 000 ft)
9.  Climbing or descending in the vicinity of airports
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Actions:

1. Circumvent areas of heavy precipitation.
Reduce speed (or rpm with piston-engine aircraft),
Change altitude to avoid temperature near 0 °C,
Turn up cockpit lights.
Have one pilot keep eyes downward.

Smce air traffic congestion often precludes circumvention of precipitation
and since diversion often poses hazards, avoidance, while desirable, is neither a
dependable nor an adequate means of protecting the aircraft against lightning
strikes. The aircraft, therefore, must be designed to safely withstand lightning
strike effects.

Ul:hw(\)

3.6 Frequency of Occurrence

The number of lightning strikes which actually occur as compared with
flight hours for piston, turboprop, and pure jet aircraft is tabulated in Table 3.3
based on the data of Newman (Reference 3.26) and Perry (Reference 3.27).
From this data it follows that an average of one strike can be expected for each
3000 hours of flight for any type of commercial transport aircraft, with slightly
greater exposure expected for piston aircraft only. The probable reason for this
difference is that piston aircraft are limited to lower cruise altitudes, where
lightning flashes are more prevalent.

Unlike commercial airlines, military and general aviation aircraft need not
adhere to strict flight schedules or congested traffic patterns around metro-
politan airports. The result is that these aircraft do not experience as many
strikes as do commercial aircraft, as is evident from Table 3.4, which shows U.S.

Air Force experience for the years 1965 to 1969.
Comparison of the experience reported in Tables 3.3 and 3.4 indicates that

the probability of commercial aircraft being struck is anywhere from 10 to 200
times greater than for U.S. Air Force aircraft for the same number of flight
hours, The discrepancy is most certainly a result of variations in flight
operations, rather than a result of physical differences in the types of aircraft
flown. Whereas the Air Force may curtail flight operations in adverse weather,
commercial air lines usually continue operations, and their aircrafts’ exposure to
lightning is further increased in bad weather by traffic congestion and holding
requirements near airports.

Statistics such as these, which apply to a broad category of aircraft and
include data from a variety of different operators in varying geographic
locations, may be misleading, however. For example, whereas Table 3.4 shows
that there is an average of 99 000 flying hours between lightning strikes to U.S.
Air Force fighter-type aircraft, the strike experience in Europe is known to be
about 10 times more frequent than strike experience in the U.S. and in most
other parts of the world. Weinstock and Shaeffer (Reference 3.28) report 10.5
strikes per 10 000 hours for certain F-4 models flying in Europe, which rate is
about 5 times greater than the world-wide exposure rate for these aircraft. A
similar situation pertains to commercial aircraft operating in Europe, as
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indicated by Perry’s summary of United Kingdom and European strike data
(Reference 3.29), for example. This unusually high lightning-strike exposure
seems lo result both from the high level of lightning activity in Europe as
compared with that in many other regions and from the political constraints
placed on flight paths in this multinational region.

There are several trends in commercial and general aviation which are
likely to cause even greater exposure of aircraft everywhere to lightning strikes
in the future:

L More time in holding patterns as a result of increased traffic at major

airports

. Increases in the number of intermediate stops along former nonstop

routes, resulling in more time in descent-hold-climb patterns at
lower altitudes

] Increasing use of radar and other navigation aids in general aviation

aircraft, permitting IFR flight under adverse weather conditions.
These factors warrant continued diligence in the design and operation of aircraft
with respect to the possible hazards which lightning may present.

Table 3.3 INCIDENCE OF REPORTED LIGHTNING STRIKES
TO COMMERCIAL AIRCRAFT

Newman Perry
(1950 — 1961) (1959 - 1974) TOTALS
No. hours
Strikes Hours Strikes Hours Strikes Hours  per strike
Piston 808 2000 000 - - 808 2000000 2475
Turboprop 109 415 000 280 876 000 389 1291 000 3320
Pure Jet 41 427 000 480 1314 000 521 1741 000 3340
ALL 958 2 842 000 760 2190000 718 5032000 2930
Table 3.4 INCIDENCE OF LIGHTNING STRIKES TO
U.S. AIR FORCE AIRCRAFT
Aircraft type vs mean hours between lightning strikes
Average
1965 1966 1967 1968 1969 per year
Bomber 55500 48 000 47 900 73 000 28 000 50480
Cargo 68000 140000 112000 124 000 76 000 104 000

Fighter 141 000 105000 112000 65 000 73 000 99 200
Trainer 246 000 378000 500000 224000 130000 295600
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CHAPTER 4
LIGHTNING EFFECTS ON AIRCRAFT

4.1 Introduction

“We had just taken off from Presque Isle, Maine, and had been
in cruise power for 50 minutes, when a large thunderhead cumulus
was observed directly on course. Lightning could be seen around the
edges and inside the thunderhead. All cockpit lights were on and the
instrument spotlight was full on, with the door open. I had just
finished setting the power and fuel flows for each engine. As the ship
approached the thunderhead, there was a noticeable drop in
horsepower and the airplane lost from 180 MPH airspeed to 168
MPH, and continued to lose airspeed due to power loss as we
approached the thunderhead. . . . A few seconds before the
lightning bolt hit the airplane all four engines were silent and the
propellers were windmilling. Simultaneous with the flash of light-
ning, the engines surged with the original power. The lightning flash
blinded the Captain and me so severely that we were unable to see
for approximately eight minutes. I tried several times during this
interval to read cockpit instruments and it was impossible. The First
Officer was called from the rear to watch the cockpit. Of course,
turbulent air currents inside the cumulus tossed the ship around to
such an extent that, had the airplane not been on auto-pilot when
the flash occurred and during the interval of blindness by the
cockpit occupants, the ship could have easily gone completely out of
control. The Captain and I discussed the reason for all four engines
cutting simultaneously prior to the lightning flash and could not
explain it, except for the possibility of a magnetic potential around
the cumulus affecting the primary or secondary circuit of all eight
magnetos at the same time.” First Officer N.A. Pierson’s experience
on a flight from Presque Isle, Maine, to the Santa Maria Islands on
July 9, 1945 (Reference 4.1).

It wasn’t long after the beginning of powered flight that aircraft began
being struck by lightning——sometimes with catastrophic results. The early
wooden aircraft with metal control cables and guy wires were not capable of
conducting lightning-stroke currents of several thousand amperes or more.
Wooden members and even the control cables exploded or caught fire. Even if
severe structural damage did not occur, pilots were frequently shocked or
burned by lightning currents entering their hands or feet via control pedals or
the stick. Sometimes fuel tanks caught fire or exploded. These effects, coupled
with the air turbulence and precipitation also associated with thunderstorms,
quickly taught pilots to stay clear of stormy weather.

With the advent of all-metal aircraft, most of the catastrophic effects were
eliminated, but thunderstorms continued to be treated with respect. Nonethe-
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less, because a few bad accidents attributed to lightning strikes continued to
happen, in 1938 the Subcommittee of Aircraft Safety, Weather and Lightning
Experts was formed by the National Advisory Committee for Aeronautics
(NACA) to study lightning effects on aircraft and determine what additional
protective measures were needed. Dr. Karl B. McEachron, Director of Research
at the General Electric High Voltage Laboratory, was a key member of this
committee, and during its twleve-year existence he performed the first
man-made-lightning tests on aircraft parts. During and subsequent to this period,
other organizations, such as the U.S. National Bureau of Standards, the
University of Minnesota, and the Lightning and Transients Research Institute,
also began to conduct research into lightning effects on aircraft.

For a long time the physical damage effects at the point of flash
attachment to the aircraft were of primary concern. These included holes burned
in metallic skins, puncturing or splintering of nonmetallic structures, and
welding or roughening of movable hinges and bearings. If the attachment point
was a wing tip light or an antenna, the possibility of conducting some of the
lightning current directly into the aircraft’s electrical circuits was also of
concern. Today, these and other physical damage effects are called the direcr
effects. Since preseni-day military and commercial aircraft fly IFR (Instrument
Flight Rules) in many kinds of weather, protective measures against direct
effects have been designed and incorporated into these aircraft so that hazardous
consequences of lightning strikes are rare.

In recent years it has become apparent that lightning strikes to aircraft
may cause other effects, or indirect effects, to equipment located elsewhere in
the aircraft. For example, the operation of instruments and navigation
equipment has been interfered with, and circuit breakers have popped in electric
power distribution systems when the aircraft has been struck by lightning. The
cause of these indirect effects are the electromagnetic fields associated with light-
ning currents flowing through the aircraft. Even though metallic skins provide a
high degree of electromagnetic shielding, some of these fields may penetrate
through windows or seams and induce transient voltage surges in the aircraft’s
electrical wiring; these surges in turn may damage electrical or electronic
equipment.

To date, few aircraft accidents can be attributed positively to the indirect
effects of lightning, but there are two trends in aircraft design which threaten to
aggravate the problem unless new protective measures are developed and
utilized. The first of these trends is the increasing use of miniaturized, solid state
components in aircraft electronics and electric power systems. These devices are
more efficient, lighter in weight, and far more functionally powerful than their
vacuum tube or electromechanical predecessors, and they operate at much lower
voltage and power levels. Thus, they are inherently more sensitive to overvoltage
transients, such as those produced by the indirect effects of lightning.

The second trend is the increasing use of reinforced plastics and other
nonconducting materials in place of aluminum skins, a practice that reduces the
electromagnetic shielding previously furnished by the conductive skin. This
reduced shielding may greatly increase the level of surges induced in wiring not
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protected by other means. Because electronic systems were being increasingly
depended upon for safety of flight, the National Aeronautics and Space
Administration, the Federal Aviation Agency, and the Department of Defense
initiated research programs, beginning in 1967, to learn how to measure or
predict the levels of lightning-induced voltages and how to protect against them.
A considerable amount of research has followed these initial programs.

Since the indirect effects originate in the aircraft’s electrical wiring, their
consequences may show up anywhere within the aircraft, such as at equipment
locations remote from the lightning-flash attachments. The direct effects, on the
other hand, occur primarily at the points of arc attachment. This comparison is
illustrated in Figure 4.1

=

INDIRECT
EFFECTS
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2\

DIRECT
EFFECTS

\

Figure 4.1 Areas of direct and indirect effects.

Before discussing the techniques for protecting aircraft against either type
of lightning effect, it is worthwhile to review some of the common examples of
each which occur on today’s aircraft. The purpose of this review is to remind the
aircraft designer of areas needing particular attention and to alert pilots to what
to expect when lightning strikes occur in flight. Detailed discussion of the causes
of each effect, including the lightning-flash characteristic most responsible and

77



its quantitative relationship to damage severity, is deferred until protective
measures are discussed, beginning with Chapter 5.

4.2 Direct Effects on Metal Structures

Metal structures include the outer skins of the aircraft together with
internal metallic framework, such as spars, ribs, and bulkheads. Because lightning
currents must flow between lightning entry and exit points on an aircraft and
because these currents tend to spread out as they flow between attachment
points, using the entire airframe as a conductor, the aluminum with which most
of these structures are fabricated provides excellent electrical conductivity. As a
result, the current density at any single point in the airframe is rarely sufficient
to cause physical damage between entry and exit points. Only if there is a poor
electrical bond (contact) between structural elements in the current flow path is
there likely to be physical damage. On the other hand, where the currents
converge to the immediate vicinity of an entry or exit point, there may be a
sufficient concentration of magnetic force and resistive heating to cause damage.
Damage at these points is further compounded by the lightning arc, from which
intense heat and blast forces emanate. Discussion of individual effects follows.

4.2.1 Melting and Burnthrough

If a lightning arc touches a metal surface for a sufficient time, melting of
the metal will occur at the point of attachment. Common evidences of this are
the successive pit marks often seen along a fuselage or empennage, as shown in
Figure 4.2 (Reference 4.2) or the holes burned in the trailing edges of wings or
empennage tips, as shown in Figure 4.3 (Reference 4.3). Most holes are melted
in skins of 1 mm (0.040") thick, or less, except at trailing edges, where the
lighting arc may hang on for a longer time and enable holes to be burned
through much thicker pieces. Since a relatively large amount of time is needed
for melting to occur, the continuing currents are the lightning-flash components
most conducive to melting and burnthrough. Melting or burnthrough of skins is
usually not a safety-of-flight problem unless this occurs in an integral fuel tank
skin.

4.2.2 Magnetic Force

Metal skins or structures may also be deformed as a result of the intense
magnetic fields which accompany concentrated lightning currents near attach-
ment points. It is well known that parallel wires with current traveling in the
same direction are mutually attracted to each other. If the structure near an
attachment point is viewed electrically as being made up of a large number of
parallel conductors converging to this attachment point, then as lightning
current flows from the point, forces occur which tend to draw these conductors
closer together. If a structure is not sufficiently rigid, pinching or crimping may
occur, as shown in Figure 4.4 (Reference 4.4). The amount of damage created is

78



Figure 4.2 Successive pit marks extending backward from leading edge of
vertical stabilizer.

proportional to the square of the lightning-stroke current amplitudes and is
directly proportional to the length of time during which this stroke current
flows. Thus the high amplitudes of return stroke and intermediate stroke are the
lightning-flash components most responsible for magnetic force damage.

Besides the main airframe, other parts which may be damaged by magnetic
forces include bonding or diverter straps, pitot probes, or any other object which
may conduct lightning-stroke currents. Magnetic force damage is usually not, by
itself, significant enough to require abortion of a flight, and may not even be
detected until the aircraft is on the ground. However, since overstress or severe
bending of metals is involved, aircraft parts damaged by this phenomenon are
not often repairable.

4.2.3 Pitting at Structural Interfaces

Wherever poor electrical contact exists between two mating surfaces, such
as a control surface hinge or bearing across which lightning currents may flow,
melting and pitting of these surfaces may occur. In a recent incident, for
example, the jackscrew of an inboard trailing edge flap of a jet transport was so
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Figure 4.3 Hole burned in trailing edge corner of ventral fin.

damaged by a lightning flash that the flap could not be extended past 15°. Since
this jackscrew is located on the inboard side of the flap, the flash must have
reached it after sweeping along the fuselage from an earlier attachment point
near the nose, as shown on Figure 4.5. Instead of continuing to sweep aft along
the fuselage, the flash apparently hung on to the jackscrew long enough to melt
a spot on it. The event did not cause difficulties in landing the aircraft, and the
damage, in fact, was not discovered until after the aircraft was on the ground.
The damage, however, was extensive enough that the jackscrew had to be
replaced.

It should be noted that the jackscrew in this instance was not an initial, or
Zone 1, attachment point (See Figure 2.9). It subsequently became an
attachment point only by being in the path of a swept stroke and is therefore in
Zone 2B, a swept-stroke zone with high probability of hang-on.

A second illustration of pitting is the damage caused to the seals of the
hydraulic jack operating the tail control surfaces of another jet transport
aircraft. In this case the jack was shunted by a jumper of adequate cross section
to carry lightning-stroke currents but of excessive length, which caused most of
the current to flow through the lower inductance path directly through the jack
body and across the seals, resulting in leakage of hydraulic fluid.

Earlier aircraft, especially those with nonmetallic skins, experienced more
troublesome consequences from lightning currents, nearly all of which had to
flow through the control cables. In these cases, lightning currents entering a
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Figure 4.4 Example of magnetic pinch effect at lightning attachment points,
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Figure 4.5 Sweptstroke attachment and inboard flap jackscrew attachment.
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control surface have been conducted all the way through the aircraft via the
control cables, sometimes with very damaging results. There is at least one case
on record (Reference 4.5) of a wooden glider lost as a result of lightning current
which entered the aircraft at the left aileron pulley support and then flowed via
the aileron cables to the right pulley, from which point it exited the aircraft. The
cables were disintegrated, and the wreckage indicated that extensive damage to
the wooden airframe had occurred before impact, probably as a result of the
cables exploding inside. There are no records of loss of a powered aircraft from
this effect, since these aircraft have nearly always been of metallic construction.

The high-amplitude stroke currents are primarily responsible for pitting,
but continuing currents may also contribute to this damage, as illustrated by the
jackscrew incident.

4.2.4 Resistive Heating

The glider accident mentioned above is also an example of another direct
effect: resistive heating of conductors. When the resistivity of a conductor is too
high or its cross-sectional area too low for adequate current conductance,
lightning currents flowing in it may deposit appreciable energy in the conductor
and cause an appreciable temperature rise. Since the resistivity of most metals
increases with temperature rise, a given current in a heated conductor will
deposit more energy than it would in an unheated, less resistant conductor; this
process in turn increases the conductor temperature still further.

Resistive energy deposition is proportional to the lightning current action
integral (fizdt), and for any conductor there is an action integral value at
which the metal will melt and vaporize, as shown in Figure 4.6. The result is the

TEMPERATURE
RISE

°C VAPORIZATION

4

4————— MELTING
| L 1 d
102 108 10 10°
(AMPERE? - SECONDS)
Figure 4.6 f i2dt vs temperature rise in a conductor.
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exploding conductor apparent in the glider incident described in Section 4.2.3.

Other consequences of resistive heating and explosive vaporization of
conductors are shown in Figures 4.7 and 4.8 (References 4.6 and 4.7). The
damage is usually most severe when the exploding conductor is within an
enclosure, which contains the explosion until the pressure has built up to a level
sufficient to rupture the container.

Figure 4,7 Lightning damage to radome——probably as a result of exploding
pitot tube ground wire.

4.2.5 Shock Wave and Overpressure

When a lightning-stroke current flows in an ionized leader channel (as
when the first return stroke occurs), a large amount of energy is delivered to the
channel in S to 10 us, causing the channel to expand with supersonic speed. Its
temperature has been measured by spectroscope techniques to be 30 000 °K and
the channel pressure (before expansion) about 10 atmospheres (Reference 4.8).
When the supersonic expansion is complete, the channel diameter is several
centimeters and the channel pressure is in equilibrium with the surrounding air.
Later, the channel continues to expand more slowly to the equilibrium situation
of a stable arc. The cylindrical shock wave propagates radially outward from the
center of the arc, and, if a hard surface is intercepted, the kinetic energy in the
shock wave is transformed into a pressure rise over and above that in the shock
wave itself. This results in a total overpressure of several times that in the free
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Figure 4.8 Resistive heating and explosive vaporization of conductors.

shock wave at the surface. Depending on the distance of the arc from the
surface, overpressures can range up to several hundred atmospheres at the
surface, resulting in implosion-type damage, such as that shown in Figure 4.9
(Reference 4.9). The arc does not have to contact the damaged surface but may
simply be swept alongside it, as was evident in the case shown in Figure 4.9.
Apparently a return stroke or restrike occurred as the tip of the propeller passed
just below the leading edge of the wing, positioning a cylindrical shock wave
horizontally beneath the wing, as in Figure 4.10. This hypothesis by Hacker
(Reference 4.10) is supported by scorching of the paint on the imploded panels,
an indication of a nearby heat source.

If an arc is contained inside a structure, such as would occur when a
nonmetallic assembly is punctured, its overpressure may cause additional damage
to the structure. This may have been responsible for some of the damage to the
radome shown in Figure 4.7.

Other examples of shock wave implosion damage include cracked or
shattered windshields and navigation light globes. Modern windshields, especially
those aboard transport aircraft, are of laminated construction and evidently of
sufficient strength to have avoided being completely broken by arc blast and
overpressures, Broken windshields resulting from a lightning strike, however, are
considered a possible cause of the crash of at least one propeller-driven aircraft.
(Reference 4.11).
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Figure 4,9 Implosion damage from lightning-flash overpressure. Flash swept aft
beneath wing from propeller,

4.3 Nonmetallic Structures

Early aircraft of wood and fabric construction would probably have
suffered more catastrophic damage from lightning strikes had it not been for the
fact that these aircraft were rarely flown in weather conducive to lightning. The
all-aluminum aircraft which followed were able to fly in or near adverse weather
and receive strikes, but because aluminum is an excellent electrical conductor,
severe or catastrophic damage from lightning was rare. There is a trend again,
however, toward use of nonmetallic materials in aircraft construction. These
include fiber-reinforced plastics and polycarbonate resins, which offer improve-
ments in cost and performance. However, some of these materials have begun to
appear at aircraft extremities, such as nose, wing and empennage tips, and access
door covers, where structural loads are moderate but where lightning strikes
frequently attach. Often the nonmetallic material is used to cover a metallic
structure. If this material is nonconducting, such as is the case with fiberglass,
electric fields may penetrate it and initiate streamers from metallic objects
inside. These streamers may puncture the nonmetallic material as they propagate
outward to meet an oncoming lightning leader. This puncture begins as a
pinhole, but, as soon as stroke currents and accompanying blast and shock waves
follow, much more damage occurs. An example of a puncture of a fiberglass-
honeycomb radome is shown on Figure 4.11 (Reference 4.12). In this case a
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Figure 4,10 Orientation of lightning path and shock wave with respect to lower
side of aircraft wing shown in Figure 4.9,

(a) Chordwise plane
(b) Fore-aft plane: perpendicular to lightning path at point P of part (a).

streamer evidently propagated from the radar dish or some other conductive
object inside the radome, puncturing the fiberglasshoneycomb wall and rubber
erosion protection boot on its way to meet an oncoming lightning leader. Most
of the visible damage was done by the ensuing stroke current.

Other materials, such as boron- and graphite-reinforced composites, do
have some electrical conductivity, and, because of this, their behavior with
respect to lightning is considerably different from that of nonconductive
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Figure 4,11 Puncture of a fiberglassshoneycomb radome.

materials. At the present time, boron and graphite composites are only beginning
to see in-flight service in Zone 1 and Zone 2 regions (Figure 4.5), where lightning
attachments may occur; because of widespread concern regarding possible
lightning vulnerability, these zones have been conservatively protected with
conductive strips or coatings. No reports exist as yet of composite parts damaged
by natural lightning. Simulated lightning tests which have been performed on
_composites in the laboratory, however, have shown (Reference 4.13) that
unprotected composites are likely to be vulnerable. The reason is that there is
sufficient conductivity in the reinforcing fibers or filaments to prevent electric
field penetration and puncture of the composite but not enough conductivity to
safely carry away the lightning flash currents, which in this case tend to flow
into the fibers or filaments themselves. When carrying even minute portions of
the total flash current, these poor conductors overheat, and damage to
themselves or to the surrounding resin matrix results. An example of what
happens to the filaments in a boron-reinforced composite is shown in Figure
4.12. The lightning current entered the composite at the damaged areas shown
and flowed to a conducting plate at one end of the panel. There is little or no
damage to the resin matrix, but the damage to the reinforcing filaments results
in loss of overall material strength (Reference 4.14).
Because of their greater electrical conductivity and other differences,
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graphite fibers can withstand more lightning current than can boron fibers. At
higher current levels the graphite fibers remain intact but become hot enough to
boil and ignite the plastic resin. Figure 4.13 (Reference 4.15) shows a small
“popsicle stick™ graphite composite laminate through which 10 kA of lightning
current have been passed. Nearly all of the resin has burned away, and the
graphite fibers are left in disarray. As a whole, however, graphite-reinforced
composites are able to withstand higher amounts of lightning current without
damage than can boron-reinforced composites. Often some damage to either -
material can be accepted or repaired, but sometimes a lightning-damaged
composite part will need replacement.

Transparent acrylics or polycarbonate resins are often utilized for canopies
and windshields. These materials are usually found in Zone 1 or Zcne 2
locations, where either direct or swept-lightning flashes may occur. Most of the
polycarbonates are very good insulators, however, and so will successfully resist
punctures by lightning or streamers. The electric field will penetrate them and
induce streamers from conducting objects inside, but these streamers are not
usually able to puncture a polycarbonate. Thus, fighter pilots beneath poly-
carbonate canopies have often reported electric shocks indicative of streamering
off their helmets, but the current levels involved have not been harmful because
the streamers have not come in direct contact with the lightning flash. Leaders
approaching the outside of a canopy travel along its surface to reach a metallic
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Figure 4.13 Unidirectional graphite composite sample before and after conduct-
ing 10 kA of lightning current end-to-end.

skin, or those initially attached to a forward metal frame may be swept aft over
a canopy until they reattach to an aft metallic point. Sometimes this occurrence
will leave a scorched path across the canopy, as shown in Figure 4.14 (Reference
4.16). Scorches like this can usually be polished away.

While harmless to a canopy itself, flashes passing just outside frequently
cause electrical shock or flash blindness to the pilot. In at least one case shock or
blindness to the pilot caused him to lose control of the aircraft at low altitude
and resulted in a fatal accident.

In addition to the direct effects described in the preceding paragraphs,
replacement of metallic skins with nonmetallic materials removes the inherent
protection against electromagnetic field penetration that is an important
by-product of aluminum skins. Electrical wiring and electronics components
enclosed inside nonmetallic skins are therefore likely to be much more
susceptible to the indirect effects of lightning than those inside metallic skins
unless specific measures are taken to reduce this susceptibility.

4.4 Fuel Systems

Potentially, aircraft fuel systems represent the most critical lightning

89



Figure 4,14 Evidence of lightning attachment to canopy fastener and scorching
of canopy.

hazard to flight safety. An electric spark produced by only 0.2 millijoule (mJ) of
energy is sufficient to ignite a propagating flame in a near stoichiometric mixture
of hydrocarbon fuel and air (Reference 4.17); yet lightning-flash currents may
deposit several thousand joules of energy in an aircraft.

There are several jet and turbojet transport accidents on record which have
been attributed to lightning ignition of fuel. Although the exact location of
ignition in each case remains obscure, the most prevalent opinion is that
lightning ignited fuel vapor at the wing tip vent outlets of these aircraft
(References 4.18 and 4.19). It is also possible that sparking occurred somewhere
inside a fuel tank as lightning currents flowed through the aircraft. The inflight
loss of at least two military aircraft also has been attributed to lightning ignition
of fuel, and there is a report of a lightning strike igniting fuel in another military
aircraft parked on the ground (Reference 4.20).

In addition to the direct effects described above, there are several instances
in which indirect effects have evidently accounted for ignition of fuel. Lightning-
induced voltages in aircraft electrical wiring are believed to have resulted in
sparks, for example, across a capacitance-type fuel probe or some other electrical
object inside fuel tanks of several military aircraft, resulting in loss of external
tanks in some cases and the entire aircraft in others. Capacitance-type fuel
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probes are designed to preclude such occurrences, and laboratory tests
(Reference 4.21) have shown that the voltage required to spark a typical
capacitance-type probe is many times greater than that induced in fuel gauge
circuits by lightning. However, other situations involving unenclosed circuits,
such as externally mounted fuel tanks, exist wherein induced voltages may be
much higher than those found in circuits completely enclosed by an airframe.

The accidents mentioned above prompted extensive research into the
lightning effects on and protection of aircraft fuel systems. Improved bonding,
lightning-protected filler caps and access doors, active and passive vent flame
suppression devices, flame-retardant foams, and safer (i.e., less flammable) fuels
are examples of developments which have resulted from this research. In
addition, government airworthiness requirements now include lightning protec-
tion for aircraft fuel systems and specify requirements and tests that must be
passed to demonstrate compliance prior to aircraft certification. As a result of
these safety measures, lightning strikes present fewer hazards to the fuel systems
aboard modern transport aircraft than to those of older aircraft, and properly
certificated aircraft may expect to experience lightning strikes with no adverse
effects on fuel systems. Continued changes in airframe designs and materials,
however, make it mandatory that care and diligence in fuel system lightning
protection not be relaxed in the future,

4.5 Electrical Systems

If an externally mounted electrical apparatus, such as a navigation lamp or
antenna, happens to be at a lightning attachment point, protective globes or
fairings may shatter and permit some of the lightning current to enter associated
electrical wiring directly.

In the case of a wing tip navigation light, for example, lightning may
shatter the protective globe and light bulb. This may in turn allow the lightning
arc to contact the bulb filament so that lightning currents may flow into the
electrical wires running from the bulb to the power supply bus. Even if only a
fraction of the total lightning current enters the wires, they may be too small to
conduct the thousands of amperes invoived and thus be melted or vaporized.
The accompanying voltage surge may cause breakdown of insulation or damage
to other electrical equipment powered from the same bus. At best, the initial
component affected is disabled, and, at worst, enough other electrical apparatus
is disabled along with it to require evacuation of the crew and loss of the
aircraft. There are many examples of this effect, involving both military and civil
aircraft. Externally mounted hardware most frequently involved includes
navigation lights, antennas, windshield heaters, pitot probe heaters, and, in
earlier days, the trailing long-wire antennas that were deployed in flight for
high-frequency radio communications. The latter were quite susceptible to
lightning strikes, and, since these wires were too thin to conduct the ensuing
currents, they were frequently burned away. The high-frequency radio sets
feeding these antennas were also frequently damaged, and cockpit fires were not
uncommon,
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Damage may be increased when an electrical assembly is mounted on
nonmetallic portions of the airframe because some lightning current may have to
use the assembly ground wire as a path to the main airframe. That the resulting
damage can be extensive was exemplified by a recent strike to a small
single-engine aircraft with fiberglass wing tips which included fuel tanks, the
type pictured in Figure 4.15. The details of this incident will illustrate several of
the strike effects described in this section.

FIBERGLASS

./ WING TIPS

NAVIGATION LIGHT

Figure 4.15 General avaiation aircraft with plastic wing tips.

This aircraft, flying at about 900 m (3 000 ft), was experiencing light rain
and moderate turbulence when it was struck by lightning. The pilots had seen
other lightning flashes in the vicinity before their aircraft was struck, and
embedded thunderstorms had been forecast enroute, but there had been no cells
visible on the air traffic control (ATC) radar being used to vector the aircraft,
which, of course, had no weather radar of its own.

The strike entered one wing tip and exited from the other. It sounded to
the pilot reporting like a rifle going off in the cabin, and the cabin immediately
filled with smoke. Other effects follow.

. The No. 1 VHF communication set burned out.

L Seventy-five percent of the circuit breakers were popped, of which
only 50% could be reset later,

The left wing tip fuel tank quantity indicator was disabled.

The right main fuel tank quantity indicator was badly damaged.
Several instrument lights were burned out.

The navigation light switch and all lights were burned out.
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The aircraft, nevertheless, was able to land at a nearby airport. Subsequent
inspection showed extensive damage to the right and left wing tips and to their
electrical wiring. The attachment points and direct effects are pictured in Figure
4.16 (A-F) (Reference 4.22) and are represented by a diagram in Figure 4.17.
The evidence suggests that the flash included two or more strokes separated by a
few milliseconds of continuing current. Assuming, for purposes of explanation,
that the original lightning flash approached the right wing tip, the probable
sequence of events was as follows: the initial point of attachment was the right
wing tip navigation light housing (Figure 4.16 [A]). Current from this stroke
entered the housing ground wire and exploded both sections of it on the way to
the right outboard metallic rib, as evidenced by the absence of these wires and
the blackened interior shown in Figure 4.16(B). Current continued through the
airframe to the left outboard rib and out the sender unit ground wire to the
sender unit, the base of which is shown in Figure 4.16(C). From there, the
current followed the filler cap ground braid and exited the aircraft at the filler
cap (Figure 4.16{D]). The current exploded the sender unit ground wire but not
the heavier filler cap ground braid, which was only frayed. Sparks undoubtedly
occurred inside the fuel tank along the ground braid and between the filler cap
and its receptacle, but the fuel-air mixture in the ullage of these half-full tanks
was probably too rich to support ignition.

Blast forces from stroke No. 1 at the right navigation light housing also
shattered the lamp globe and bulb, as shown in Figure 4.16(A). This shattering
allowed a portion of the first stroke current to enter the right navigation light
power wire, exploding it between the lamp and the outer rib, where the current
jumped to the rib and continued through the rest of the airframe to the left
sender unit ground wire.

Lightning current flowing in the navigation lamp power wire elevated its
voltage to several thousand volts with respect to the airframe, a voltage high
enough to break down the insulation at the outer rib feed-through point, as
shown in Figure 4.17. Until breakdown occurred here (a few microseconds after
the first stroke began), the wire was at sufficiently high voltage to break down
the insulation to the neighboring sender wire. This breakdown occurred all along
the wire inside the right wing. The portion of current arcing into the sender wire
caused a large voltage to build up across the right wing tip tank fuel gauge
magnet inductance, to which this wire connects. This voltage in turn sparked
over the gap between the gauge terminal and the nearest grounded housing wall,
the arcing badly damaging the gauge unit. While the left navigation light power
wire was also exploded, it is probable that this did not occur until the second
stroke.

Since the aircraft was moving forward, the entry and exit points of the
second stroke were farther aft on both wing tips than the points of the first
stroke. Since no other metallic components were present aft of the first stroke
entry point on the right wing tip, the second stroke punctured a hole in the
fiberglass trailing edge and contacted the metallic outboard rib, as shown in
Figure 4.16(E). As shown in Figure 4.17, current from this stroke proceeded
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Figure 4.16 Attachment points and direct effects on plastic wing tips.

through the airframe to the left wing tip, where by this time the stroke had
swept aft adjacent to the navigation lamp (shown in Figure 4,16[F]), from
which point the stroke current exited. Current from stroke No. 2 thus probably
arced between the left outer rib to the navigation lamp power wire (the ground
wire having been vaporized by the first stroke), which it followed to the lamp
housing. The power wire was vaporized by the second stroke current
flowing in it.

Both left and right navigation lamp power wires were connected together
in the cabin and to both the 12 V dc bus and the tail light. The voltage and
current surges which entered the lamp power wires inboard of the outer rib
feedthroughs were also conducted to the tail light, burning it out, and to the 12
V dc bus. The surge on the bus, of course, was immediately imposed on all of
the other electrical equipment powered from this bus, or all of the electrical
equipment in this aircraft. Arcing undoubtedly occurred in a number of
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Figure 4.17 Plastic wing tips and associated electric circuits and locations of
lightning effects.

components, causing circuit breakers to pop. Because circuit breakers, however,
react much too slowly to prevent passage of a lightning surge, at least one piece
of equipment (the No. 1 VHF communication set) and several instrument lamps
were burned out.

There have been several similar incidents (References 4.23 and 4.24), and
together these have stimulated the design and verification of protective measures
(Reference 4.25) for general aviation aircraft with fiberglass components such as
these wing tip fuel tanks, Many of these aircraft, however, are still flying without
adequate protection.

The foregoing incident is an example of how a change in materials can
increase the vulnerability not only of the airframe but also of other systems
which previously had the inherent protection of conventional aluminum skins.
The lightweight lamp and sender unit electrical wires were quite adequate for an
installation in which a metal skin was available to carry away lightning currents,
but they are woefully inadequate when used unmodified inside a plastic wing
tip, where they become the only conducting path available to lightning currents
trying to enter the main airframe.
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4.6 Engines

With the exception of a few incidents of temporary malfunction similar to
the incident reported in the introduction to this chapter, there have been no
reports of adverse lightning effects on reciprocating engines. Metal propellers and
spinners have been struck frequently, of course, but effects have been limited to
pitting of blades or burning of small holes in spinners, as shown in Figures 4.18
and 4.19 (References 4.26 and 4.27). Lightning -currents must flow through

PITTED AREA

Y

MISSING
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Figure 4,18 Lightning-strike damage to a propeller.
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propeller blade and engine shaft bearings, but these are massive enough to carry
these currents with no harmful effects. Wooden propellers, especially ones
without metal leading edges, could probably undergo more damage, but these
are seldom used on aircraft which fly in weather conditions where lightning
strikes occur.

Figure 4,19 Lightning-strike damage to a spinner.

Reported lightning effects on turbojet engines show that these effects also
are limited to temporary interference with engine operation. Flameouts,
compressor stalls, and roll-backs (reduction in turbine rpm) have been reported
after lightning strikes to aircraft with fuselage-mounted engines. This type
includes military aircraft with internally mounted engines and fuselage air
intakes, or other military and civil aircraft with engines externally mounted on
the fuselage. There have been no attempts to duplicate these events with
simulated lightning in a laboratory, and there has been no other qualitative
analysis of the interference mechanism; however, it is generally believed that
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these events result from disruption of the inlet air by the shock wave associated
with the lightning arc channel sweeping aft along a fuselage. This channel may
indeed pass close in front of an engine intake, and if a restrike occurs, the
accompanying shock wave is considered sufficient to disrupt engine operation.
The steep temperature gradient may also be important. These effects have been
reported as occurring more often on smaller military or business jet aircraft than
on larger transport aircraft. Thus, smaller engines are probably more susceptible
to disrupted inlet air than are their larger counterparts.

In some cases a complete flameout of the engine results, while in others
there is only a stall or roll-back. There is no case on record, however, in which a
successful restart or recovery of the engine to full power was not made while still
in flight. Perhaps because of this, together with the impracticality of a
laboratory simulation, there has been little research into the problem.
Nevertheless, operators of aircraft with engines or inlets close to the fuselage
should anticipate possible loss of power in the event of a lightning strike and be
prepared to take quick corrective action.

There are no reports of lightning effects on wing-mounted turbojet
engines, since lightning strikes do not often occur near the inlets of these
engines, and there are no reports of power loss of turboprop engines as a result
of lightning strikes.

4.7 Indirect Effects

Even if the lightning flash does not directly contact the aircraft’s electrical
wiring, strikes to the airframe are capable of causing voltage and current surges
in this wiring which may be damaging to aircraft electronics.

The mechanism whereby lightning currents induce voltages in aircraft
electrical circuits is illustrated in Figure 4.20. As lightning current flows through
an aircraft, strong magnetic fields which surround the conducting aircraft and
change rapidly in accordance with the fast-changing lightning-stroke currents are
produced. Some of this magnetic flux may leak inside the aircraft through
apertures such as windows, radomes, canopies, seams, and joints. Other fields
may arise inside the aircraft when lightning current diffuses to the inside surfaces
of skins. In either case these internal fields pass through aircraft electrical
circuits and induce voltages in them proportional to the rate of change of the
magnetic field. These magnetically induced voltages may appear between both
wires of a two-wire circuit, or between either wire and the airframe. The former
are often referred to as line-to-line voltages and the latter as common-mode
voltages.

In addition to these induced voltages, there may be resistive voltage drops
along the airframe as lightning current flows through it. If any part of an aircraft
circuit is connected anywhere to the airframe, these voltage drops may appear
between circuit wires and the airframe, as shown in Figure 4.20. For metallic
aircraft made of highly conductive aluminum, these voltages are seldom
significant except when the lightning current must flow through resistive joints
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Figure 4,20 Magnetic flux penetration and induced voltages in electrical wiring,

-or hinges. However, the resistance of titanium is 10 times that of aluminum, and

that of composite materials many hundred times that of aluminum, so the
resistive voltages in future aircraft employing these materials may be much
higher.

Upset or damage of electrical equipment by these induced voltages is
defined as an indirect effect. Tt is apparent that indirect effects must be
considered along with direct effects in assessing the vulnerability of aircraft
electrical and electronics systems. In situations like that of the light aircraft
described in Section 4.5, the direct effects are clearly the most severe. Other
aircraft exist, however, whose electrical systems are well protected against direct
effects but not so well against indirect effects. N

Until the advent of solid state electronics in aircraft, indirect effects from
external environments, such as lightning and precipitation static, were not much
of a problem and received relatively little attention. No airworthiness criteria are
available for this environment. There is increasing evidence, however, of
troublesome indirect effects. Incidents of upset or damage to avionic or
electrical systems, for example, without evidence of any direct attachment of
the lightning flash to an electrical component are showing up in airline
lightning-strike reports. Table 4.1 summarizes the reports of interference or
outage of avionic or electrical equipment reported by a group of U.S. airlines for
the period June 1971 to November 1974 (Reference 4.28).
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Table 4.1 EVIDENCE OF INDIRECT EFFECTS IN

COMMERCIAL AIRCRAFT
(214 strikes)
Interference Outage
HF communication set — 5
VHF communication set 27 3
VOR receiver 5 2
Compass (all types) 22 9
Marker beacon - 2
Weather radar 3 2
Instrument landing system 6 —
Automatic direction finder 6 7
Radar altimeter 6 -
Fuel flow gauge 2 -
Fuel quantity gauge — 1
Engine rpm gauges — 4
Engine exhaust gas temperature - 2
Static air temperature gauge 1 —
Windshield heater - 2
Flight director computer 1 —
Navigation light — 1
ac generator tripoff (6 instances
of tripoff)
Autopilot 1 —

The incidents reported in Table 4.1 occurred in 20% of the total of 214
lightning-strike incidents reported during the period. U.S. military aircraft have
had similar experience. This experience is probably a result of the increasing
sensitivity of miniaturized solid state electronics to transient voltages, a trend
which necessarily would not have posed a problem in older, less sophisticated
equipment. In any one incident, only a few electronic components are affected;
others are not. Yet laboratory tests (Reference 4.29) have shown that
lightning-induced voltages appear in all aircraft electric wiring at once. Thus it is
evident that surges reach higher values in some circuits than in others or that
some electronics are less tolerant of such surges than others.

Indirect effects were evident in about 20% of all the incidents reported,
while outages were reported in only about 10% of all incidents. Since severe
strokes also occur in only about 10 to 20% of all flashes, it is probable that a
severe stroke may be required to cause noticeable effects.

While the indirect effects are not presently a major safety hazard, there are
four trends in aircraft design and operations which could increase the potential
problem. These include the following:

. Increasing use of plastic or composite skin

] Further miniaturization of solid state electronics

100



L] Greater dependence on electronics to perform flight-critical
functions
L] Greater congestion in terminal airways, requiring more frequent
flight through adverse weather conditions at altitudes where light-
ning strikes frequently occur.
Design of protective measures against direct effects is the subject of the
next three chapters. Design of protective measures against indirect effects is
treated in the remainder of this book.
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