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Fig. 1.7 Negative corona.

1.4.2 Positive Corona Processes

Positive corona occurs when the electric field at
the surface of the electrode is positive, either because
the electrode is energized with positive voltage or be-
cause it is grounded and in the electric field produced
by an electrode energized with negative voltage. It has
many of the same characteristics as negative corona,
but the electrons and positive ions are accelerated in
the opposite direction. The mechanism is illustrated
on Fig. 1.8. The amplitude of the current pulses
is generally much larger than occurs with negative
corona, but the pulses do not oceur with as high a rep-
etition rate. The initial electron is drawn towards the
positive electrode and the positive ions formed by colli-
sion are repelled away from the positive electrode. The
field strength at the surface of the electrode diminishes
and the discharge stops until the charged particles are
swept from the space around the electrode. The elec-
tric field beyond the cloud of positive ions is enhanced
because it responds both to the positive charge on the
electrode and to the positive space charge. In this re-
spect it is unlike the negative case where the positive
space charge acts to lower the intensity of the field pro-
duced by the negative charge on the electrode. This
enhanced field helps a positive streamer to propagate
farther than would a negative streamer,

The positive coronas have three distinct forms;
onset pulses, Hermstein’s glow and positive streamers.
Onset pulses appear as streamers in a stem with some
branching, and a high repetition rate gives the corona
a brushlike appearance. From an 8-mm sphere cur-
rent amplitudes have been measured at 0.25 A. Mean
rise time is 30 ns and mean decay time is about 100 ns,

Trichel Negative
streamer streamer
positive electrons
positive  jons drawn into
electrode — channel

“+ -

positive

+ T

iis_ns sweep from gap
+

+ 4+, T+
+++++++

Fig. 1.8 Motion of ions for Positive corona.

The maximum repetition rate is about 200 Hz for large
electrodes and 2000 Hz for point electrodes. The some-
what longer rise and decay times might imply that the
pulses produce less radio interference than negative
corona pulses, but the higher amplitude of the current
pulses makes the absolute interference levels higher.

As the voltage is increased the corona glow forms
an ionizing layer (Hermstein’s glow) and the discharge
current consists of small ripples at a frequency of up to
2x 10% Hz superimposed on a quasi~dc current. As the
voltage is increased still further the streamers rapidly
extend even further, the velocity of propagation being
20 to 2000 cm/ ps.

Sketches of positive corona and the current wave-
shapes are shown on Fig. 1.9.
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1.6.2 Rod Gaps

Sparkover voltage of rod-rod gaps exposed to
lightning impulse voltages is given in Figs. 1.25 and
1.26. For long gaps the sparkover voltage is about
55 kV per centimeter of spacing. Positive polarity
sparkover voltage of rod-rod and rod-plane gaps as a
function of gap length and waveshape is given on Figs.
1.27 and 1.28. The data, from [1.14] is again given as
average gradient. Note that the gradient falls as low
as 3 kV/em for certain waveshapes. Note also that the
front time for minimum breakdown voltage increases
with increasing gap length.

1.6.3 Sphere-Plane Gaps

Typical sparkover voltages with positive polarity
switching voltage are shown on Fig. 1.29 {1.15].
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1.7 Gases Other Than Air

Some gasses, particularly sulphur hexaflouride,
have better insulating properties than air, largely be-
cause they tend to absorb free electrons. They will not
be discussed further since they are not germane to the
protection of aircraft from lightning, other than their
possible use in lightning simulators.

1.8 Proeperties of Arcs

An electrical arc is a self-sustaining discharge
having a low voltage drop and capable of supporting
large currents. Its characteristics depend on the mate-
rials of the electrodes from which the arc forms and the
composition of the gas in which the arc burns. This
discussion will deal only with arcs in air at atmospherie
pressure.

In the context of aircraft and lightning protec-
tion, arcs form most commonly in response to an ini-
tial breakdown brought about by excessive voltage ap-
plied to the gap between two electrodes. In other sit-
uations, such as electrical switches and circuit break-
ers, they may also form between current carrying elec-
trodes that are initially in contact and then separated.
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Fig. 2.7 The lightning leader as postulated
by Wagner [2.14].

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.
Photographs of actual lightning leaders may be
taken with a Boys camera, in which the film moves
relative to the camera lens. Fig. 2.1 illustrated the
principle and Fig. 2.8 [2.15] shows an example of such
a photograph. The leader is seen originating at the top
left hand corner of the picture and lengthening as time
incereases. The bright line at the right of the picture 1s
produced by the return stroke as discussed in §2.2.5.

1ms

Fig. 2.8 Boys camera photograph of a
lightning leader [2.15]

Leader velocity and current: From such photographs
_it_has been learned that the leader advances at about
1t0 2 x 10° m/s, or 0.03% to 0.06% of the speed of
light [2.16]. In order that a charge of 2 to 20 x 10*
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C be deposited by a leader advancing at the rate of
1 x 18% m/s requires the average current in the leader,
11, to be 20 to0 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, g;, of
about 5 x 10® V/m. A leader 4 km long would then
have a voltage drop along its length of 2 x 10"V. The
longitudinal resistance, Ry, of the conducting filament
would then be in the range of 40 to 400 2 per meter

‘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 hap-
pens 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 downwazrd, Fig. 2.9,
the leader originated at the cloud; if the branching is
upward, the leader originated at the ground.

CLOUD

| A
@

Fig. 2.9 Leader direction as determined from
direction of branching.
{a) Downward branching leader
starts at cloud
{b) Upward branching leader
starts at ground

2.2.4 Transition from Leader to Return
Stroke

As the negatively charged stepped leader ap-
proaches the ground, positive charge accumulates in
the ground underneath it or, more accurately, nega-
tive 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 to-
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Fig. 2.30 Distribution of peak currents for first return
stroke and subsequent strokes [2.26].

Rise time and rate of change: Fig. 2.31 gives a dis-
tribution of the time for the current to reach its peak
amplitude. This time is subject to considerable in-
terpretation for any particular lightning stroke, since
there is seldom a clearly definable time at which the
stroke starts. Lightning strokes typically have a con-
cave front, starting out slowly and then rising faster
as the current gets higher. Thus, the effective rate of
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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 Fig. 2.32. The rate of rise of lightning cur-
rent is an important factor in determining how much
voltage is induced into electrical equipment, and in de-
termining how many lightning conductors are needed
and how they should be placed.
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3.3.4 Thunderstorm Avoidance

Clearly, whenever it is possible to avoid the se-
vere environments which thunderstorms present, it is
desirable to do 80, 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 pen-
etration of thunderstorms.

Thunderstorm indication: In attempts to avoid thun-

derstorm regions, pilots use three indicators:

1. Visual sighting of thunderclouds (cumulonimbus)
in daytime and of lightning at night
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Fig. 8.7 Distribution of lightning strikes.
(a) With outside air temperature
(b) With altitude

2. Airborne radar patterns of precipitation areas

3. Airborne lightning strike indicators, which sense
electromagnetic radiation from distant flashes and
display their range and bearing on cathode ray
tube displays in the cockpit.

4. Weather information, if available, relayed by Air
Traffic Control {ATC) to aircrews together with
instructions for thunderstorm avoidance.

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

1. Circumnavigation of visible thunderclouds, ide-
ally by 25 miles or more, but often by smaller
distances due to traffic constraints.
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2. Circumnavigation of areas of heavy precipitation
indicated on airborne weather radar displays.

3. Flying over the tops of thunderclouds

The degree to which any of these measures is suc-
cessful depends on the accuracy of the information re-
ceived by the pilots.

Weather radar: 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 them-
selves; it can detect only liquid droplets. Only the
rain that may be present in the cloud will produce a
radar echo and this allows occasional encounters with
hail, and with lightning. A typical C-band airborne
weather radar presentation of a thunderstorm (cumu-
lonimbus) cloud with active precipitation and frequent
lightning is shown in Fig. 3.8 [3.10]. The pictures were
taken during a research project carried out by Beck-
with of United Air Lines to determine the weather de-
tection capability of airborne radar. The photographs
shown were taken during a United Air Lines flight from
Chicago to Denver on August 3, 1960. Fig. 3.8 shows
the northern end of a line of severe thunderstorms, de-
veloped 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 de-
tour. The strong echos were easily detected with a
slight upward tilt of the radar antenna to eliminate
ground clutter.

Contour selection: It is possible to obtain more in-
formation regarding the intensity of a storm by use of
the contour selection circuit provided on most radars.
This feature provides a means of eliminating any re-
flected signal the intensity of which is above a certain

level. Fig. 3.9 shows the same radar return as that
in Fig. 3.8 one minute later with the contour feature
employed.

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.

The amount of electric charge separation and
lightning activity is known to be related to the degree
of precipitation and vertical air currents (turbulence).
Further, the severity of turbulence is also related to
the temperature difference that exists between differ-
ent masses of air. Thus, turbulence and electrical ac-
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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-
DUCING SEVERE WIND AND LIGHTNING DAM-
AGE BELOW. LESS THAN ONE HOUR EARLIER,
HAILSTONES OF GOLF BALL SIZE WERE RE-
FORTED IN THE AREA OF THE NEAREST LARGE

TIME: 0028Z
ALTITUDE: 28 000 FT.

SOUTH OF DUBUQUE, IOWA, LOOKING SE
TO S 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.

Fig. 3.8 Radar presentation and subsequent
photograph of a thunderstorm.
(a) Radar presentation
(b) Visual appearance of storm

tivity are likely to exist at well defined boundaries,
such as those indicated by steep rain gradients on con-
toured 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
the specific capability of the radar used.
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Fig. 3.25 Vertical fin currents.
Measuring bandwidth: DC to 400 kHz

(fg_g Hz to 100 kHz)
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= BOOM CURRENT
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Fig. 3.26 Recordings made during the flash.
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would clearly be of an indirect nature, since there was

no direct involvement of the aircraft with the lightning

flash. Usually, however, the indirect effects of concern
are produced by a flash that contacts the aircraft.

Mechanisms: The mechanism whereby lightning cur-
rents induce voltages in aircraft electrical circuits is

¢

illustrated in Fig. 4.20. As lightning current flows
through an aircraft, strong magnetic fields which sur-
round the conducting aircraft and change rapidly in
accordance with the fast changing lightning stroke cur-
rents are produced. Some of this magnetic flux may
leak inside the aireraft through apertures such as win-
dows, composite fairings, seams, and joints.
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Lightning interaction with aircraft electronic systems.
== Lightning currents flow in aircraft

¢ Magnetic flux interacts with interconnecting cables

(a)

fuselage

engine

(b)

. dé
es =tg + E;
iy = Lix[es('r)dr
€ = 1R

By = zlzv«/ew(?')cir

where

i; = Lightning current in airframe

= Structural resistance of airframe

Magnetic flux
= Shield external voltage

es =
1, = Shield current

ey = Shielded wire voltage

ip = Shielded wire current (max)

Fig. 4.20 Magnetic flux penetration and induced voltages in electrical wiring.
(a) Installation (b) Mechanisms
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Table 5.3

ldealized Waveform Parameters

: Multiple .
Severe Intermediate Continuing Stroke Multiple
Stroke Current Current Restrike half of Burst
Parameter  (Component A} (Component B) (Component C) (Component D) (Component D) {Component H)
Ip (&) 218,810 11,300 400 109,405 54,703 10,572
a{s™1) 11,354 700 NA 22,708 22,708 187,191
g{s™1) 647,285 2,000 7.9 1,294,530 1,294,530 19,105,100
These equations produce the following characteristics:
ipeak 200 ka 4,173 A 400 A 100 ka 50 kA 10 kA
(di/dt max) 1.4 x 101} NA NA 1.4 x 1011 0.7 x 1011 2 x 1011
(a/s) at
t = 0+ sec
di/dt 1.0 x 101l NA KA 1.0 x 1011 0.5 x 1011 NA
(a/s) at at at
t = 0.5 us t = 0.25 us t = 0.25 us
Action 2.0 x 108 NA NA 0.25 x 108 0.0625 x 106 NA
Integral
(a%s)

5.6 Steps in Protection Design and
Certification

Experience has shown that the most successful
lightning protection design and certification programs
have occurred when the work is conducted in a logical
series of steps. In this case, success means achievement
of a satisfactory protection design and compliance with
the regulations, all with a minimum impact on over-
all weight and cost. The specific steps and order of
occurrence may vary somewhat from one program to
another, but most programs include the following ba-
sic steps.

Step a - Determine the lightning strike zones: De-
termine the aircraft surfaces, or zones, where lightning
strike attachment to the aircraft is probable, and the
portions of the airframe through which lightning cur-
rents must flow between these attachment points.

Step b - Establish the lightning environment: Es-
tablish the component(s) of the total lightning flash
environment to be expected in each lightning strike
zone. These are the currents that must be protected
against.

Step ¢ - ldentify flight critical/essential compo-
nents: Identify systems and components that might
be vulnerable to interference or damage from either
the direct effects {physical damage) or indirect effects
{(electromagnetic coupling) produced by lightning.

Step d - Establish protection criteria: Determine the
systems and/or components that need to be protected,
based on safety—of—flight, mission reliability or mainte-
nance factors. Establish lightning protection pass-fail
criteria for those items to be protected.

S‘tep e - Design lightning protection: Design light-
nng protection measures for each of the systems
and/or components in need of protection.

Step f - Verify protection adequacy: Verify the ade-
quacy of the protection designs by similarity with pre-
viously proven designs, by simulated lightning tests
or by acceptable analysis. When analysis is utilized,
appropriate margins may be required to account for
uncertainties in the analytical techniques. Develop-
mental test data may be used for certification when
properly documented and coordinated with the certi-
fication agency.

Variations in the above set of steps in use for de-
sign and certification of fuel systems and electrical and
avionic systems are presented in [5.2] and [5.4], respec-
tively. The steps to be followed for fuel and avionic
systems are listed below:

Fuel systems {5.2]
a. Determine the lightning strike zones.
b. Establish the lightning environment.

. Identify possible ignition sources.

[2]

d. Establish protection criteria.

e. Verify protection adequacy.
Electrical and avionics systems [5.4]

a. Determine the lightning strike zones.

b. Establish the external lightning environment for
the zones.

c. Establish the internal environment.
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Fig. 6.6 Temperature rise as a result of electric current in conductors.

Because of their high amplitudes, the return
stroke currents have the highest action integrals and
will produce higher temperatures than the other com-
ponents of the lightning flash. For design purposes,
the action integrals associated with current waveform
Components A and D, as specified in [6.5] and §5.5.6
should be used for determining temperature rise in
conductors, depending on the lightning strike zone in
which the particular conductor is located.

Example: The stroke current to be used for design
purposes depends on the strike zone. Consider, for ex-
ample, a case in which a navigation light is mounted
on a plastic vertical fin cap and grounded to the air-
frame via two bond straps, as shown in Fig. 6.7. In
this case, two parallel conductors are available to share
the current, and the current in each will be divided by
the number of conductors, but the action integral in

N

each conductor will be reduced by the square of the
number of conductors.

If this light is considered to be located in Zone 1B,
its bond straps must be able to conduct the total flash
current. If it is assumed that the lightning channel
will not touch the bond straps, the design criterion
for these straps is that together they must be able
to carry safely current Components 4 and D, which
have a total action integral of 2.25 x 10% A%.s. One-
half of the total current in each strap will produce
only one—fourth of the total action integral, or about
0.56 x 108 AZ.s, in each strap.

If each strap is made of copper with a cross—
sectional area of 0.1 cm? (0.015 in?), the temperature
rise produced by 0.56 x 10% AZ%.s in a strap would be
determined from Eq. 6.5, using the physical and elec-

trical properties for copper given in Table 6.1. Solving
first for k:
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puncture voltages determined from 1000 kV/us im-
pulse tests were given in Table 6.3. The voltage re-
quired to produce a flashover through air or across an
insulating surface is about 500 kV/m or 5 kV/cm, if
the voltage is maintained for several microseconds, as
it might be when a streamer first contacts the sur-
face. If the voltage is of short duration, such as the
inductive voltage produced by current along a diverter,
then the required breakdown stress is higher, perhaps
10 kV/cm. The influence of gap length and duration
of voltage was also discussed in §1.5.3 and §1.6.2.

swept
lightning
channel

(a)

radome g
. . F
lightning lightning
channel channel

dish
diverters

diverter
View. F-F

Fig. 6.32 Diverters on a radome.
(a) Fore and aft diverters to
allow flash to sweep
(b) Excessive spacing of diverters
allows puncture
(¢) Proper spacing of diverters

Balancing spacing between diverters with the
puncture strength of the surface being protected usu-
ally requires tests, the principles of which are shown
in Figs. 6.33 and 6.36.

6.3.4 Protection With Conductive Coatings

Where electromagnetic transparency is not re-
quired, conductive materials can be applied to the
surface to conduct lightning currents to the airframe.
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Fig. 6.33 Test of flat panel to determine
diverter spacing.
(a) Front view

(b) Side view

Materials include arc or flame sprayed metals, woven
wire fabrics, solid metal foils, expanded metal foils,
aluminized fiberglass, nickel plated aramid fiber and
metal loaded paints. Some of these systems can also
be used to protect CFC materials, as described in §6.5.

Arc or flame sprayed metals: These are solid metal
coatings applied by spraying molten metal onto the
surface to be protected. Thicknesses range from 0.1
to 0.2 mm (0.004 - 0.008 in) and the most common















Anti-static coatings: Electrical charges that accu-
mulate on frontal windshields and canopies can be bled
away by electrically conducting surfaces. To remain
optically transparent, these films must be very thin
and their conductivity is not sufficient to conduct light-
ning currents.

ily blind the pilot, making it difficult or impossible
to read instruments. The flash blindness may last for
a minute or two and several accidents have resulted
when the aircraft was on final approach to an airport
or in IFR conditions.

No windshield treatment has been found to pre-

vent this effect without impairing normal visibility.
When there are two pilots, one of them should focus
on the instruments and avoid looking out the wind-
shield during conditions that might lead to a lightning
strike. Cockpit instrument lights and display intensi-
ties should also be kept at maximum brightness.

The most common coating in present use is in-
dium tin oxide (ITQ) and it is preferred for its com-
parative durability against erosion.

Flash blindness: If a lightning strike occurs at night in
front of a windshield the bright flash might temporar-
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;_ windshield heat -; power g?enerator
controller unit bus
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- ( a) heated
windshield L J L
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controller unit bus
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| 1 ! generator
electrically | relay ; 4
(b ) heated
windshield L J L
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Fig. 6.40 Surge protection of windshield heater circpits.
(a) Diverter at windshield - Best
(b} Diverter in heat control unit - Intermediate
{¢) Diverters on power supply bus - Least desirable
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ances between objects such as fuel quantity probes and
adjacent structure. In such cases other means, such as
coating adjacent surfaces with dielectric films, may be
explored to enable smaller gaps to withstand twice the
anticipated voltage. Designs like this must be given
voltage withstand tests, as handbook type data does
not exist to support specific designs.

It is particularly important that sufficient insula-
tion be provided between the active elements and the
airframe because the highest induced voltages usually
appear between the wires and the airframe. These
voltages may be IR voltages related to lightning cur-
rents in the structural resistance of the wing or they
may magnetically induced voltages as illustrated in
Fig. 7.29. Structural IR voltages may be only a few
volts for a metal wing, but they may be several thou-
sand volts in a composite wing.

Testing considerations: When determining the spark-
over voltages of small gaps such as those at a fuel quan-
tity probe, care must be taken to apply test voltages to
all of the gaps which may exist, though this need not
be done simultaneously. In most cases both the “high”
and “low” elements of a quantity probe are insulated
from “ground” (the airframe), but there is always a
mounting bracket which brings the probe in proximity
to the airframe. Fig. 7.30 is an illustration. Thus,
the test should evaluate both the sparkover between
the “high” and the “low” electrodes and the sparkover
between the “low” electrode and the structure upon
which the probe is mounted. Usually, the gaps to the
mounting bracket or airframe will be larger than the
others and require a higher voltage to cause sparkover,
but these are also the gaps that experience the highest
induced voltages.

1800
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9 1400
3‘ 1200 Altitude Pressure
§ 1000 ‘ m mm of Hg
S o 0 760.00
% 600 CO;4 ——rN 500 715.99
Z » | jmet ARl 1000 674.09
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200 ' 2000 596.23
00 2 4 6 8 10 12 w4 16 18 20 22 24 26 28 30 2500 560.11
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Fig. 7.28 Sparkover voltages and altitude pressures.
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Fig. 7.29 Typical fuel probe wiring.

|

Most magnetic flux and induced voltage appears between wire

(or shield) and the airframe at probe end.

Less flux and induced voltage exists between any two wires.

Even less flux and voltage exists between a wire and its shield.

- Other voltages can occur between probe and airframe
because of structural IR potentials,

o E:::E -

insulator

Q O
airframe
attachment
low

e high
o] ¢}

Fig. 7.30 Possible breakdown of gaps in
capacitance-type probe.
1. High to low
2. High to airframe
3. Low to airframe

Contaminants that accumulate with time on the
probe surfaces may act to reduce the sparkover volt-
age; therefore, it is wise to incorporate a factor of two
when designing clearances necessary to tolerate the an-
ticipated induced voltages expected in fuel tank wiring
harnesses.

Fig. 7.29 illustrates that the proximity of the
probe to the airframe structure on which it is mounted
is very important in determining breakdown voltages
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to the airframe. Because of this, design of adequate
insulation between the active elements of the probe
and the airframe may not be entirely within the probe
designer’s control. ‘

Shielding of fuel probe wires: The fuel probe wires
are most closely referenced to the airframe at the elec-
tronics end, which is usually in the fuselage. If one or
more of the wires are shielded, there can be a conflict
between the grounding practices that are best for con-
trol of lightning induced voltages and those considered
best for control of steady state electromagnetic inter-

ference, EMI.

Usually, because of EMI considerations and con-
cern for “ground loops”, only one end of the shield is
grounded; most commmonly at the end remote from the
fuel sensor. . Grounding the shield at both ends per-
mits stray ac flelds to induce circulating currents in
the shield, and such currents may interfere with the
operation of the fuel quantity electronics.

The conflict arises because a shield grounded at
only one end does not act to reduce magnetically in-
duced voltage between conductors and ground, though
it may reduce voltages between conductors in the
shield. The subject is treated at length in Chapter
15, but the gist of the matter is that a shield can re-
duce voltages between conductors and ground only if it
is grounded at both ends and allowed to carry current.
If a shield is ungrounded at one end, magnetically in-
duced voltages can develop at that end between the
conductors and ground. Thus, most shields found on
fuel quantity probe wiring harnesses offer little or no
protection from lightning induced effects.
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Fig. 7.31 Spar-skin interface design to reduce ignition sources.
{(a) Conventional — fasteners in fuel area
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Fig. 7.32 Wing fuel tank closeout rib—skin interface
design to reduce ignition sources.
(a) Conventional
(b} Improved
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Co—curing of CFC tanks: The most radical way of
eliminating fasteners and their associated problems is
to build the tank as a single monolithic structure which
is electrically conductive throughout. While this is not
done at present, it is a technique that could be used to
build CFC tanks, Fig. 7.34 illustrates the principle.

In Fig. 7.34(a) fasteners penetrate the tank. In

Fig. 7.34(b) filament winding is used to achieve an
entirely co-cured structure. Practical limitations may

- prevent this method from being utilized to build com-

plete wings of large aircraft, but similar approaches
may be useful for construction of various substruc-
tures, . )

Co—cured joints in CFC structures will eliminate
potential arc and spark sources and provide the best
possible electrical conductivity among structural sec-
tions. In these joints, the pre-impregnated resin is
used to bond yarns and plies together without the need
for additional adhesives. Practical difficulties arise in
co—curing large structures, but great imuprovements in
lightning protection of CFC structures can be achieved
by co—curing of simple interfaces, such as between stiff-
eners and skins.
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Primary structure of the wing box is filament wound CFC.
Entire structure is co—cured, eliminating the need for fasteners.
After curing, the front and back close—outs are cut away to

expose the integral spars.

Fig. 7.34 Use of filament winding techniques to obtain co-cured, monolithic structure

and eliminate fasteners.

(a) Conventional — penetrating fasteners
(b) Improved — fasteners eliminated

'7.10.2 Provision of Adequate Electrical
Contact

A primary means of current transfer between fuel
tank structural elements is through fasteners. When
current is conducted through them, arc products may
be produced. These consist of plasmas of ionized air,
vaporized and melted metals, and/or composite fiber—
epoxy materials. Any of these arc products can be hot
enough to ignite fuel vapors.

[N
<]

The basic mechanism is shown in Fig. 7.38. The
lightning current is conducted from one part to an-
other through the fastener, threaded nut, and washer.
With lightning densities of hundreds or thousands of
amperes per fastener, arcing will occur at the points
of contact between fastener and fastened parts, as il-
lustrated in Fig. 7.38. If the fastener could bear di-
rectly against bare metal, the arc threshold (amperes
per fastener) could be increased. However, bare, un-
coated parts are almost never tolerated within aircraft
structures due to the possibility of corrosion.



CFC Skins —\
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Fig. 7.35 Non-conducting ribs to eliminate
arc and spark sources at fasteners.

View A—A

‘—- outer skin

shear clip
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fuel fuel
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Fig. 7.36 Non-conducting shear clips to interrupt
current paths.

Keeping current densities fow: One method to min-
imize arcing at a fastener is to keep the current den-
sity in the fastener low. This may be accomplished
by using fasteners as large as possible to maximize
the contact area between the fastener and the joined
surfaces, as is shown in Fig. 7.39. The upper drawing
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Fig. 7.37 Non-conducting ply or laminate.

shows arcing occuring at the fastener interface with the
parts due to small cross—sectional contact area. When
the contact area is increased, as shown in the lower
drawing, the current density through the fastener is
reduced, which decreases the intensity of the arcing at
the interfaces.




Ares

Ares within
fuel cell

Fig. 7.38 Arcing and sparking at fastener interfaces.

The intensity of arcs may also be reduced by al-
lowing or encouraging the current to be shared among
several fasteners. This concept is shown in Fig, 7.40.
With a large number of fasteners in a current path,
the current in any one fastener will be lower. Light-
ning currents do not divide evenly among all fasten-
ers in most designs, since overall current densities di-
minish with distance away from lightning entry and
exit points. Reliable analysis methods are not readily
available to calculate the current distribution among
fasteners. Gross estimates can be made by intuition,
sufficient to design test specimens and establish appro-
priate current levels.

7.10.3 Arc Containment

As noted earlier, certain design methods can be
employed to reduce the intensity of arcs at conductive
interfaces. These methods may prevent ignitions at
low to moderate current levels, but at higher levels
the arc pressure buildup may be sufficient to blow arc
products into the fuel vapor space. For this reason, it
is generally necessary to employ a barrier between arc
sources and fuel vapor areas.
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(b)

Fig. 7.39 Effect of fastener contact area on
current density and arcing.

(a) Small area and high current density
{b) Large area and low current density

Containment with tank sealant: The most common
method of containment is the addition of a fuel tank
sealant coating over the exterior surface of the fas-
teners. Advantages and disadvantages of sealant were
previously discussed in §7.6.3. The basic principle is
shown in Fig. 7.41. It must be emphasized that sealant
does not eliminate the arcs which occur, but merely
contains the resulting products so that they do not
contact the flarnmable vapor space.

Protection increases as the thickness of the ap-
plied sealant is increased, though there is a practical
limit to the amount of sealant which may be applied
because of the weight which it adds to the aircraft
and the cost of labor and material. The effectiveness
of overcoating depends upon the skill of the opera-
tor. The fastener must be thoroughly coated and there
must be no voids or thinly coated areas.



Examples of acceptable and unacceptable sealant

coverage for fasteners are shown in Fig. 7.42. Fig.

lightning current 7.42(a) shows sealant applied at the sides of the fas-
enters skin tener, but not of sufficient quantity to prevent arc pres-
sure blowby through the sealant or at the interfaces be-
tween the sealant and the fastener. This is remedied,
as shown in Fig. 7.42(b), by applying a coating thick
enough to prevent arc product breakthrough. In addi-

Y

signifléant amount of tion, the sealant has been extended over the fastener
ﬁﬁfgrlin*%ag&ﬁru;ﬂf&’gﬁb head, thus eliminating the possibility of arc product
blowby through the sealant at this location.

Containment with fasteners; Although arcing can
take place at any point of contact between the fas-
tener and the CFC structure, the most significant are-
ing takes place between the shaft of the fastener and

multiple fasteners and ribs share
current, lowering current level in s -
any single fastener or rib the hole surface. Pressure then builds up in this area

and can vent under the fastener nut or washer into the

fuel tank vapor space since the faying surfaces in this

Fig. 7.40 Effect of multiple paths area are very hard to manufacture smooth.
on current density. A method of containing these products is to use
fasteners which provide a mechanical seal. Examples
of this type of fastener are shown in Fig. 7.43. Each of
these fasteners is fabricated with a gasket to contain
the arc products which result from contact between
the fastener and the structure. Arcing may occur be-
tween surfaces in close proximity, such as between the
fastener housing and the skin surface as shown in the
sketches, but electrically non—conductive primers or
finishes on the skin surface may help prevent this prob-
lem. Typical installations should be tested to be cer-

tain.

Arc Products

/ : Escape
- = s
PN -
(b)
Fastener Gasket (a)
Washer 0.10 in.

Washer

- ] = 0.25 in.~=
£ AN 4

(b) Minimum Thickness

<
< PN
(©)

Fig. 7.41 Fastener sealing concepts,
(a) Dome nut
{(¥) Sealant over a fastener (a) Inadequate coverage
(c) Washer under a fastener {b) Adequate coverage

Fig. 7.42 Guidelines for overcoating of fasteners.

208















~~~~~~

w290 A

e
~~~~~

(74%)

31 A
(3%) (&%)

151 A
(53%)

(13%)

795 A
IN
(100%)
Fig. 7.46 Current distribution patterns in a CFC wing.
- T = 4 microseconds, 300 ampere current
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Fig. 7.47 Current distribution patterns in a CFC wing.
- T = 4 microseconds, 900 ampere current

- Strike to the static discharger.

Graphite epoxy skins 0.150 inches thick will gen-
erally be capable of sustaining a severe lightning strike
without puncture or cracking. Thinner material, or
the addition of primers and paints to the exterior sur-
face, will lower the peak current amplitude and action
integral which the skin can successfully sustain with-
out creating a fuel ignition hazard. Lightning protec-
tion methods might need to be employed. These may
include exterior surface protection consisting of flame
or arc spray metals, woven wire mesh, metallized fabric
or tape, or the use of thin wires woven into the outer
ply fabric. The protection afforded by the method cho-
sen should be verified by test. A complete discussion
of the protection methods mentioned above is found
in Chapter 6.

7.12 Non—Conductive Tanks

In some cases electrically non—conductive mate-
rials, such as fiberglass—reinforced plastics (FRP) are
used instead of metals or conductive composites for

213

skins of fuel tanks. For example, the light aircraft of
Fig. 7.48 has FRP wing tips containing fuel tanks con-
taining aviation gasoline. These tanks have suffered
several in-flight explosions due to lightning strikes.
The explosions are probably the result of these tanks
being located in Zones 1A and 24,

A lightning arc that contacts an aluminum tank
may melt through the skin, while one that attaches to
a tank made of conductive composite may puncture
the skin. For a tank fabricated of electrically non-
conductive material, however, the lightning flash will
either:

1. Puncture the skin and attach to an electrically
conductive object inside the skin (tank), or

2. Divert around the non—conductive skin and attach
to the adjacent conductive skin or to some other
object.

If the arc remains on the exterior surface, it is not
likely that the skin will be damaged such that a fuel
















































Fig. 8.8 An oversimplified model.
Maximum voltage is not determined
only by total end to end resistance.

8.5.2 Magnetically Induced Voltage

The second coupling mechanism, Fig. 8.9, in-
volves magnetic fields in the interior volume of the
aircraft.

Hezt

(a) ' Aperture

Magnetic field lines
Aperture

Magnetic field lines
Aperture

Fig. 8.9 Aperture-type magnetic field coupling.
(a) External field patterns
{(b) Internal field patterns
{¢) Induced voltages and currents

Aperture coupling: The most common and important
type of magnetic field is that which passes from the ex--
terior through apertures to the interior of the aircraft,

as shown in Pigs. 8.9(b). This is frequently called
the aperture field. A changing magnetic field passing
through a loop, Fig. 8.9(c), generates an open circuit
voltage

Voe =4 x 1077 A %‘g (8.1)
or
d
Voo = —% (8.2)

where H is the magnetic field strength and ¢ is the
total magnetic flux passing through the loop of area
A.

The numerical relationships are discussed further
in §9.7.4. The most important point is that the volt-
ages are proportional to the rate of change of magnetic
field, sometimes referred to as H or H dot.

Induced current: I the loop is short circuited, a cur-
rent will be induced in the loop of magnitude

o=~ / Ve dt (8.3)

L
where L is the self inductance of the loop. The cur-
rent in the short circuited loop thus tends to have the
same waveshape as the inducing magnetic field, unlike
the voltage, which responds to the rate of change of
magnetic field.

Diffusion coupling: There will also be magnetic fields
produced by the diffusion of lightning currents to the
inside surfaces of the aircraft skins. These are referred
to loosely as the diffusion fields. The diffusion fields
are also related to the frequency dependent properties
of the resistively generated electric field. Because some
of the concepts involved in the study of the diffusion
fields are central to an understanding of other effects,
particularly with respect to the response of shielded
wires, they will be discussed (in Chapter 11) in detail
before fields of other origins are considered.

Composite aircraft: Magnetic fleld effects will be
more severe in cornposite aircraft than in metal air-
craft. Fiberglass and aramid fiber reinforced plastics
provide no magnetic shielding. Carbon fiber compos-
ites provide some shielding, but not nearly as much as
provided by metal aircraft. Not only will the magnetic
fields be higher, but they will rise to peak faster than

in metal aircraft, this being a natural consequence of

229

the high resistance of CFC materials. An effect of the
increased magnetic fields is that much more of the to-
tal lightning current flows on internal metal objects

in a CFC aircraft than flows in a comparable metal
aircraft. Another way of phrasing this is that the re-
























While it was not possible to measure the current on
individual wires within these cable bundles because of
limitations of measurement technique and because of
the large number of wires within the bundles, it was
possible to measure the total current fowing on the
various bundles. This was done by clamping around
the bundle a current transformer having a split core.

Typical results of these cable measurements are
shown in Figs. 8.24 and 8.25. The bulk cable cur-
rents were also found to be oscillatory, just as were
the voltages on conductors described earlier. Since
the flight control wiring did not make use of multi-
ple ground points within the aircraft, it follows that
none of the currents in these cable bundles would ex-
hibit any of the long time response characteristic of
multiple-grounded conductors.

Fig. 8.21 Left pitch valve drive output
{(high to low) at plug P22.

Fig. 8.22 Voltages induced in left roll valve drive
output circuit (Pins 44-45) at open
plug P22.
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Fig. 8.23 Cable bundles within the gun bay.
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Fig. 8.24 Currents on cable bundles leading toward
cockpit and left hand instrument panel.
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Fig. 8.25 Currents on cable bundles leading toward
the area behind the cockpit.






partment was of lower amplitude than that of the field
external to the gun bay. The waveshapes of the fields
are more difficult to understand. First of all, it must
be kept in mind that the probe was responding to the
rate of change in the magnetic field after about 4 us
and was responding to the field itself for times shorter
than about 4 us.

Accordingly, the oscillograms displaying the field
inside the gun bay indicated that there was, first of
all, a component of magnetic field that rose to its crest
about as fast as did the outside field.

FIELD ABOVE SEAT - POSITION 4

No. 363
PITCH
7.5A/m/div

FIELD ON SEAT - POSITION 3

| Loy
| / " :
| No. 325
PITCH
| @ 182a/m 3a/m/div.
® YA T Vi E—
b
| SEAT ‘1
No. 327
ROLL
CONSOLE 3A/m/div,
COCKPIT
LOOKING AFT FROM No., 328
INSTRUMENT PANEL Yaw
3A/m/div.

ALL PICTURES 5ps-div.

Fig. 8.28 Magnetic fields near pilot’s seat.
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Fig. 8.29 Magnetic fields inside the gun bay.

From then on, the field continued to increase at
a slower rate, the final value of the fleld not being in-
dicated by the oscillograms. The fact that the field
continued to rise, but at a slower rate, is in agreement
with the behavior predicted in §11.3.5, Fig. 11.11 and
§11.7, where it will be shown that the field should in-
crease with a time constant characteristic of the inter-
nal inductance and resistance of the cavity in which
the fields are measured.

Fields inside a battery compartment located aft
of the gun bay are shown on Fig. 8.30. The mea-
surements showed first some oscillatory magnetic field,
followed by a field which rose to crest at a time much
longer than the crest time or even the duration of the
lightning current that was injected into the aircraft.
Oscillogram No. 452 in Fig. 8.30 indicated the rate of
change of field as falling to zero at about 400 us. This
would indicate that the field itself reached its crest
value in about 400 us. k

R
‘rleft view looking forward right
current flow fwd to aft
cover
u sensor
battery
o y
—3.0 A/m
/\_f\*& 0.15 A/m ___
.y
T " 5us T IV 5 us |
Cover removed Cover on

100 us | i 500 us +————

Cover on Cover on

Fig. 8.30 Magnetic fields inside the battery
compartment (probe time constant = 4us).
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and the shunt admittance per unit length is

Y =G+ jwC. (9.38)

For a conducting wire in a homogeneous medium the
two propagation constants will be equal at the surface
of the conductor.

9.5 Geometric Mean Distances

Ceometric mean distances and radil [9.1] are a
mathematical concept of particular use when evaluat-
ing the impedance of conductors or groups of conduc-
tors. They will be introduced here as a mathematical
device and the results used later when discussing in-
ternal impedance of conductors.

The geometric mean distance, GM D, from point
P to the three points 1, 2 and 3 of Fig. 9.1 is defined
as:

GMD = (5,5,55)'/%. (9.39)
If there were n points, the GMD would be

GMD = (58,5255 --- Sn )™ (9.40)

A circle can be considered as an infinite number
of points on a line, while an annulus or disk can be
considered as an infinite number of points over an area.
If all the points have equal weight, the GM D can be
considered as an effective distance from the assembly
of points to an external point. For circular geometries
the GM D to an external point is the distance from
the point to the center of the circle.

10 S1 P

/Sz/sg

~ 3

Fig. 9.1 Geometric mean distance.

The concept of GM D can also be extended to de-
fine the effective distance of all the points from each

other. That distance is called the geometric mean ra-
dius, GM R. With regard to Fig. 9.2 the GMD is:

GMD = [(ryryrs -+ 1) /™ (S12815514 -+ S1)] /"
(9.41)

The GM R of some common geometries is given
in Fig. 9.3.
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Fig. 9.2 Geometric mean radius of a group of
conductors.
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Fig. 9.3 Geometric mean radii of some
common geometries,




































1= E jwC amperes (9.102)

or

3= r amperes

Similar displacement currents flow as a result of

a changing electric fleld. Fig. 9.26, shows a surface

exposed to a changing electric field, the field assumed

to be oriented perpendicular to the surface. A portion

of the surface has been isolated and connected to the

rest of the surface through a conductor. The current
through the conductor will be:

(9.103)

. d
7 = 60A—5Ea amperes.

5 (9.104)

where

A = area of the surface - m*

E, = actual electric field intensity - V/m
E, = undisturbed electric fleld intensity

(b)

VAV AW AV AV ey v Gy AV AN 4 & S 4w &y

Fig. 9.26 A surface exposed to an electric field.
(a) Isometric view

{(b) End view

For a surface flush with its surroundings, as in Fig.
9.26, the electric field impinging on the surface will
be the same as the undisturbed field. If the isolated
section is raised above the surrounding surface, Fig.
9.27, the electric field will be concentrated and the
actual electric field intensity will be higher than the
undisturbed electric field mtensity E,. Alternatively,
one could say that the elevated plate has a capture area
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S larger than its physically projected area A. Effective
areas for some typical geometries are given in Table

9.3 [9.5]. Displacement currents are also discussed in
§14.4.3.

9.9 Surface and Transfer Impedances

In §9.6.2 it was observed that the voltage differ-
ence between two points is determined by summing the
electric field between the points. §9.6.4 presented def-
initions of surface and transfer impedances and §9.7.3
presented some discussion of the internal impedance
of conductors in terms of internal magnetic flux. This
section will present mathematical expressions by which
surface and transfer impedances may be calculated.
The defining equations are here presented in the fre-
quency domain and without discussion. Formulations
in the time domain are given in Chapter 11. Some
alternative formulations in the frequency domain are
given in [9.6].

Eu

(a) i [

VAN AN AN AV AN A ol A i AV A AV 4

(C) u! @ a
 ————

Fig. 9.27 Elevated surface.
(a) Flat surface
(b) Embedded hemicylinder
{c) End view


















1180
1180
1200
1210
1220
1230
1240
1250
1255
1260
1270
1280
12980
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720

Table 9.4

BESSEL - A Program in BASIC for Calculation of

Bessel and Hankel Functions of Complex Arguments

(Continuation)

FOR I=2 TO 21 ‘calculate the P factors
P(I)=P(I-1)+1/I

NEXT I )

1]

XR(0)=1:XI(0)=0

1

1

INPUT "magnitude and phase of X ";XM,XP
IF XM=1! THEN XM=1.0000001%
IF XM=-99 THEN STOP ELSE 1280

V(3)=XM:V(4)=XP

GOSUB 10430 *calculate real and imag parts of x

XR=V (1) :XI=V(2)

J0=1:J2=0

J1=V(1)/2:J33=V(2)/2

Y0=0:Y2=0

Y1=V(1)/2:¥3=V(2)/2

10=1:12=0

I1=V(1)/2:I3=V(2)/2

KO=0: K2=0

K1=V(1)/2:K3=V(2)/2

N9=2 :
GOSUB 10820 ' vAn9 calculate X~2

X2=U (1) :X3=U(2)
FOR I=1 TO 20
U(1)=XR(I-1):U(2)=XI(I-1)

GOSUB 10280 'r tp p with u
IF U(3)<1E+35 THEN 1490
U(3)=1E+35

GOSUB 10430 'p to r with v
KR(I-1)=U(1) :XI(I-1)=U(2)
V(1)=X2:V(2)=X3
W(1)=XR(I~1):W(2)=XI(I=1)

GOSUB 10580 ‘'v#w -=-x(i-1)*x~2 will be in u(1-5)

XR(I)=U(1):1XI(I)=U(2)
NEXT I
FOR I=1 TO 20
N1(1)=D1(I)*XR(I)
N1(2)=D1(I)*XI(I)
W(1) =D2(I)*XR(I)
W(2) =D2(I)*XI(I)
V(1) =XR:V(2)=XI
GOSUB 10580 lyky
N2 (1)=U(1):N2(2)=U(2)
IF N1(1)*N1(1)+N1(2)*N1(2)<1E-32 THEN 1870
IF N2(1)*N2(1)+N2(2)*N2(2)<1E~32 THEN 1870
MM=(-1) ~I

JO=JO+MM#*N1 (1) ‘real part of
J2=J2+MM*N1{2) ‘timag part of
J1=J1+MM*N2 (1) 'real part of
J3=T3+MM*N2 (2) ‘imag part of
YO=YO+MM*N1 (1) *P(I1) 'real part of
Y2=Y2+MM#*N1 (2) *P(I) "imag part of

Y1=Y1+MM*N2 (1) *(P{(I)+P(I+1)) 'real part of
Y3=Y3+MM#N2 (2)*(P(I)+P(I+1)) 'imag part of
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ftest for convergance

JO(x)
JO (%)
J1(x)
J1({x)
YO (x)
YO (x)
Y1({x)
Y1(x)



Table 9.4

BESSEL - A Program in BASIC for Calculation of
Bessel and Hankel Functions of Complex Arguments

(Continuation)
1730 TIO0=TO0+N1(1) ‘real part of IO0(x)
1740 I2=I2+N1(2) 'imag part of I0(x)
1750 I1=T1+4+N2(1) ‘real part of I1l(x)
1760 I3=I3+N2(2) ‘imag part of I1(x)
1770 V(1)=T0:V{2)=I2
1780 W(1l)=I1:W(2)=I3
1790 GOSUB 10700 'v/w
1800 I4=U(1) 'real part of I0(x)/I1(x)
1810 I5=U(2) timag part of I0(x)/I1(x)
1820 KO=KO+NL1{1)*P (I} 'real part of KO(x)
1830 K2=K2+N1(2)*P(I) 'imag part of KO(x)
1840 K1=K1+N2 (1)} *(P(I)+P(I+1)) 'real part of Ki(x)
1850 R3=K3+N2(2)*(P(I)+P(I+1)) fimag part of K1(x)
1860 NEXT I
1870 V(1)=XR:V(2)=XI
1880 GOSUB 10180 'r to p with v
1890 GOSUB 10930 'log(v)

1900 F1(1)=P2#*(U(1)-LOG(2)+.5772156)
1910 F1(2)=P2*U(2)

1920 V(1)=F1(1):V(2)=F1(2)

1930 W(1)=J0:W(2)=J2

1940 GOSUB 10580 Tuky

1950 F2(1)=U(1):F2(2)=U(2)

1960 W(l)=J1:W(2)=J3

1970 GOSUB 10580 YRy

1980 V(1)=U(1):V(2)=U(2)

1990 U(1)=XR:U(2)=XI

2000 GOSUB 10640 'l/u
2010 W(1)=P2+U (1) :W(2)=P2+U(2)
2020 GOSUB 10530 Yv-w

2030 F3(1)=U(1):F3(2)=U(2)

2040 V(1)}=XR:V(2)=XI

2050 GOSUB 10180 'r tp p with v
2060 GOSUB 10930 ‘log (V)
2070 F4(1)=U(1)=~LOG(2)+.5772156
2080 F4(2)=U(2)

2090 V(1)=F4(1):V(2)=F4(2)

2100 W(1)=I0:W(2)=I2

2110 GOSUB 10580 YTykw

2120 F5(1)==U(1):F5(2)=-U(2)
2130 W(1)=I1:W(2)=I3

2140 GOSUB 10580 ‘vhw

2150 V(1)=U(1):V{2)=U(2)

2160 U(1)=XR:U(2)=XI

2170 GOSUB 10640 '1/u
2180 W(1)=U(1):w(2)=u(2)
2190 GOSUB 10480 Yy

2200 F6(l)=U(l):F6(2)=U(2)
2210 YO=F2(1)~-P2%Y0

2220 Y2=F2(2)-P2%Y2

2230 Y1=F3(1)-P3*Y1

2240 Y3=F3 (2)-P3#%Y3

2250 KO=F5(1)+K0

2260 K2=F5(2)+K2

2270 KR1=F6(1)~K1/2

2280 K3=F6(2)-X3/2




2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2650
10000
10170
lo180
10190
10200
10210
10220
10230
10240
10250
10260
10270
10280
10290
10300
10310
10320
10330
10340

BESSEL - A Program in BASIC for Calculation of

Table 9.4

Bessel and Hankel Functions of Complex Arguments

(Continuation)
HO=J0~Y2 'real part of
H1=J2+Y0 'imag part of
V(1)=K0:V(2)=K2
W(1)=K1:W(2)=K3
GOSUB 10700 tv/w
K4=U(1) 'real part of
K5=U(2) 'imag part of
H2=J1-Y3 'real part of
H3=J3+Y1 'imag part of
H4=J0+Y2 'real part of
H5=J2~Y0 timag part of
H6=J1+Y3 ‘real part of
H7=J3-Y1 'imag part of
PRINT " Function real imaginary®
PRINT
FS="#34. 4444 # 4. FEEHET
PRINT " JO(x) . :PRINT USING F$:;J0,J2
PRINT " J1(x) " :PRINT USING F$;J1,J3
PRINT " YO(x) ", :PRINT USING F$;Y0,¥2
PRINT * Y1(X) "::PRINT USING F$;Y1,¥3
PRINT " 10(%) "::PRINT USING F$;I0,I2
PRINT " I1(x) ";:PRINT USING F$:;I1,I3
PRINT " KO(x) " :PRINT USING F$:;K0O,K2
PRINT " KI1(x) ";:PRINT USING F$;I1,K3
PRINT " I0(X)/I1(X) ";:PRINT USING F$;I4,I5
PRINT " KO(X)/K1(X) ";:PRINT USING F$;K4,K5
PRINT ¥ HO-1 "::PRINT USING F$;HO,H1
PRINT " H1-1 "::PRINT USING F$;H2,H3
PRINT " HO-2 " :PRINT USING F$;H4,HS
PRINT " H1-2 ".:PRINT USING F$;H6,H7
PRINT
PRINT
INPUT "continue (Y/N)} ";AS$

IF AS = "Yy" OR AS = "y¥ THEN 1250 ELSE STOP

STOP
'

'r to p with v

U8 = ABS(V(1)):U9 = ABS(V(2))

IF U8 => V9 THEN V(5) = ATN(U9,/U8)

IF U8 < U9 THEN V(5) = PI/2 - ATN(U8/U9)
IF V(1) < 0 THEN V(4) = PI-V(5)

IF V(2) < 0 THEN V(4) = -V(5)

V(4) = V(5)*180/PI

V(3) = SQR(V(1)*V(1) + V(2)*V(2))

'r to p with u

Ug =

ABS(U(1)):U9 = ABS(U(2))

input is u(l) and u(2)

IF U8 => U9 THEN U(5) = ATN(U9,/US8)

IF U8 < U9 THEN U(5) = PI/2 - ATN(U8/U9)
IF U(l) < 0 THEN U(5) = PI-U(4)

IF U(2) < 0 THEN U(5) = ~U(5)

U(4) = U(5)+*180/PI

U(3) = SQR(U(L)*U(1) + U(2)*U(2))
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HO-1 (%)
HO-1{x)

KO (x)/K1(x)
KO(x}/K1(x)
Hil=-1(x)
H1l-1(x)
HO-2 (x)
HO=-2(x)
H1-2(x)
H1-2 (%)

general purpose complex number routines
input is v(1l) and v(2)






10910
10920
10930
10940
10950
10960
10970
105880
10990
11000
11010
11020
110390

1000
1020
1040
1060
1080
1100
1120
1140
1160
1180
1200
1220
1240
1260
1280
1300
1320
1340
1360
1380
1400
1420
1440
1460
1480
1500
1520
1540
1560
1580
1600

Table 9.4

BESSEL - A Program in BASIC for Calculation of
Bessel and Hankel Functions of Complex Arguments
{Conclusion)

' log(v) needs v{1l) and v(2)

U(1) = LOG(V(3)):U{2) = V(4)*PI/180
GOSUB 10280

RETURN treturns u(l) - u(35)

LRV needs v(1) and v(2) plus w(l) and w{2)
GOSUB 10930 . .

V(1) = U(1):V(2) = U(2)
GOSUB 10580
V(1) = U(1):V(2) = U(2)

GOSUB 10280
RETURN '‘returns u(l) - u(5}

Table 9.5

EXPON - A Program in BASIC For Evaluating Constants
of Double Exponential Waves
(Partial)

INPUT "t1 and t2%";T1,T2

TOVERT = T2/T1

FAC = .5 'find half amplitude point
BOVOLD = 10%TOVERT

BOVERA = BOVOLD

GOSUB 1700 ‘find sum

SUMOLD = SUM

BOVERA = B5*TOVERT

GOSUB 1700 'find sun

1

GOSUB 1580 'find new value for BOVERA

BOVOLD = BOVERA
SUMOLD = SUM
BOVERA = BOVNEW
1

IF ABS(SUM)<.00001 THEN 1360 ELSE 1160
¥

‘print the answers

ALPHA = AT1/T1
BETA = BOVERA*ALPHA

PRINT ‘
EOVERE = EXP(-AT1l) - EXP(-Al)

A$ — “\ \##.####AAAA 11
PRINT USING A%$;"alpha = ";ALPHA
PRINT USING A$;"beta = ";BETA
PRINT USING A$;"E1/E = ";1/EOVERE
PRINT

STOP
1

'subroutine to find new BOVERA
DELX = BOVERA - BOVOLD
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Table 9.5

EXPON - A Program in BASIC For Evaluating Constants
of Double Exponential Waves
(Conclusion)

1620 DELY
1640 BOVNEW
1660 RETURN
1680 !

1700 ‘'subroutine to find sUM
1720 AT1 = LOG(BOVERA)/(BOVERA-1)

SUM - SUMOLD
BOVERA - DELX*SUM/DELY

nn

1740 Al = AT1*BOVERA
1760 A2 = A1*TOVERT
1780 A3 = AT1*TOVERT

1800 SUM = (EXP(-A3) - EXP(~A2))

1820 SUM = SUM —- FAC* (EXP(~AT1) =~ EXP(-Al))
1840 RETURN

1860 END

Table 9.6

Calculation of Bessel and Hankel Functions
for X =0.5/45°

Function real imaginary
JO(x} 0.99902 -0.06249
J1(x) 0.18224 0.17120
YO (x) -0.48333 0.57148
Y1(x) -1.1403%9 0.85145
I0(x%) 0.99902 0.06249
T1(x) 0.17120 0.18224
KO (x) 0.85591 ~0.67158
K1 (x%) 0.17120 -1.52240
TO(X)/I1(X) 2.91772 -2.74097
KO (X) /K1 (X) 0.56158 0.17445
HO~1 0.42754 ~0.54582
Hi-1 -0.66920 -0.96919
HO-2 1.57050 0.42083
H1-2 1.03369 1.31158
Table 9.7

Calculation of Coustants for a Double Exponential Wave
Having an Amplitude of 1.0 With Front and Tail Times
of 1.0 and 10.0 Microseconds respectively

tl and t27 le-6,10e~-6

alpha = 79.2375E+03
beta = 40.0102E+05
E1l/E = 1.1043E+00

o
<3
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Orientation of magnetic field: The orientation of the
H field vector is always at right angles to the direction
of the current vector. While small gaps in the struc-
ture (Fig. 10.4) direct the current around the gap, the
magnetic fleld is virtually unaffected, except directly
on the surface and on a length scale that is small com-
pared to the dimensions of the gap interrupting the
current flow.

H IS HIGHEST ON

W HIGHESTH

Fig. 10.3 Variation of magnetic field strength with
aircraft radius of curvature.

HINGE

AILERON

SLOT INTERRUPTS
CURRENT FLOW

CURRENT
STREAMLINES

WING

I

(b)

Fig. 10.4 Current flow and magnetic field around
structural gaps.
(a) Current entering typical wing
(b) Resultant magnetic field virtually
unaffected by slot interrupting flow
of current

While Eq. 10.6 suffices to show the average cur-
rent density, and thus the average intensity of the mag-
netic fleld, it does not show how the current is dis-
tributed over the surface. This distribution must be
known since it affects both the resistive voltage rises
inside a structure and the amounts of magnetic or elec-

. tric field which penetrate through apertures.

Redistribution of current: Onunly for direct currents
is the current density at the surface of a conductor de-
termined by the dc resistance of the conductor. For
most transient conditions the distribution is primarily
controlled by magnetic effects. The magnetic distri-
bution of current density can be calculated in simple
geometries. Around the periphery of a cylinder, for
example, the current density even for alternating cur-
rents is uniform, at least as long as the return path for
that current is far removed from the cylinder ~ greater
than ten times the diameter of the cylinder.

For anything other than a cylinder, the phenome-
non of skin effect tends to force an alternating current
to crowd toward the edges, making the current den-
sity and magnetic field intensity higher than average
at places with a small radius of curvature (leading and
trailing edges of a wing for example) and less than av-
erage at places with a large radius of curvature. With
transients, the skin effect forces the current to initially
concentrate at the edges in a manner that results in
the magnetic field being tangential to the surface, as in
Fig. 10.5(a). The current then gradually redistributes
itself, with the distribution ultimately becoming con-
trolled by the resistance of the structure. This resistive
distribution leads to some of the magnetic field pene-
trating the surface, Fig. 10.5(b). The rate at which the
current redistributes over the surface is governed by
the ratio of inductance (a measure of magnetic flelds)
to resistance of the structure. It takes place faster
for high resistance structures, such as those fabricated
from graphite—epoxy, than it does for low resistance
structures, such as those fabricated from aluminum.
The time required for the current to redistribute from
a pattern governed by magnetic field effects to one
governed by resistive effects can be surprisingly long;
hundreds or thousands of microseconds.

One geometry for which these effects can be cal-
culated analytically is the elliptical cylinder shown in
Fig. 10.6. Under high frequency conditions the cur-
rent density or magnetic field intensity at the center

(X =0,Y =4d/2), is:

I
== (10.9)
and at the edge (X = +b/2,Y = 0)
I
= (10.10)


















Vo = =M1y + Ly ig — Masiz + -+ — Mauin
(10.24)

Vs = —Mayiy — Magis + Lz i3 + - — Manin
(10.25)

Vo = =M1ty — Magis — Muiin + -+ La 24
(10.26)

Equations 10.23 through 10.26 may be placed in
matrix notation as follows:

W

Va

Bl =

Va

+Lyy =My —Mi; —M;, 71

—May 4L —Mss —Man v2

—Ms1 —Msy  +Las —Msn | x | 3

~Mp, —Mpy —Mps ... +Lan in
(10.27)

or, in more compact notation

[VI=IM] x |i] (10.28)

Current in terms of voltage: Premultiplying by the
inverse of the M matrix, gives the following:

[ M| x| V] =|M|"" x| M| x |i] (10.29)
[i]=|MI|™ x | V| (10.30)
Z:1 mi1 M1z M1z +*++ Migp 1
2‘2 M1 M22 M3 -+ Map ,V2
13 = | M31 M3z M3z -+ M3y X Vs
Z.‘n Mn1 Mnr2 Mn3 o Mpn Vn
(10.31)

where mi1, m12, mi3 are the elements of the inverse
of the M matrix.

Current in each element: If all of the voltages are the
same and equal to V, as is the case if all of the induc-
tances are connected in parallel, the absolute current
in each element is:

1= (m11 +miz + myz -+ my)V (10.32)
+man)V (10.33)
i3 = (m31 4+ m3z + maz - +ma,)V (10.34)

tn = (Mn1 + Maz + Mg+ + mpp)V (10.35)

13 = (miz + M2y + Moz -+

The total current that flows, which is proportional
to the impressed voltage, is

tr=(1+12+13+ - in)V (10.36)

The fraction of the total current that flows in each
circuit is

L=2 (10.37)
ir
L =2 (10.38)
tr
L =2 (10.39)
ir
I =2 (10.40)
ir
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Fig. 10.13 Mutually coupled inductances.

10.5.4 Examples of External Magnetic
Fields

The magnetic field within and around the clus-
ter of wires can be determined by taking the proper
summation of the magnetic field produced by each in-
dividual wire.

One computer program {10.7] which incorporates
the above routines is MAGFLD. Some examples of
calculations performed with it will now be described
since they will serve to illustrate some of the points
discussed in previous sections. The geometry chosen
for analysis is the fuselage of the hypothetical aircraft
shown in Fig. 10.14. The aircraft, whose airworthi-
ness is not under discussion, has a fuselage of elliptical
cross section, two meters along the major axis and one
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Fig. 10.27 Calculated and measured response to triggered lightning - F-106B.
(a) Longitudinal B-dot sensor

(b) Left wing B—dot sensor
(c) Forward D-dot sensor

The waveshapes of the current calculated and
measured as flowing into the nose boom of the F-106B
are shown in Fig. 10.27(f).

CV-580: Similar results have been obtained with the
CV-580 data. The situation illustrated here pertains

to a strike that occurred on 5 September 1984 at.

21:53:05 UTC (Coordinated Universal Time). This
strike is known to have attached to the right wing
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(d) Left wing D—dot sensor
(e) Vertical fin D-dot sensor
(f) Nose current

[10.55]. For the calculations, the lightning channel was
assumed to be vertical upward from the right wing tip.
The current in the channel was determined using a
transfer function based on a voltage source at the air-
craft and the response measured for the electric field
(D~dot) on the right wing. That response is shown on
Fig. 10.28 and the agreement between measured and
calculated results only indicates that calculations were
numerically correct.
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Fig. 10.33 Calculated and measured response of F-106B to triggered lightning.
- longitudinal B~dot sensor.

(a) Calculated

- 6.4 x 10% V/m ambient electric field
- oriented bottom to top:

- 1.35 mC net charge

(b) Measured - Flight 82-038, Run 3
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For a conductor in air the impedance will be in the
range 300 - 500 ohms. If the wave encounters another
conductor of different impedance part of the wave will
be transmitted onto the other conductor and part will
be reflected back along the conductor on which the
incident wave was traveling. The magnitudes of the
transmitted and incident waves are given by the rela-
tive surge impedances of the two conductors, the rele-
vant equations being given on Fig. 10.38. If the wave
on the second conductor encounters a third conduc-
tor there will be produced a second set of transmitted
and reflected waves. The reflected waves on the sec-
ond conductor travel back towards the source, again

6.5
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0 1.28 us
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~ i
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encounter a change in impedance and set up a third
set of traveling waves. The process repeats until all the
energy is radiated away or lost in the resistance of the
conductor. The result is that an oscillatory wave is de-
veloped on the second conductor, the frequency of the
oscillation being given by length of the second conduc-
tor, or more properly, by its electrical travel time. For
a conductor in air, where the velocity of propagation
is 3 x 10® m/s, the ringing frequency would be

3x 108
=5 {10.59)
where [ is the length in meters.
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Fig. 10.34 Calculated and measured response of CV-580 to triggered lightning.

(a) Right wing D-dot sensor — calculated
(b) Right wing D-dot sensor — measured
(c) Left wing D~dot sensor — calculated
(d) Left wing D-dot sensor — measured

Measured - solid, Calculated - dotted
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Fig. 10.35 Calculated and measured response of CV-580 to triggered lightning.
(a) Vertical stabilizer D—dot sensor - calculated
(b) Vertical stabilizer D-dot sensor — measured
(¢) Forward fuselage B—dot sensor — calculated
(d) Forward fuselage B—dot sensor — measured

Influence of waveshape: The nature of the oscillation
is also influenced by the shape of the incident wave.
Fig. 10.39 shows the character of the waves for two
different shapes of incident current, the geometry of
the situation being shown on Fig. 10.39(a). There are
two significant points about the figure; the first be-
ing that the input and output currents have different
waveshapes and both are different from the current at
the center of the second conductor. The second point

is that the oscillation on the second conductor is more
pronounced for the faster incident current. If the inci-
dent current had a sufficiently slow rise time the oscil-
lations on the conductor would become insignificant.
Although not illustrated, the nature of the oscillations
is also influenced by the relative surge impedances of
the conductors, the more nearly equal the impedances
the less pronounced the oscillations.
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Fig. 10.36 Calculated and measured response of CV-380 to triggered lightning.
(a) Aft fuselage D—dot sensor — calculated
{b) Aft fuselage D—dot sensor — measured
(¢} Right wing B-dot sensor ~ calculated
(d) Right wing B-dot sensor — measured

Lattice diagrams: The nature of the oscillations can
be calculated graphically by the lattice diagrams de-
scribed in the literature [10.57, 10.58] or by time do-
main computer routines capable of representing dis-
tributed constant transmission lines {10.59 and 10.60].

Oscillation modes on aircraft: Similar oscillations can
be excited on aircraft, though the nature of the oscil-
lations are more complex. One reason is that there
are several modes of oscillation that can be excited,
such as nose to tail and wing to wing. The modes are
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not independent of each other either. For example,
a wave traveling nose to tail would have two compo-
nents as shown on Fig. 10.40; one that propagated
back and forth along the fuselage and one that crept
along the wings. Speaking broadly though, the ring-
ing frequencies will be given by the length of the path
involved. An aircraft with a nose to tail length of 20
meters would have a ringing frequency about 5 Mhz.
The actual ringing frequencies can be determined by
test or can be calculated by the two and three dimen-
sional time domain analytical techniques described in
the preceeding sections.
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Fig. 10.37 Calculated and measured response of CV-580 to triggered lightning.
(a} Left wing B~dot sensor ~ calculated
{b) Left wing B~dot sensor — measured
{c) Right wing current — calculated
(d) Right wing rate of change of current — calculated

Significance of oscillations: Aircraft resonances are
important in that they are one of the factors governing
the ringing frequencies of the transients excited in air-
craft wiring. If the aircraft ringing frequency happened
to coincide with the ringing frequency of a wiring har-
ness there would be the possibility of more efficient

coupling of energy from the exterior of the aircraft to

the internal wiring. The natural ringing frequency of
the wiring harness, though is given more by the phys-
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ical length of the harness than by the length of the
aircraft. There is some correlation between the gen-
eral nature of the aircraft ringing frequencies and the
ringing frequencies of the transients typically induced
on aircraft wiring; transients induced in small aircraft
tend to ring at higher frequencies than do transients
induced in large aircraft. Partly this would occur be-
cause wiring harnesses in small aireraft naturally tend
to be shorter than wiring harnesses in large aircraft.
























11.3.1 DC Voltage on Circular Cylinders

Consider Fig. 11.2 in which a current, I, is en-
tering a circular cylinder. The cylinder is considered
long compared to other dimensions, so that there are
no end effects, but short compared to the electrical
wavelength of any of the frequency components of the
current I. The return path for the current is not
shown, but it is assumed to be sufficiently far away
from the cylinder that there are no proximity effects.
Also shown are two conductors, one external (1) and
one internal (2) to the cylinder. These are connected
to an end cap considered sufficiently massive that no
electromagnetic flelds penetrate the cap. At the other
end of the cylinder are shown two voltages; V; mea-
sured from conductor 1 to the external surface of the
cylinder, and V, measured from conductor 2 to the
inner surface of the cylinder.

DC resistance: The cylinder will have a dc resistance

ot et
R~A_27rra'

(11.3)

where

p = resistivity
£ = length
A = cross sectional area
r = radius
a = thickness(a < 7).
If the cylinder has the following dimensions and
is made from aluminum of the indicated resistivity,
£=2m
r=15.7 cm
a = 0.381 mm(0.015")
p=269x107% Qm
then the dc resistance, R, will be 1.43 x 10~ ohms.
If the input current is 116 A (a value chosen be-

cause it was used in an experimental verification of the
concepts), a voltage

e=IR=116x1.43 x 107* = 0.0166 V (11.4)

will be developed along the cylinder and this same volt-
age rise would be measured by a conductor external to
the cylinder or by one internal to the cylinder.

Transient conditions: Until steady state conditions
have been established, V; will not be equal to V3,
and neither of them will be equal to the steady state
dc resistance voltage rise. Consider first voltage Vi,
which can be considered as the line integral of po-
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Fig. 11.2 Magnetic fields around a
circular cylinder.
(a) Geometry

b) Field intensity vs radius
(b) y
(for I =116 A)

tential (Chapter 9, §9.6.2) around the path ABCD
of Fig. 11.2. The voltage will have two components;
a magnetically induced voltage due to the changing
magnetic flux passing through the loop ABC'D and a
voltage due to the surface impedance along the path
CD. For dc, that surface impedance reduces to the dc
resistance discussed above.

11.3.2 External Voltage on Circular
Cylinders

External to the cylinder the flow of current sets
up a magnetic field of intensity

I
H=— 11.5
2rr ( )

where

I = current
r = radius
H = field strength,

having a pattern as shown in Fig. 11.2(b). The mag-
netically induced component of V; will then be:

d dI
Vi = —¢ = u,HZllog (CL)—) pre

= 11.6
dt ™ ( )
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Fig. 11.16 Lumped constant circuit exhibiting redistribution effects.
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Fig. 11.32(a) shows the magnetic field (or current
density) at the center of one of the faces formed from
CFC, while Fig. 11.32(b) shows the field at one of the
metal sides, the solid lines showing the waveforms for
the box with CFC sides and the dashed line showing
the waveforms for the box composed entirely of metal.
At early times, the currents divide uniformiy between
the sides made of metal and CFC material, and the
magnetic fields at the two surfaces are the same. For
those early times the distribution of current is such
that the internal magnetic fields are zero, as sketched

on Fig. 11.33(a).
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Fig. 11.32 Tangential H fields.
{a) Above a composite face
{b} Above a metal face

As time goes on, the current transfers from the
CFC sides to the meta] sides. As aresult the magnetic
field at the CFC side decreases while it rises (for the
times indicated on the figures) on the metal sides. This
is accompanied by a buildup of magnetic field on the
inside of the box, as sketched on Fig. 11.33(b).

Fig. 11.34 shows the electric field along the CFC
side. This, along with the internal magnetic fields,
would act as a driver for conductors located inside the
box.
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Fig. 11.33 Magnetic field patterns.
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Fig. 11.34 Electrical H field above a composite face.

11.5.2 Redistribution On a Wing Box

So far, the examples which have been presented
are for idealized geometries, but the numerical meth-
ods also work when applied to realistic configurations
encountered in aircraft. An example is the aircraft
wing box shown in Fig. 11.35, calculations and mea-
surements for which were reported in [11.6].

Dimensions: The wing box was 2.6 m long, 0.7 m
wide, and 0.1 m thick. The top and bottom skins, the
side, the internal spars and one of the ribs were made

" of CFC. One rib, four strips and the ends of the box

were made of aluminum. Thicknesses were as follows:
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Fig. 11.38 Locations where currents were measured.

Test and analysis conditions: Analysis and tests were Low level:
done for two different conditions:
Low level test: 400 A peak
0.25 s rise time
1.0 pus decay time
High level test: 200 kA peak
10 ps rise time
150 ps decay time High level:

The analysis was done with the 3DFD techniques
described earlier. The CFC surface and transfer im-
pedances were modeled by implementing Eqs. 11.41
and 11.42, though modified somewhat to conserve
computer time. The time and space resolution for the
two cases were:
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Az =10 cm
Ay =4 cm
Az=25cm
At = 50 ps

Volume = 60,680 cells

Number of time steps = 60,000
Simulated time = 3us
Bandwidth = 700 MHz

Az =20 cm
Ay =Tcm
Az =4 cm
At = 100 ps

Volume = 17,600 cells

Number of time steps = 30,000
Simulated time = 30us
Bandwidth = 350 MHz



Results: Comparisons between numerical and exper-
imental results are given in Tables 11.1 and 11.2. A
comparison of the waveshapes for the fuel bell mouth
skin voltage is given in Fig. 11.39.

The agreement between experimental and numer-
ical results is quite good, especially in view of the com-
plexity of the structure. Those who did the analysis
and test note that the voltage and current measure-
ments were very difficult to make, and that there is
no reason to believe that the measurements were any
more accurate than the analysis. In fact, the ana-
lytical results were extremely useful in justifying and
explaining some of the test results which initially had
been suspect.

U (Volts)

Table 11.1
Comparison of Analytical and Experimental Results for the
Low Level Test

54 1=400a
~ Calculated _ . __ _
[ \‘\ Measured
T
| \
11 \
/ \
! \
1 \
] \
| \
4 \
| \
N\ 3.0 us
\ i i
0 ; T ; &‘:-:_ p— ;u:u
-1 F ig. 11.39 Comparison of waveshapes

at the bell mouth.

Peak Values

Test Point Analysis Test
Fuel Probe - skin 855V 4.0V
Strain gauge - skin 6V 5v
Fuel bell mouth - skin o5V o5V
Fuel pipe coupling (insulated) 4.7V 45V
Shroud current 21 A 20 A
Shroud current 283 A 27 A
CFC- skin current 75A 7A
skin current 6.5 A 6A
skin current 65 A 6A
Side spar 2A 13A
Side spar 24 A 1A
Internal spar 0.7A 1A
Internai spar Q7A 1A
Cable conduit 4A 6A
Table 11.2
Comparison of Analytical and Experimental Results for the
High Level Test
Peak Values
Test Point Analysis Test
Fuel probe - skin 720V 670 V
Strain gauge - skin 850 v 720V
Fuel bell mouth - skin 8oV 120V
Fuel pipe coupling {insulated) 800V 1030 V
Shroud current 30 kA 25 kA
Shroud current 30 kA 30 kA
Top-skin current (CFC) 1.9 kA 1.5 kA
Top-skin current {CFC) 1.6 kKA 1.4 kA
Top-skin current (CFC) 1.9 kA 1.5 kA
Side spar, CFC 2.7kA 0.65 kA
Side spar, CFC 1.1 kA 1.5 kA
Intemat spar, CFC 750 A 600
Internal spar, CFC 750 A 600 A
Internal rib, CFC 320 A 150-250 A
Cable conduit 2 20 kA 18-23 KA










the entire loop. The rate at which the current builds
up will then be the rate at which the magnetic field
inside the cavity builds up.

l across these resistances then circulate current across
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Fig. 11.42 Correction factors for inductance.
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(b} Rectangular boxes Fig. 11.44 Equivalent circuit governing buildup
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where u, is the unit vector perpendicular to the plane aperture would have the same area and the same ec-

of the aperture, and the dot represents time differen- centricity as those of the aperture under study.
tiation. Note that the equations neglect the radiated Polarizabilities for many shapes have been deter-
far field components. mined numerically and analytically. Table 12.1 and
12.3 Apertures of Shape Other than Figs. 12.8 — 12.10 from [12.2] show examples,
Elliptical
RREGULAR
If the aperture under consideration is not ellipti- w L AR

cal, a corresponding elliptical aperture can generally

be specified, as shown in Fig. 12.7. The equivalent | | =
RECTANGULAR
*Iv_ ——me "/ preee TS EQUIVALENT ELLPTICAL \
// \\ £2 APERTURE \ h
/"\ EQUIVALENT ELLIPTICAL >\ i
I ) R /
1 ! i
| b
o~ A !
T === i ST - |
] - [ et Lo
- f f b= 1128w ) ‘ {, \/H
(2) £y =1.128h (D) 1=y/3 2
' [h A
by =4~ —
Fig. 12.7 Equivalent apertures, wow
(a) Rectangular aperture
(b} Irregular aperture
Table 12.1
Aperture Polarizabilities
Shape o, ,z2 am,m; u’m,yy
Circle 1 .3 V 1.3 1.3
= =4 = d
(d = Diamester) 12 d 6 6
Ellip e* bl w22. w 2.3111 w 23711
s T Erey 5 TR Ty e
24 E(m) 24 K(m) - E(m) 24 (QIW)ZE(m) - R(m)
Narrow Ellipse T w2£ T 3.3 e w2£
{w << R) 24 24 wn(42jw) -1 24
Narrow Slit T2 & 23 T 2,
(w << 2) 16 24 n(4/fw) -1 16

Y
* Ellipse eccentricity 8 =1 - {w/¢)2, é}:w - X
]

K and E ara the complete elliptic integrals of the first and second kind, m = €2,
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Fig. 12.8 Shape factors for various apertures,

(a) Shapes
(b) Normalized electric field polarizability

{c) Normalized magnetic field polarizability
for X direction

(d) Normalized magnetic field polarizability
for YV direction
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From the magnetic dipole along the 1" axis:

T

Ezy = FQ(—;{;D +]/T‘>;

Lk 1\ oy
H,y = 2F2<;—:—+ ;)—2

r

ko 1 23\ FY
ko o 1N\Y?
HMZQFZ(j?'f-T—?)ﬁ
2 2

o ko 1 2 - ¥
+F2(f?+rz *’“0) =

H,, = 2F2(j—]§-+ ;15)3“5

r2

‘;ﬁa 1 2\ Y2
_F2(3T+T‘—2—k0>§

where

F2 = YLikor,
4rr

From the electric dipole along the Z axis:

ko 1):
E.. = 2F3<j—° + —§>3Z—
T T

where -
P .
F3 = ————ebor
dmregr
_ mokeFs
mof = 4rr

(12.23)

(12.24)

(12.25)

(12.26)

(12.27)

(12.28)

(12.29)

(12.30)

(12.31)
(12.32)

(12.33)

(12.34)

(12.35)
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The z, y and z components of the total magnetic

fleld strength at P would be

the sum of the components

produced by the dipoles lying along the X and ¥ axes:

H,=H,, +Hx;y
Hy=Hy: + Hyy
H,=H.,, +H.,.

The total magnetic field at

Hr = \/H? + H? + H2.

(12.36)
(12.37)
(12.38)

point P would be:

(12.39)

12.5.2 Low Frequency Approximation

At low frequencies, where the k¢ term is negligible,
the equations are simplified.

From the magnetic dipole

located along the X axis:

Eae=0 (12.40)
E.,.=0 (12.41)
H,, = Z: r?’xi; 7‘2] (12.42)
H,, = 1‘; %’-} (12.43)
H, = Z:’ ?’;’;} (12.44)

From the magnetic dipole

Egy=0
E., =0

located along the 1™ axis:

(12.45)

(12.46)

?i:is’é] (12.47)
2 2

e M ] (12.48)

3?{;] (12.49)

From the electric dipole located along the Z axis:

P
Exzzg.
: P
By =

P
Ezz—g
szzo
Hy. =0
sz:

?f—s”] (12.50)

3—7?53} (12.51)
2 L2

3z = - } (12.52)

(12.53)

(12.54)

(12.55)









including an aperture inductance L, and an aperture
capacitance C, in the equivalent circuit of the aper-
ture. The capacitance is negative. Except for cables
directly over the aperture, the aperture inductance and
capacitance are usually small enough that they can be
ignored.

Veq Leq external circuit
Ceq;: Teq

S 7777777/ 777777/ /7777777

Fig. 12.16 Equivalent circuit of an aperture.

The approaches given in [12.9 - 12.12] provide an
upper bound estimate to the equivalent generators and
the inductance and capacitance due to the aperture.

. h
Veq = JWio [TF—.R%] Uy » A« H, (12.58)

. h |aeZy
qu = JWwegp [—R_g] ZC Esc (1259)
A 2
La = loOm [TF—_R(%'] (1260)
e Ik
= — — | | —=| - 61
=m0

where Zy = 377 ohms, the impedance of free space.
It should be noted that these estimates are valid if
the aperture is small with respect to wavelength, and if

the distance to the cable is several times the length of
the aperture. If the cable is too close to the aperture
for Eqs. 12.58 — 12.61 to be valid, then correction
factors, fs, for the sources may be used [12.10]:

Veq = fsVeq—small hole (1262)
qu = steq—bsmall hole- (1263)

Correction factors for a circular aperture were shown
in Fig. 12.12.

The upper bound approach has been demon-
strated experimentally [12.13]. A wire having a surge
impedance of 240 ohms and terminated at each end in
240 ohms was placed adjacent to a circular aperture
having a diameter of 0.1 m. A magnetic field having
a short circuit current density as shown in Fig. 12.17
was established around the aperture and the voltage
and current induced on the wire were measured. Mea-
sured (Im) and calculated (I;) values of current for
various values of h and w (Fig. 12.17) are shown in
Table 12.2. Also shown is the ratio of I./I,. The
table indicates that the calculated values are indeed
upper bounds and that the ratio is much bigger where
the wire is very close to the aperture.

20 ns/Giv

Fig. 12.17 Surface current density at aperture.

Table 12.2

Measured Currents and

Calculated Upper Bounds

For an Aperture Radius of 0.1 m and a 240 Ohm Transmission Line
Terminated in 240 Ohms at Each End

h w Imeasured Lcalcuiated Ratio

(m) (m) (ma) (ma) Ie/Tm
0.007 0 48 1400 29.2
0.050 0 22 197 8.2
0.100 0 13.2 988.5 7.6
0.007 0.23 0.3 1.3 4.3
0.100 0.23 2.8 15.6 5.6
0.200 0.23 3.8 21.2 5.6
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Fig. 13.5 Transmission line representation.

(a) Circuit

(b) L
(d) Is

In the event of a real lightning event traveling
waves may also be launched, particularly if it is a trig-
gered lightning flash. The nature of the oscillations,
though, is almost certainly different in nature than in
the laboratory because the impedance of a lightning
channel is different, and probably higher, than the im-
pedance of a laboratory surge generator. Given that
the intent of a laboratory test {one of them at least)
is to duplicate, as closely as possible, the standardized

(c) L
(e} V

lightning environment, these oscillations are undesir-
able and are best suppressed.

Detection of waves: These travelling waves on the
aircraft are difficult to detect if the only measurement
of current is that made at the input and exit points.
Measuring the current at the midpoint of the aircraft
is of course not feasible, though one could measure
the magnetic field at the center and so estimate the






One drawback to a series resistor is that it reduces
the maximum current available from a given size surge
generator. Another is that considerable voltage devel-
ops between the aircraft and the return circuit. For
reasons of safety, it is preferable that the return cir-
cuit be grounded. Thus the aircraft potential rises and
insulation under the wheels becomes necessary. In-
sulation capable of withstanding several hundred kV
can be provided without undue difficulty, sufficient for
tests at current levels up to several thousand amperes.

External oscillations on the return wires: Since the
aireraft cannot be completely enclosed by a cylindrical
return conductor, magnetic and electric fields will leak
through the cage of return wires and couple to other
conductors outside, such as steel in the hangar floor
and walls. Energy coupled to these systems will cause
a secondary set of traveling waves to propagate on the
return wires, as well as the primary set propagating
between the aircraft and the return wires. Reflections
and refractions in the external systems will show up in
the measurements made in the primary circuit.

These oscillations can be controlled by connecting
both ends of the return conductors to building ground

through resistors, RF and RR on Fig. 13.7. Values of
100 to 130 ohms are usually sufficient. The figure also
shows the current waveshapes obtained in the actual
test for which Fig. 13.4 showed calculations.

13.3.3 Scaling

The basic premise of pulse testing at other than
full amplitude is that the aircraft system is linear and
that results of measurements at low current levels can
be scaled linearly to predict the response at full threat
current level. As discussed in §13.2.2, aircraft are lin-
ear systems, at least as regards resistively and magnet-
ically generated voltages. Some questions have arisen
in the past as to what is the most important mode of
interaction and whether scaling should be on the basis
of relative amplitudes or relative rates of rise.

Simplistically, one might argue that the dominant
mode of coupling is resistive and that only relative am-
plitudes of current are important. Equally simplisti-
cally one might argue that aperture coupling effects
are of primary importance and that the induced volt-
ages depend on rate of rise of current. On this premise,
one would scale measurement results according to the
rate of rise of the surge current.

i/

SEpec=n
BIGE

lus/div

100A/div

L
C
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o n#nn

Ry

I UNE SO SSY CEPNY S S EN |
§
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18 pH
1.5 uF
45 Q

25 kV
120 ¢
130 @

Fig. 13.7 Termination resistors on the return lines.
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be introduced in the circuit used to trigger the surge
generator in order to compensate for the slow velocity
of propagation in the trigger cable and to ensure that
the oscilloscope is triggered before current builds up
in the aircraft. Having a small amount of zero line
available can greatly ease analysis of the recorded data.

Noise checks: Tests should be made to verify the
effectiveness of the shielding on the measurement sys-
tem. These are made by disconnecting the measure-
ment leads from the aircraft wiring and discharging
the surge generator. If no noise is picked up by the
measuring system then one can have good confidence
that the signal displayed on the oscilloseope truly rep-
resents the response of the aircraft wiring.

Digital oscilloscopes: Digital oscilloscopes are now

to be preferred over analog oscilloscopes because the
recorded signals can be retrieved for further process-
ing. Digital oscilloscopes are subject to the same prob-
lems of noise pickup as analog oscilloscopes and should
be shielded in the same way.

Measurements of lightning induced voltages and
currents require that digital oscilloscopes have a wide
bandwidth, on the order of 30 — 100 MHz. When re-
viewing the specifications of digital oscilloscopes care
should be taken not to confuse the bandwidth of the
analog input circuits with the bandwidth pertaining to
sampled data. Accurate measurement of a 20 MHz os-
cillatory wave requires the wave to be sampled several
times per cycle. Sampling 5 times per cycle would re-
quire the sampling rate to be 100 MHZ. Other discus-
sions on requirements for digital measuring equipment
are presented in [13.2].

100 0 ElnF
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)ﬁ LTA 6

_L(-}enemtor

@ T
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core

turns to scope
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to

generator scope
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(b) on insulating
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external : aircraft
Photo
Transistor ._\
LED
L= "
fiber sgope
optic
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box 6~-12"
t wire
external scope
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s

Fig. 13.22 Methods of triggering.

(a) Trigger transformer
{(b) Isolation transformer

(¢) Optical isolation
{d) Antenna triggering
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The factor K for the hemicylinder is thus 2. The
current intercepted by several other geometries was
shown on Table 9.5, and values of IV for them could be
calculated. Values of K for conductors above a ground
plane can readily be calculated, as will be discussed
shortly.

Open circuit voltage: Open circuit voltage is most
easily obtained by integrating the displacement cur-
rent in the known (by measurement or calculation)
capacitance of the conductor.

1
Voo = = | L.dt.
¢ /

Recognizing that I, is proportional to the rate of
change of electric field, the open circuit voltage of the
isolated plate of Fig. 14.10(b), for example, is

(14.16)

. = fold
Vo 6 E

where C is the capacitance of the plate.

(14.17)

Conductors above ground: For the case of an iso-
lated conductor above ground, Fig. 14.13(a), the open
circuit voltage would be

Eoc = hE,.

(14.18)

load
(b)
1 - . - T .T
V—he h conductor
@ i L he
h ¢ Voe 1
i 7 rad 77 /!'_’ ?{I F 4 i rd i rd
(e)

Fig. 14.13 Equivalent circuits for electric field
coupling to elevated conductors.
(a} Geometry
(b) Equivalent in terms of V,, and C,
{c) Equivalent in terms of V and (%
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One equivalent circuit, Fig. 13(b), treats this
open circuit voltage as being connected to a load
through the capacitance of the conductor, the capaci-
tance being as given by Eqs. 14.2 and 9.99. The short
circuit current is then

dE,,
dt
Another equivalent circuit, Fig. 14.13(c), is more
convenient for inclusion in circuit analysis programs,
In place of an electric field, a fictitious surface at a
height . is assumed, the surface being connected to a
voltage V., = k. E. The open circuit voltage can then
be defined in terms of the actual physical capacitance
C. and an equivalent coupling capacitance C.:

Iye = C., (14.19)

(14.20)

If h < 1, h. may be taken as unity, in which case

h
— k) : (14.21)

e =

K factors: For isolated conductors the factor K as
used in Eq. 14.11 can be calculated by equating short
circuit currents as expressed by Eqgs. 14.11 and 14.19.

_ho_2r
= 4 In(4h/d)

K as a function of h/d is shown in Fig. 14.14.

K (14.22)

n/d

Fig. 14.14 Factor K for elevated conductors.

Example: Fig. 14.15(a) shows the conductor of Fig.
14.6 exposed to an electric field having the magnitude
and shape given by Fig. 14.15(c). The equivalent cir-
cuit of Fig. 14.13(b) was derived as shown in Fig.
14.13(c) and Eq. 14.21, with k. taken as unity. The
open circuit voltage and short circuit current would
then be as shown in Figs. 14.15(d} and (e).
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Fig. 14.24 Cable in zone C.
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Fig. 14.25 Electric field effects in zone A.

25
microseconds
~ 1.03 mA
Yver 1.03 mA -us
1.03 mA -us
microseconds
5 10 15 20 25
‘ i | l’ i

1 —~0.052 A

(a) Electric field

{b) Injected current

H
- S 1000
§ 1000 5
100 -h 10V & 500
B A
250 e
] N
8 5 microseconds
- ES T T T T T
3 & 10 R 30
&
3 50 110 V-us - 500 20 T
g (a)
66 V-us 56 V-us
° 7T T T T T T
10 20 30
(b) = -27.6 V microseconds

Fig. 14.26 Magnetic field effects in zone B.
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14.27 Magnetic field effects in zone C.
(a) Magnetic field
(b) Induced voltage
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Fig. 14.33 Circuit modeled as lumped constants.
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Fig. 15.5 Shield grounded at one end.
(a) Test conditions
{b) Voltages
{¢) Equivalent circuits

Shield grounded at both ends: Grounding the shield
at both ends and allowing it to carry current, as shown
in Figs. 15.6 through 15.8, produces an entirely dif-
ferent response. The induced voltages are not only
reduced in amplitude, but their waveshape is changed.
If the shield is grounded at both ends, the voltage in-
duced by the changing magnetic field appears across
the inductance of the shield—ground plane loop. The
result is a current through the shield, Fig. 15.6, one
having a shape like that of the magnetic field.

de dH
L
E' = pri A_dt {15.2)
_ 1 Vo pA
= I / E'dt = TH (15.3)

where

E' = voltage induced between ends of the shield
I = current on the shield

L = self-inductance of the shield

How shield current reduces voltage: This shield cur-
rent reduces the voltage induced between the signal
conductor and ground, as shown in Fig. 15.7. The
reduction in voltage can be viewed equally well from
two different viewpoints.

(b)

(<)

()

(b)

(c)
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Fig. 15.6 Shield grounded at both ends.

{a} Test conditions
{b) Shield current
(¢) Equivalent circuit
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Fig. 15.7 Shield grounded at both ends.
(a) Test conditions
{b) Conductor voltages

{¢) Equivalent circuit .





































metal, gives the internal voltage rise. The sum of all
the internal voltages, Fig. 15.31(a), impressed across
the internal inductance of the box, Fig. 15.31(b),
drives an internal circulating current, which in turn
produces the net internal magnetic field.

Injected current: Exposure to a magnetic field is not
the only way to develop a current on the surface of
the box. More commonly, the current will have been
induced on a cable shield and carried to a termination
point on the box, from which it distributes over the
box, as illustrated in Fig. 15.32.

Factors that degrade shielding: One factor that de-
grades the shielding of the box is illustrated in Fig.
15.33. Covers will always present a higher impedance
path than will undisturbed metal. Circulating cur-
rent, fowing through the cover and joint resistance,
produces a resistive voltage that is not retarded by
diffusion effects.

Another factor is apertures, illustrated in Fig.
15.34. External magnetic fields loop in and out of
the apertures, producing a net internal magnetic field.
Apertures with their long direction oriented in line
with the magnetic field result in more net internal flux
than do apertures oriented crosswise to the field.

circulating
current

Fig. 15.28 Circulating current induced by
a changing magnetic field.
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Fig. 15.29 Paths of the magnetic field.
(a) Initial conditions
(b) Later time
(¢} Still later time
(d) Final conditions




time

Ej= 1P

(d) time

Fig 15.30 Current densities

(a) Cross-section of face B
(b} Detail

(¢) External current density
(d) Internal electric field

Fig 15.31 The internal circulating current.
{a) Physical
(b) Equivalent circuit

box

current
on cable

Fig 15.32 Direct injection of current.

Fig 15.33 Interference with circulating current.
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Table 15.1 Coaxial-cable Shield Parameters [15.9], (partial}).

Outside Weave DC Resist-  Leakage Leakage
Cable Type Strand Diam- Diameter Ends, Picks, P Angle,a Coverage, Weight per Stranding ance, R Inductance, Capacitance
{RG-} eterd {inches) {inch)  Carriers, C N {inch™ 1y  (degrees) Fill, F K (%} Foot {lbs} Factor mQ/m} M., (0H/m) €../C,C,(m/F)
6 I 0.0063 @.189 16 9 5.90 25.0 ¢.790 95.61 0.019 1.54 6.6 0.42 29X 107
6 Al 2.0063 2.189 24 6 8.80 249 @4.790 95.58 0.019 1.54 6.6 @.28 1.9
6 0 0.0063 2.214 16 9 8.79 37.7 0.886 96.23 08.022 1.98 7.5 .36 1.9
6 AO 2.0063 @.214 24 6 13.00 3786 3.885 96.18 0.022 1.98 75 8.25 1.3
11 g.8071 @.292 24 8 6.50 275 @8.799 95.86 2.033 1.59 40 @3.25 1.6
22 ! 2.0063 @.201 24 8 9.10 35.9 0.763 95.27 0.028 1.95 55 2.34 19
2 0 0.8063 2.316 24 8 12.08 45.9 0.842 97.50 0.033 2.45 6.4 @.14 3.6
23 | 8.8063 ©.394 24 9 10.50 48.2 0.799 85.95 0.039 2.82 59 .29 1.2
25 ! 0.0063 2.298 16 13 5.00 314 0.786 95.44 0.029 1.74 438 @.46 2.8
25 Al 0.0063 2.298 24 9 6.00 26.0 0.77¢6 94.98 2.029 1.60 4.4 0.34 2.3
2 0 0.0063 $.355 16 15 5.00 35.8 0.887 96.29 0.036 1.88 4.4 .35 1.9
25 AQ 0.0863 @.355 24 1" 5.00 25.7 0.799 95.96 0.0635 1.54 3.7 8.25 1.6
35 0.0871 8470 24 10 9.00 48.8 $.850 97.74 0.056 2N 43 @.12 85
58 0.2050 8.120 12 9 1.70 27.7 Q.746 93.57 @.089 1.71 14.2 1.0 6.6
58 A G.@QB@ @120 18 7 10.3¢ 27.7 0.775 94.92 0.018 1.65 13.7 3.53 3.5
59 0.2063 2.15¢ 16 7 8.20 27.6 0.780 95.14 2.015 1.83 8.6 @.49 3.2
59 A 0.0063 2.15¢ 24 5 12.30 27.6 9835 97.29 3016 1.53 8.1 0.14 99
62 0.0063 2.151 16 7 8.20 278 2776 94.98 2.815 1.65 8.7 @852 34
62 A 0.0063 8.151 24 5 12.3@ 278 2.831 97.15 @.@16 1.54 8.1 @8.15 1.0
63 0.9871 8.295 16 12 4.30 276 9.792 95.66 2033 1.861 4.0 8.42 27
63 A 0.0071 2.295 24 8 6.50 271.8 0.793 95.71 0.033 1.61 49 0.27 1.8
A — Alternate ‘ I — inner
A1 — First alternate O - Outer
A2 — Second alternate S - Shield {insulated from braid)

® Braid actually consists of flat tape conductors. Strand diameter and ends wre
estimated for the equivalent cross-sectional area of the tape conductor; therefore,
F, K, and straning factor are approximate.
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Table 15.1 Coaxial-cable Shield Parameters (continuation).

Outside Weave DC Resist-  Leakage Leakage
Cabie Type Strand Diam~- Diameter Ends, Picks, P Angle.a Coverage, Weight per Stranding ance, RO Inductance Capacitance
(RG-} eter d {inches) {inch)  Carriers, C N {inch™ ") (degrees) Fill, F K {%} Footl{lbs}) Factor {m&/m) Ldn(nH/m) 912/_(_31 szm/F)

65 @.0071 8.295 24 8 6.50 27.8 8.793 85.71 3.033 1.61 4.0 0.27 1.8
108 0.0050 9.164 16 8 10.80 36.4 0.546 79.36 0.609 2.83 17.6 4.6 25.0
114 @.0063 @.295 24 8 7.00 294 0.718 92.07 3.020 1.83 5.1 0.7 44
119 i g.0e71 @8.337 24 10 5.40 26.4 @.862 98.10 8941 1.45 3.1 .08 8.5
11g O @.0063 0.367 24 8 108.60 46.5 0.737 93.06 0.033 2.86 6.5 0.65 2.8
122 @.0050 2.899 16 6 12.90 289 2.801 96.42 @3.008 1.63 16.2 0.37 2.4
122 A 0.0050 0.899 24 5 12.20 19.2 0.928 99.48 0.01¢ 1.21 12.8 a.01 @.08
136 @.0100 0.487 24 8 6.30 399 8.786 95.41 3.076 2.16 2.3 0.33 1.7
142 ! 0.2050 8.121 16 7 11.50 306 @79 95.61 0.010 7 14.1 843 2.7
142 0 @.0050 0.141 16 7 14.50 49.7 @8.778 95.09 0.011 2.23 16.0 2.55 2.8
144 2.0063 0.290 24 8 9.20 36.1 @.787 95.47 2.829 1.95 55 8.32 1.7
156 | 0.0063 9.290 24 8 1.2¢ 4186 9.851 97.77 2.031 2.18 6.0 2.1 @.55
156 O @.0070 @.333 24 8 9.20 39.9 2.803 96.13 3.034 PR 4.7 0.26 1.3
156 S 0.0063 8.413 24 8 14.00 57.3 @.838 97.38 0.043 4.10 8.3 817 0.51
157 | 0.0063 0.465 24 9 12.80 58.0 0.856 97.92 0.049 4.16 7.5 @12 .36
157 O 2.0070 $.500 24 19 7.30 445 8.729 92.67 0.046 2.69 4.1 @.70 31
157 S 0.0063 23.580 24 9 13.50 64.5 .848 97.70 0.060 6.35 9.2 B8.186 23.34
174 0.0040 @.063 16 4 16.30 244 0.630 86.33 0.003 1.91 36.5 2.3 15.8
179 0.0040 @.066 16 5 12.00 19.2 8.729 92.85 6.004 1.54 28.1 2.88 6.6
181 ] 2.0063 @8.216 24 7 8.80 277 0.836 97.30 0.023 1.53 5.7 0.14 8.9
181 O 8.0100 @.490 24 3 7.00 43.1 @.820 96.76 $.080 2.28 2.4 0.20 8.95
189 l 0.0100 @.635 48 7 6.00 27.2 3.918 99.33 @.114 1.38 1.1 2.008 0.06
189 O @.0100 @.680 48 6 7.00 32.7 @8.778 95.07 8.104 1.81 14 @.17 1.0
192 I 0.0100 1.725 48 11 5.87 83.3 2.806 96.22 @.265 347 1.1 @8.14 .49
192 O 3.0095 1.780 48 1" 5.95 54.5 0.764 94.43 @.182 3.88 1.1 0.25 .85
182 S ¢.0100 1.890 48 11 6.03 56.4 ©.796 95.84 $.289 4.1 1.2 @8.17 @8.53
193 1 0.0100 1.725 48 11 4.15 435 0.664 88.68 @220 2.86 .89 0.66 3.1
193 O 2.0095 1.780 48 1 5.50 52.3 @.726 92.50 0.225 3.69 1.2 0.39 1.4
193 S 0.0100 1.850 48 9 7.70 62.6 @.781 95.20 ¢.284 6.83 1.7 0.23 @.54
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Table 15.1 Coaxial-cable Shield Parameters (continuation).

Qutside
Cable Type Strand Diam- Diameter
{RG-) eter d {inches) linch}  Carriers, C

194 | e.0100 1.725 48
194 O 0.0095 1.780 48
219 2.0063 0.151 16
210 A . 0.0063 8.151 24
21 0.0080 0.625 36
211 A 6.0080 28.625 48
212 | ©.0063 0.189 16
212 Al 0.0063 9.189 24
212 O 0.0063 8.214 16
212 A0 0.0063 9.214 24
213 0.0071 ©.292 24
214 | 0.0863 ¢.292 24
214 O 2.0063 .37 24
217 | 0.0071 0.380 24
217 O ¢.0071 .405 24
218 ¢.8100 0.69¢ 24
218 Al 3.0100 $¢.690 36
218 A2 8.9100 0.699 48
220 ¢.0100 8.925 36
26 A 2.0100 @.925 48
222 I 0.0083 ¢.189 16
222 Al 0.0063 @.189 24
222 O 0.0063 8.214 16
222 AO 2.0063 2.214 24
223 I @.0050 9.120 12
223 Al 0.0050 @.120 16
23 0 0.0050 0.14¢ 12
223 AO 0.0050 @.140 16
225 { 2.0063 0.29¢ 24

Ends,
N

11
11

.
«® O

S B < B + < S IR (TR « LI (o B &

- —
o I ~

t
N~

o~ W N O3 W W W

Weave DC Resist-  Leakage
Picks, P Angle,x Coverage Weight per Stranding ance, R Inductance
{inch™'} (degrees) FillLF K {%) Foot{lbs) Factor  (mQ/m}
4.15 435 0.664 88.68 2.220 2.86 @.89 0.66
5.5@ 52.3 @8.726 9250 3.225 3.69 1.2 8.1
8.2¢ 27.8 0.776 94.98 2.0615 1.65 8.7 .52
12.3¢ 27.8 2.831 97.15 @016 1.54 8.1 2.15
5.6@ 321 2.844 97.56 0.082 1.65 1.7 0.09
5.6¢ 25.2 0.843 97.53 @.082 1.45 1.5 @06
5.90 25.0 @.790 95.61 e.;9 1.54 6.6 0.42
8.80 24,3 0.790 95.58 0.¢19 1.54 6.6 @.28
8.7¢ 37.7 @.806 96.23 @.022 1.98 7.5 0.36
13.0¢ 376 0.8¢5 96.18 d.022 1.68 75 .25
6.50 27.5 @.799 95.96 2.833 1.59 4.0 0.25
16.60 529 0.786 95.44 0.029 3.50 9.9 0.37
15.40 53.0 .850 97.75 2.034 3.25 8.5 @13
5.40 29.1 @.788 95.49 3.042 1.66 3.2 .30
10.60 48.3 8.794 85,76 @.045 2.96 54 09.32
3.10 30.0 ?.869 98.29 @.118 1.53 1.2 @.07
4.60 26.4 @811 96.41 @.110@ 1.54 1.2 @14
5.60 275 @.849 97.72 @.115 1.50 1.1 .05
3.50 300 ¢.840 97.44 @.151 1.59 2.3 2.09
4.2¢ 27.5 8.820 96.76 @.148 1.55 0.89 - 0.09
5.9¢ 25.0 8.7%0 95.61 0.819 1.54 6.6 042
B.8¢ 24.9 @.798 95.58 8.019 1.54 6.6 @.28
8.7¢ 37.7 @.806 96.23 a.e22 1.98 75 .36
13.00 37.6 2.805 96.18 @.022 1.98 7.5 0.25
9.60 315 @8.775 94,95 e.01¢ 1.77 14.8 872
11.50 3.4 2.795 95.80 310 1.69 15.5 843
10.60 38.1 08.728 92.63 ¢.e10 2.22 16.8 1.3
15.00 41.5 2.793 95,71 .81 2.25 16.2 @.45
16.60 52.7 0.788 95.52 0.028 3.46 9.8 08.36

Leakage

Capacitance
MpinHim) - C,,/CColm/F)

3.1
0.38
34
0.96
2.48
0.40
2.9
1.9
1.9
1.3
1.6
1.3
245
1.9
1.3
@.44
0.92
.35
0.53
@.59
2.9
1.9
1.9
1.3
4.4
2.3
7.0
2.2
1.3
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Table 15.1 Coaxial-cable Shield Parameters (conclusion).

QOutside Weave DC Resist-  Leakage Leakage
Cable Type Strand Diam- Diameter Ends, Picks, P Angle o Coverage, Weight per Stranding ance, R ° Inductance Capacitance
{RG-) eter d {inches}  {inch)  Carriers, C _L\l_ finch”) {degrees) Fill, F K {%) Foot (lbs)  Factor {(mQ/m) _bﬁu(nH/m) 912/2192(31&}
225 O 0.0063 8.315 24 7 15.40 52.9 2.852 97.8¢ 9.633 3.22 8.5 @.12 044
226 I 2.0063 8.375 24 10 10.50 46.8 0.967 99.14 0.842 2.35 5.2 0.83 @12
226 0Q 2.0063 ¢.400 24 8 10.50 48.6 0.706 91.33 2035 3.24 6.6 0.92 3.7
301 0.005¢ @.190 16 10 8.00 32.1 0.752 93.84 0.014 1.86 10.8 873 44
362 0.6050 @.151 16 7 11.50 36.0 0.684 90.04 a.819 2.23 15.8 15 8.4
303 0.0050 @121 16 7 11.50 30.6 8.791 95.61 g.01¢ 1.7 14.1 8.43 27
-304 i 0.0063 @.190 24 5 14.50 3786 0.749 93.71 8.213 2.12 9.0 8.52 28
304 O 0.0@63 @.215 24 6 11.50 34.4 0.769 94857 ge21 1.91 7.2 a.40 2.3
316 0.0040 3.963 16 5 450 - 7.2 0.723 92.32 0.004 1.41 26.8 0.88 737
326 I* 0.0035 9.55¢ 24 27 6.46 433 0.80@ 98.80 0.042 2,12 5.9 @.05 8.22
326 0O° 8.0035 2.566 24 27 6.46 441 0.877 98.49 0.843 2.21 6.9 .06 0.30
328 | e.¢100 1.085 48 (*) 5.50 385 @.795 95.80 , @.167 2.05 1.8 .14 @a.75
328 O 0.0870 1.125 48 12 6.70 450 2.796 95.85 8111 251 1.7 @.18 .66
328 S 0.0100 1.225 48 9 5.60 42.4 3.748 93.63 8.177 245 1.1 3.28 1.3
329 i a.0100 2.390 24 7 5.90 323 8.772 94.80 8.060 1.82 24 3.38 23
329 O 2.0070 8.430 24 9 9.2¢ 46.9 @.794 95.74 2.843 270 4.7 .31 1.3
391 2.0063 @.307 24 7 16,30 53.8 0.801 98.82 0.834 3.21 8.1 0.25 817
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Table 15.2 Transfer Impedance of Typical Cable Connectors [15.10].

R, My,

Connector ldentification {ohms} H)

Multipin Burndy NA5-15863 0.0033 5.7 x 10°"

Aerospace Deuich 38068-10-5PN 0.15 25 % 107"

co{:::;g: 4 | Deuteh 38068-18-31SN | 0.005 1.6 X 10':"
Deutch 38060-22-55SN | 0.023 1.1 X 10718
Deutch 38068-14-7SN 0.046 50 X 107"
Deutch 38060-14-7SN | 0.10 g2 x 101
Deutch 38060-14-7SN | 0.023 67 X 1071
Deutch 38068-12-12SN | 0.0033 3.0 % 107"
Deutch 38068-12-12SN | 0.012 1.3% 107"
Deutch 38068-12-12SN | 0,012 1.3x 107"
Deutch 38060-12~12SN | <0.001 25 % 10712
Deutch 38068-12-125N | 0.014 35X 107"
AMP 0.0067 16 % 1071
AMP 0.00867 15 % 10711
AMP | 0.0033 19 x 107"

Type N UG 21B/AJ-UGEBA/U . *

Type BNC UG 88C/U-UG1094/U 0.002 3-8 X 107"

{Bayanet}

Anodized MS 24266R-22B-55 5X 10% |wM < R_ @ 20 MHz

Open shell MS 3126-22-55 05-1 |wM <R @20 MHz

Split shell MS 3100-165-1P 0.001 =20 X 107"

MS 3108A-

*Too small to measure in presence of 4 inches of copper tube used to
motnt connector,
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Fig. 16.8 Types of grounding for shields.

Grounding to an inside surface: Grounding an over-
all shield to the inside surface of an equipment case
through a pigtail and a set of contacts in the connec-
tor is less effective than the use of an external pigtail,
partly because the length of the pigtail is inherently
longer and partly because it brings currents directly
to the inside of the case. Such grounding of an over-
all shield should be avoided wherever possible and, in
particular, must be avoided whenever the overall shield
runs through a region where it will intercept a signif-
icant amount of energy from the external electromag-
netic field.

Grounding to signal bus: In no case should an overall
shield be connected to a signal ground bus.

Daisy chain grounding: Daisy chain grounding of
cable shields, illustrated in Fig. 16.9, should never
be used. It constrains current intercepted by all the
shields to flow through a common path and so pro-
vides the greatest potential to defeat the purpose of
the shields.

16.6 Coordination Between Transients and
Specifications

Section 5.7 discussed pass/fail criteria in terms
of Transient Control Levels and Equipment Transient
Design Levels, TCLs and ETDLs while [16.1] suggests
possible levels. The following material discusses the
concepts in more detail.

R A A A A AV AT
A A A =

B R AN A NN AN AT
A AN =

VANV
(PRI

remote structure ground

ground

Fig. 16.9 Daisy chain grounding.

Alternatives regarding transients: Three possible ap-
proaches to dealing with lightning induced transients
are:

1. Designers of aircraft equipment (“black boxes”)
might be considered to have the respounsibility to
provide equipment that will withstand the tran-
sients that might be developed in the aircraft,
whatever those transients might be.

8]

. Designers of aircraft wiring might be considered to
have the responsibility for ensuring that transients
never exceed the capabilities of terminal equip-
ment, whatever that might be.

3. Design efforts might be coordinated so that de-
signers of equipment would guarantee that their
equipment could withstand transients of one level
and designers of wiring systems would guarantee
that the transients would never exceed another,
and lower, level.

Transient coordination represents the third of the
approaches.

16.6.1 Evolution of Transient Standards for
Aircraft

Transient control level standards now coming into
use for aircraft have evolved from several sources; air-
craft, military and industrial.















Implementation of the TCL Philosophy: The TCL
philosophy is still evolving, but is becoming engrained
in transient design of aircraft work. FA A requirements
proposed, though not yet formally adopted [16.1], in-
clude requirements for TCL testing.

Levels appropriate for aircraft: Levels that have been
suggested for aircraft use are shown in Tables 16.2 and
16.3. Table 16.2 relates to tests using single transients
while Table 16.3 relates to tests using bursts of tran-
sients.

Table 16.2

Suggested ETDL Voltage and Current Levels

Waveforms
Level 2 3 4 5
Vp/lp Vp/lp Vp/lp Vp/lp
1 50/10 100/4 50/10 N/A
2 125/25 250710 125725 N/A
3 300/60 600/24 300/60 300/100
4 750/150 1500/60 750/150  750/1000
5 1600/320 3200/128 1600/320 1600/3000
to 20,000

Vp is the peak open circuit voltage in volts.

I, is the peak test limit current in amperes.

Waveforms: The waveforms of voltage and current ac-
tually coupled to the internal structure and wiring of
an aircraft are complex and depend on both the cou-
pling mechanism and the type of circuit. The TCL
philosophy recognizes, however, that they can be sep-
arated into several distinct categories and that their
impedance depends on the coupling mechanism. The
waveforms specified in FAA and evolving international
standards [16.1 and 16.13] are shown in Fig. 16.12.

Waveform 1 is a double exponential, unipolar cur-
rent waveform similar in shape to the defined lightning
return stroke current {(Component A). This waveform
represents that portion of the lightning current that
would flow in internal conductors, such as cable shields
and conduits. Within certain structures this waveform
will slow down and take on the appearance of current
Waveform 5, described below.
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Table 16.3

Suggested Muitiple Burst
Test Levels

Waveform 3
Level Vpeak. Ipeak
2 125 5
3 300 12
4 750 30
5 1600 64
vp Peak Open Circuit voltage

o

Ip Peak Short Circuit Current

Waveform 2 is a double exponential derivative
voltage waveform and is the classic open circuit re-
sponse to the magnetic field produced in and around
the aircraft during a lightning flash. This waveform is
similar to the derivative of the lightning stroke current
(Component A) and has a time to zero crossing equal
to the time to peak of current Component A. Wave-
form 2 predominates in unshielded circuits with high
impedance loads where magnetic field coupling is the
major contributor.

Derivative voltage waveshapes can also appear in
some shielded circuits, but the time to zero crossing
will be controlled by the time to peak of the shield
current, not the external lightning current. The short
circuit current related to this voltage waveform will
be similar to Waveform 1, or to the waveform of the
related shield current.

Waveform 3 is a damped sinusoidal voltage wave-
form and is one of the responses to the lightning stroke
currents, Components A and D. It is the only response
to the multiple burst current, Component H. The pre-
dominant frequencies are often associated with the
natural resonances of the aircraft, but may also be
associated with resonances of aircraft apertures, air-
craft wiring, shield terminations {pigtails) or circuit
interfaces,

The defined frequencies for this waveform lie in
the range of 1 to 50 MHz. Short circuit currents are
typically related to this voltage waveform by the surge
impedance of the aircraft circuit.

Waveform 4 is a double exponential, unipolar
voltage waveform and represents the potential differ-
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Fig. 16.12 Waveshapes for aircraft.

ences that can appear between interconnected equip-
ment ground references when lightning current flows
through the intervening resistance of the airframe
structure. This waveform has the same waveshape as
the lightning stroke current, Component A, and pre-
dominates in high resistance airframe structures where
circuits use the airframe as return.

Waveform 4 is also typical of voltages that ap-
pear in shielded conductors because of current flow-
ing through the shield resistance. The short circuit
current related to this voltage waveform is Waveform
1. However, as the line-to-ground impedances of a

conductor and its loads approach a short circuit, the
conductor inductance and diffusion and redistribution
currents tend to produce the longer duration current
Waveform 5.

Waveform 5 is a long duration, double exponen-
tial, unipolar current waveform of the type found on
most low impedance conductors within an airframe
and results from the diffusion and redistribution of
currents through shield boundaries formed by the sur-
rounding airframe structure, shields and nearby con-
ductors. This waveform is particularly prevalent when
the airframe is constructed primarily of carbon fiber
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Fig. 16.13 Damped oscillatory waves.
(Eo = 1, f = 100K hz)
(a) Q=6
(b) @ =24

cation of Test Method TO5 of MIL-STD-1757A[16.14].
The test method is titled Indirect Effects - External
Electrical Hardware.

The test method calls for current Component E to
be applied in order to check for magnetically induced
effects, Component E being defined in [16.14] as a “fast
rate of rise stroke test for full sized hardware”. The
specified waveform has a peak amplitude of 50 kA and
a rate of rise of at least 25 kA/us. The test method
also calls for application of the high current waveforms
specified in test method TOZ2 for evaluation of direct
effects. Those are the waveforms that have a peak

amplitude of 200 kA and are intended to duplicate the
effects of a lightning flash that directly contacts the
exterior of the aircraft.

The references to External Hardware and to full
sized hardware should be emphasized. Equipment on
the inside of an aircraft is not exposed to such cur-
rents. There is no justification for performing such
tests on (for example) a small metal box deep inside
the structure of the aircraft and whose only function
is to mount several electrical connectors and provide a
way to distribute wires in several cables.
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Fig. 17.16 Equivalent circuit of MOV [17.1]
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Fig. 17.17 Leakage current vs. temperature [17.1].

The capacitance of any particular MOV device
may be measured with conventional bridges, providing
only that the bridge voltage is not high enough to cause
non-linear conduction.

Normal varistor region: In this region current is dom-
inated by the non-linear resistor R; having the char-
acteristic

I=KvVe® (17.2)

The exponent « is on the order of 20 - 50, implying
that changing current by four orders of magnitude will
result in a 25% change (or less) of voltage.

Upturn region: At high current levels, several hun-
dreds to several thousands of amperes, bulk resis-
tance becomes important and limits the varistor per-
formance. Operation in this region should be avoided,
either by limiting the surge current with series resis-

tance, by using larger MOV packages or by operating
MOV devices in parallel.

Waveshape dependence: Varistor performance is
best discussed by treating surge current as the inde-
pendent variable. Varistors are sometimes denigrated
as having poor pulse response, or being subject to
overshoot; that is, having excessive clamping voltage
in response to rapidly changing surge currents. If a
half-sinusoidal pulse of current, Fig. 17.18, is passed
through a varistor, the voltage developed will be prac-
tically rectangular. A faster rising sinusoidal pulse will
also produce a rectangular pulse voltage, but one of
somewhat higher magnitude. The difference in volt-
age for slowly rising current pulses, > 10 us, and for
rapidly rising rising pulses, = 0.5 ps, is seldom more
than 10 — 20%. It is most noticable for large disks of
MOV material than for small disks.

0 4 8 12 16

o——t—t—+—t—t+ ti )
©s

20 9/26 s :
v

© Y kA
—1

60L-V(KV) .

60-V(kV)

Fig. 17.18 Time dependence of MOV.
(a) Slowly changing current
(b) Rapidly changing current
Adapted from [17.3]

Studies of large MOV disks, such as are used in
power transmission systems [17.2, 17.3], have shown
the overshoot to be largely a matter of diffusion of
current into the varistor material. Studies of small
disks, such as those used for protection of low voltage
equipment [17.1] have shown the time dependence of
voltage to be only a few tens of percent, even for surge
currents having fronts of a few nanoseconds.

The fact that surge currents of moderate steep-
ness result in rapidly changing MOV voltages should
be recognized in circuit design. Circuit oscillations re-
sulting from the rapid change in voltage may give rise
to unexpected interference problems.
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Fig. 17.28 Range of pulse power damage constants
for representative diodes [17.11].
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Fig. 17.29 Range of pulse power damage constants
for representative transistors [17.12].

17.5.8 K Factor as Determined from Junction
Capacitance

The next most reliable method of determining the
damage constant is from a knowledge of the capaci-
tance C; and breakdown voltage Vpp of the junction.
For silicon diodes and all silicon transistors except pla-
nar and mesa devices, the relation is

K =497 x 1073C; V35 (17.12)
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For silicon planar and mesa transistors the rela-
tion is

K =1.66 x 107*C; Va3 (17.13)

For a base-emitter junction, the capacitance used

should be taken at a reverse bias of approximately 1

V. For a collector-base junction or diode junction, the

value should be taken at the reverse bias of approxi-
mately 5 to 10 V.




Table 17.4 Typical Diode Damage Data [17.11, 17.26 - 17.28]

Device Number K Vip
IN483, A .3 70.
IN483, B .3 80,
IN4B4A .45 130.
1IN484B .3 130,
1IN485 .3 180,
IN486, B .29 225,
IN487, Z .3 300.
IN488 .3 380,
IN536 I. 50,
IN537 .51 100.
IN538, M 1. 200,
IN539 1. 300,
IN540 .93 400,
IN547 12.1 600.
IN560 625 800.
IN561 625 101g,
IN562 i.8 800.
IN619 .36 0.
IN622 347 150,
IN625 164 30,
IN625A 045 20,
IN643 44 200,
IN643A . 200,
IN645 2,8 225,
IN64é 2.29 300.

17.5.9 K Factor as Determined from Thermal
Resistance

The third, and least reliable, way of estimating
the damage constant is from a knowledge of the ther-
mal resistance of the junction, either the thermal re-
sistance from junction to case (©;.) or from junction
to ambient (©j,). For silicon diodes and all silicon
transistors except planar and mesa devices, empirical
relations are:

K =1070"" (6 > 10.0)
K =411 x 10°9;;1"

(17.14)
(17.15)

For silicon planar and mesa transistors the rela-
tions are
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Device Number K Vap
IN3157 625 8.4
IN3189 10. 200.
IN3190 4.1 600,
IN3560 ,038 A75
IN3561 .038 475
IN35824 .35 11.7
IN3600 .18 50.
IN3821 1.947 3.3
IN3828A 1.95 6.2
IN3893 6.41 400,
IN3976 132, 200,
IN4241 33.84 6.
IN4245 2.4 200.
IN4249 2.4 1000.
IN4312 16 150,
IN4370A .625 2.4
IN4816 6.8 50.
IN4817 6.8 100.
1N4820 10. 400,
IN4823 208 00V
IN4989 14.33 200.
AM2 1.4 50.
D4330 ,001
FD300 .18 125,
5G22 .23
SLDICEC 10, 000,

K =7070;"** (8 > 10.0) (17.16)
K =274 x 10°0;,7% (17.17)

Normally ©; and @, are not given in the tran-
sistor data sheets but, rather, must be calculated
from the maximum operating junction temperature,
{Timax ), the total power dissipation (Py), case temper-
ature (T,), and ambient temperature (T, ).

@jc = ()I}max - Tc)de

('-')ja - (Z}max ~— Zamb

(17.18)
(17.19)

Generally, at least one of these thermal resistances can

be determined from the manufacturer’s data sheet.
The accuracy of the damage constant as deter-

mined from either the junction capacitance or the junec-



tion thermal resistance is somewhat limited. Table
17.8 gives some estimate of the accuracy within which
the damage constant can be calculated.

17.5.10 Oscillatory Waveforms

Eq. 17.9 is based on the assumption that the ap-
plied voltage, current, and power waves are rectangu-
lar in shape. Actual transients are very seldom rectan-
gular, but it is possible to derive equivalent rectangular
pulses for more common types of transient.

One such type of transient typically encountered
is the damped oscillatory wave. Based on multiple
pulse studies by Wunsch and others [17.15 and 17.16],
it can be assumed that device damage will occur,
if at all, during the first cycle of the damped sine
wave. Therefore, the lower amplitude cycles may be
neglected.

Two cases may be considered, one in which one
of the half cycles of the transient does not exceed the
reverse breakdown voltage of the junction, Fig. 17.30,
and one in which the reverse breakdown voltage is ex-
ceeded, Fig. 17.31. In either case, one of the half
cycles will bias the junction in a forward direction.

Reverse breakdown not exceeded: Treating first the
case in which the reverse breakdown voltage is not ex-
ceeded, Fig. 17.30, the rectangular wave of the same
peak amplitude, V5, and producing the same proba-
bility of damage as the sine wave, has a duration 7,
where

Tp =

(17.20)

ox!w‘\

of the sine wave.

Table 17.5 Typical Transistor Damage Data [17.11, 17.26 - 17.28]

Device K BV BV BV
Number EBO CBO CEO
2N43, A .28 5. 45, 30.
2N117 .15 1, 45, 45.
2N118 .15 1. 45, 45.
2N128 .017 10. 10. 4.5
2N158 .499 | 30. 60. 60.
2N176 .46 40, 30.
2N189 A7 25. 25.
2N190 .58 25. 25.
2N243 .05 1. 60. 60,
2N244 .05 1. 60. 60.
2N263 .38 1. 45, 30.
2N264 .36 45, 30.
2N274 0076 .5 35, 40,
2N279A .047 45. 30.
2N297A 499 | 40, 60. 40,
2N329,A | .21 20. 50. 30.
2N332 .45 1. 45, 30.
2N333 .32 1. 45, 30.
2N335, A .55 1. 45, 45,
4.-2N335A)
2N336 .55 1. 45, 30,
2N337 12 1. 45, 30,
2N338 12 1. 45, 30.
2N339 2. 1. 55. 55,
2N341 1. 1. 125, 85.

4
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Fig. 17.30 Device waveforms for V, < Vgp [17.17].
(a) Generator voltage
{b) Diode voltage
{¢) Junction current
{d) Junction power

Reverse breakdown exceeded: If the transient does
exceed the reverse breakdown voltage, Fig. 17.31, the
duration of the equivalent transient depends upon the
fraction of the time that the oscillatory transient does
exceed the reverse breakdown voltage. The duration
of the equivalent rectangular wave is given by the ex-
pression

1- (VBD/%)Z
7 cos™! <V33/Vg>

This expression is shown plotted in Figs. 17.32 and
17.33. For oscillatory transients whose initial ampli-
tude considerably exceeds the reverse breakdown volt-
age of the junction, Eq. 17.15 approaches a limiting
value of 0.2, and thus becomes identical with the for-
ward bias case, Eq. 17.14.

Tp = 75 (17.21)

Integrated circuits: A limited amount of data relat-
ing voltage and current durations to the breakdown of
integrated cireuits is shown in Figs. 17.34, 17.35, and
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(d) 0.}

Fig. 17.31 Device waveforms for Vy; > Vpp [17.18].
{a) Generator voltage
(b) Diode voltage
(¢) Junction current
(d} Junction power

17.36 show the results of measurements on SN55107
line receivers, SN55109 line drivers, and CD4050 AE
hex buffers.

17.6 Failure Mechanisms—Capacitors

Capacitors fail by a mechanism different from that
of semiconductors. The mechanism of capacitor failure
depends upon the type of dielectric.

Solid dielectrics: Capacitors with solid dielectrics, pa-
per, Mylar, or ceramics, will, when subjected to non—
repetitive transients, either fail by puncture of the
dielectric or not fail at all. Typically, a capacitor
can withstand short-duration transient voltages sev-
eral times greater than the dc rating of the insulation.












This calculation shows that the emitter-base junc-
tion is the more susceptible. The current required to
fail the emitter-base junction would be:

Pg
L =22 =344 (17.27)
VeD
The voltage from the base to ground is
Vease = BVgpo + IjrRpgs = 1.5kV.  (17.28)

The current through the collector-base junction is

Vease — BVgpo
REggs

Icp = =3.74 (17.29)

The power dissipated in the collector—base junction is

Pop = BVopolop = 93W (17.30)
which is below its failure-threshold power.
The total current into the circuit is then
—_— M V'base
Itransient = -{]F + Iop + ) (1731)
eql

and the Ipyangent voltage required to cause failure is

VTra.nsient = VBASE + ITransientRSource = 2.5kV
(17.32)

Therefore (assuming a 100 ohm source impedance) a
2.5 kV pulse, 200 ns wide, will cause the transistor to

fail.

Table 17.7 Damage Test Results for Non-semiconductors [17.26]

Manufacturer’s

Device Type Manufacturer Part Number Properties Test Results

Capacitor Corneil-Dublier C100K 10 pF

Capacitor Corpell-Dublier CK62 Series 4700 pF, 500 Vdc No change in capacity

Capacitor Sprague 96P Series 1 uF, 200 Vde or leakage resistance

Capacitor WES CAP KF223KM 0,022 yF, 600 Vdc¢

Coil Collins 240-2524-00 220 uH } No change in inductance

Coil Collins 542-0916-002 | 2 uH 103 Hz or resistance

Filter Bundy 21-0526-00 Notch 400 and 1200 Hz } No change in

Filter Varo 954-0429-400 | Bandpass 400 Hz frequency response

Potentiometer | Computer Insts. Mi8-178105 400 1

Potentiomerer | Chmite 51927-1 25002 ‘ No changes

Potentiometer | Ohmite 519273 250

Relay Babeock RP11573-G2 Armature Resistance increase:
62502>629Q

Relay* C. P, Clare A5245-1 Armature Resistance increase:
4180 >4250

Relay Hathaway 63862 Magnetic Reed Resistance increase: 2.5%

Relay Potter Brumfield | FLB4002 Magnetic Latching Resistance decrease: <1%

Relay Struthers Dunn FC6-365 Armature No changes

Transformer Dektronics D782222 Audio Frequency

Transformer Dektronics D782225 Power, Isolation No change in resistance

Transformer Freed 667-0386-00 Audio Frequency or voltages, no arcing

Transformer Varo 950-1622-200 | Power, Isolation during pulse

Transformer Varo 999.0197-200 | Power, Isolation, Stepdown

Vacuum Tube 6BX7 Med g Twin No change in

Vacuum Tube 5876 UHF High ¢ characteristics

Vacuum Tube 6BC4 Med u Twin Transconductance
decrease, 35%

*Arcing present continually for 700 V pulses,
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core cross-sectional area of 592 cm? (82 in?) would be
needed to support the aforementioned 1000 volt dou-
ble exponential pulse. In the context of indirect ef-
fects testing, that represents a very large transformer
core and explains why it is difficult to use transformer
coupling techniques to develop high amplitude, long
duration voltages on open~circuited wires.

Muitiple pulses: The problems of core size are com-
pounded when multiple pulses are involved. If the first
pulse carried the core along path (a) to point 1, a sec-
ond pulse of the same magnitude and polarity would
have to carry the flux along path (b) to a point far
higher than point 1. The core would become satu-
rated, the magnetizing current would become limited
by the characteristics of the pulse generator and the
desired voltage pulse would not be developed.

Full use of a transformer core for injection of mul-
tiple pulses would require pulses of opposite polarity
and volt-second product, though not necessarily of
equal magnitude or waveshape. The first pulse in a se-
ries would carry the flux to point 1, the second would
carry it to point 3 and the third would again carry it
to point 1.

Measurement of B-H loops: B — H loops may be
measured by exciting Ny turns on a primary winding
and allowing voltage to be induced in a second wind-
ing of Ny turns, as shown in Fig. 18.20. A signal
proportional to I (and hence to NI is applied to the
horizontal input of an oscilloscope and a signal pro-
portional to the integral of e; applied to the vertical
input.

€1
b D
1
R 5 I(‘\J

ez | V
©

ﬂ:g—gea

-—-—_NI
|
g
q
@

Fig. 18.20 Measurement of B — H loop.

Examples of B-H loops: Figs. 18.21 and 18.22 show
examples of B — H loops as measured with the above
technique. Fig. 18.21 refers to a ungapped toroidal
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core wound from grain oriented silicon steel of (.36
mm (0.014 in) thickness. Fig. 18.22 refers to a core
made from U-shaped ferrite blocks joined with no in-
tentional air gap. The ferrite core provides a more
linear B — H characteristic than the steel core and has
lower residual flux at zero magnetizing force, Other
things being equal, it would be better than the steel
core at transforming multiple pulses.

Ungapped steel cores will generally have a large
B — H loop and a large remnant flux. A gap in the
core would reduce the remnant flux and make the B —
H loop more like that of Fig. 18.22. Some ferrite
cores have a large remnant flux and some do not; it
depends on the type of core material. Powdered iron
cores would have a small remnant flux.

]
1400 Klines a

77 A-T

Fig. 18.21 B — H loop of an ungapped steel core.

A

40 Klines

Fig. 18.22 B — H loop of a gapped ferrite core.

Saturation effects when injecting current: In an ideal
situation, Fig. 18.14(a) the induced current would be
equal to the injected current (equal turns assumed)






winding or, for that matter, with the same number of
turns on the two windings. Figs. 18.28 and 18.29 show
qualitatively some of the ways ini which turns on one
winding or the other affect the results if the number
of turns on the two windings are not equal. For in-
stance, if the conductor under test is looped through
the core several times, a given excitation on the trans-
former will produce less short circuit current, more
open circuit voltage, and a decrease in the frequency
of the natural oscillatory mode of the cable under test.
If there are more turns on the primary, there will be
more short circuit current, less open circuit voltage,
and a decrease in the frequency of the natural oscilla-
tory mode of the pulse generator. There will also be a
longer rise time of the current and voltage pulses.
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Ly=Lp & Lg IN SERIES AIDING

Lg=Lp & Lg IN SERIES BUCKING.
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Lp{l-K) Lpll-K)
LTI T—

KLp

a0~

(c)

Fig. 18.25 Development of equivalent circuits.

(a) Basic transformer equations
(b) Equivalent circuit referred to secondary

(c) Circuit if N, = N, and L, = L,

generator —wtransformer -s--+—conductor under test

I T
T TT T

Fig. 18.26 Complete equivalent circuit of
a conductor under test.
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(12" long)

single turn . "
#10 wire ® - 2 7/

single turn
@ 10 wire

(a) (3C8F:sieoxfr‘11;zrial) 12" long)

Lp=Lg = 83uH

Ly=28uH

Lg= 0.3 uH

M =693 uH

K = 0.83

Lp(1-K) = Lp,(1-K) = 1.38 uH
(b) KLp = 6.93 uH

1.38uH

1.38uH

() - -~

Fig. 18.27 Equivalent circuit of a typical transformer.
(a) Core dimensions
(b) Measured and derived quantities
(c) Equivalent circuit

CONDUCTOR UNDER
TEST

)

Fig. 18.28 Effect of more turns on secondary.
— Less short circuit current
— More open circuit voltage

— A decrease in the frequency of the natural
oscillatory mode of the cable under test
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	INTRODUCTION 
	INTRODUCTION 
	This handbook will assist aircraft design and cer-tification engineers in protecting aircraft against the direct and indirect effects of lightning strikes, in com-pliance with Federal Aviation Regulations pertaining to lightning protection. It is also intended to assist FAA certifying engineers in assessing the adequacy of proposed lightning protection designs. It will also be useful for designers of major subsystems, such as en-gines and electrical and avionics systems, 
	This is the second handbook of this type. The first such handbook, also entitled Lightning Protec-tion of Aircraft by F.A. Fisher and J.A. Plumer, was published in 1976 by the National Aeronautics and Space Administration as N4SA RP-1008. Since that book was published there have been major advances in protection techniques, standards and test practices, particularly in those dealing with the indirect electro-magnetic effects of lightning. 
	This new handbook, which was commissioned by the FAA in 1986, was originally intended to be an up-dated version of NASA RP-1008, but as the project evolved, it became evident that additional topics, not included in the earlier book, should be incorporated and that much of the original material needed to be completely rewritten and expanded. 
	The book is organized along the same general lines as the earlier work, with the first half dealing with the direct effects (burning and blasting) of lightning and the second half dealing with the indirect effects (electromagnetic induction of voltages and currents) of lightning. 
	Among the new material found in this book are two chapters dealing with basic technologies and phys-ical concepts. The first of these, Chapter 1 -An Intro-duction to High Voltage Phenomena., deals with the nature of high voltage electrical sparks and arcs and with related processes ofelectric charge formation, ion-ization, and spark propagation in air. All of these are factors that affect the way that lightning leaders attach to an aircraft and the way that the hot return stroke arc affects the surface to w
	The second, Chapter 9 -Aspects of Indirect Effects, reviews some of the electromagnetic phenomena that govern induction of voltages and cur-rents by electromagnetic fields and introduces some of the terms and mathematical concepts encountered 
	Elementa.ry 

	in ana.lytic treatments of the indirect effects of light-ning. The chapter is not intended as a complete review of electromagnetic theory, but some subjects occur so often in treatments of indirect effects that it seemed better to review them all at once, and in some detail, rather than introducing them piecemeal in subsequent
	chapters. · --The user of this handbook is urged to study these two introductory chapters before proceeding with other sections of the book. The treatment of these topics begins on an elementary level and is aided by simple illustrations which should enable those with only a limited background in electricity to proceed to an adequate understanding of important principles. Other topics not found in NASA RP-1008 include a review of intra-cloud lightning phenomenology and the triggering of lightning fla:shes b
	-

	XI 

	in this way have a high probability of success. 
	in this way have a high probability of success. 
	Methods of protection of airframes and fuel sys-tems against physical damage and fuel ignition are de-scribed in Chapters 6 and 7, respectively. Fuel va-
	por ignition remains one of the most serious lightning hazards, and should be given careful attention in any design and certification program. Since much of an airframe contains fuel in direct contact with struc-tural elements, the topics in Chapters 6 and 7 are closely related and should be studied together. As noted in these chapters, the electrical ignition sources and thresholds within aircraft structures are not eas-ily identified or quantified by analyses methods, and so tests must play an important p
	Chapters 8 through 17 focus on protection ofelec-trical and avionic systems against indirect effects. As with all aspects of electromagnetic interference and control, the control of damage and interference from lightning becomes more and more critical as aircraft evolve. J\.1ost of the naYigation and control functions aboard modern aircraft place a computer between the pilot and the control surfaces, often without mechan-ical backup. This makes it essential that the com-puter and control equipment be design
	Chapter 8 introduces the subject of indirect ef-fects and briefly discusses the subjects covered in more detail in later chapters. Chapter 9, as mentioned, cov-ers a number of subjects common to the subsequent chapters. Chapter 10 covers the external electromag-netic field environment and Chapters 11 and 12 cover the way that these fields couple to the interior of the aircraft.. These four chapters are the most analytically oriented of the book. 
	Chapter 13 discusses experimental methods of studying the interaction between the aircraft and the lighting flash. Chapter 14 discusses some of the prac-tical problems of calculating the response of aircraft wiring to electromagnetic fields. Chapter 15 discusses shielding of aircraft wiring and emphasizes that some of the shielding and wiring practices in common use re-ally provide little protection from the electromagnetic fields of lightning and may even accentuate problems. Chapter 16 discusses some of t
	Chapter 17 discusses some aspects of circuit de-sign, principally those relating to surge protective de-vices and methods of analyzing the damage effects of surge voltages and components on electronic devices. 
	Control of lightning indirect effects by analysis can only be carried so far; proof of resistance to indi-rect effects is most likely to come about by the conduct of tests on individual pieces of equipment and on inter-connected systems. Chapter 18 presents an overview of verification test methods. It is intended to describe the approaches that can be applied for these tests and to acquaint the certification engineer with what to expect and what not to expect. Practices relating to testing are still evolvin
	A few comments on personnel safety are in order. Lightning tests involve the generation and application of very high voltages and currents -far exceeding the levels employed in most electrical test laboratories. They also far exceed lethal levels and have proven fatal to inexperienced operators. Lightning tests to evalu-ate or verify either direct or indirect effects should be performed only by personnel experienced in this tech-nology. This test methodology is beyond the scope of this handbook. 
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	Chapter 1 
	AN INTRODUCTION TO HIGH VOLTAGE PHENOMENA 
	1.1 
	1.1 
	Introduction 

	Lightning is a high voltage and high current phe-nomenon and those who would deal in protection against it should have some basic understanding of the physics involved. This chapter is intended to introduce the reader to the general physical nature of electrical sparks and arcs, and to provide some data on spark breakdown characteristics of various electrode config-urations. Partly, the material is given to introduce the subject of lightning phenomena and partly to il-lustrate some of the factors that must 
	The literature on high voltage phenomena is vast and no attempt will be made to give a comprehensive review. Most of the works are to be found in pub-lications aimed at the electric power industry. Some specific works that deal with the subject will be cited, but since the following material is only a review, no attempt will be made to cite references for each point discussed. Some specific works that might be reviewed include [1.1] for a general review of the mechanism of breakdown through long air gaps, [
	1.2 
	1.2 
	Initial Ionization Effects 

	In the study of gas discharges, it is customary to divide the phenomena into two general types: those that are, and those that are not self sustaining. Com-plete breakdown of a gas, or the formation of a spark between two electrodes, is a transition from a non-self-sustaining discharge to one of several types of self-sustaining discharge. Usually it occurs with explosive suddenness. To illustrate some of the phenomena in-volved, consider Fig. 1.1, which shows how the current between two electrodes immersed 
	physical dimensions of the electrodes and the distance between them. 
	Under the influence of light and. other radiation, such as X-rays, cosmic rays or radioactive decay, elec-trons will be emitted from the negative electrode, or cathode. Electrons may also be released in the gas by the radiation. At low levels of voltage, or electric field, all the electrons will drift towards the positive electrode, or anode, and be collected. For a consider-able range of voltages, region 2 of Fig. 1.1, the current will remain constant, but the discharge will not be self-sustaining since th
	(a) 
	(b) 
	self sustaining discharge voltage non-self sustaining discharge collapses ~----~------~--------~-------
	Fig. 1.1 Current-voltage relations in pre-spark regions. 
	(a) 
	(a) 
	Electrode configuration 

	(b) 
	(b) 
	V-I characteristics 

	1 

	Ifthe voltage is increased into region 3 of Fig. 1.1, some of the electrons emitted from the cathode will collide with gas molecules with sufficient force that in some of these collisions an electron will be knocked from the molecule. Where there was one electron, there will now be two electrons plus one positively charged ion. Both electrons will then move under the influence of the field and will in turn strike more gas molecules and liberate still more electrons. The re-sult is an electron avalanche. The
	Ifthe voltage is increased into region 3 of Fig. 1.1, some of the electrons emitted from the cathode will collide with gas molecules with sufficient force that in some of these collisions an electron will be knocked from the molecule. Where there was one electron, there will now be two electrons plus one positively charged ion. Both electrons will then move under the influence of the field and will in turn strike more gas molecules and liberate still more electrons. The re-sult is an electron avalanche. The
	--ad
	N

	= ne (1.1) 
	0 

	where N-is the final number of electrons, n0 is the number of initial electrons and d is the distance tra-versed. The discharge will still not be self-sustaining since if the source of ionization is removed the current will cease. 
	The quantity a is called Thompson's first ioniza-tion coefficient and indicates the number of electrons produced by a sin.e;le electron traveling a distance of 1 em. It depends on the density of the gas and on the strength of the electric field. The electric field deter-mines how much the electrons are accelerated and the gas density determines how far an electron may move before it collides with a gas molecule and liberates an-other electron. It follows that an electron avalanche will proceed faster in den
	Ifthe voltage is increased into region 3 the current 
	begins to depart from the simple exponential law of 
	Eq. 1.1. Thompson ascribed the increased current to 
	ionization resulting from the motion of the positively 
	charged molecules, and considered the total current 
	to have two components, one due to the motion of 
	electrons, Eq. 1.1, and one due to the motion of the 
	positively charged particles and governed by a similar 
	relationship. 
	N+ = ncief3d (1.2) 
	where N+ is the final number of positively charged 
	particles, nci is the initial number and dis the distance 
	traversed. 
	The quantity f3 was designated Thompson's sec-
	ond ionization coefficient. It is now known that ioniza-
	tion by positive ions is insufficient to account for the 
	increased current in region 3 of Fig. 1.1. Instead, the 
	number of electrons is taken to be 
	n e"'d
	N = _ ___:__o_.,.-
	-

	(1.3) 
	1-r e e>d-1 
	where the coefficient r is the generalized secondary ionization coefficient. r includes the a process con-sidered by Thompson, but also other processes such as the action of positive ions, photons and metastable atoms at the cathode. Finally, at the sparking voltage V., the gap will break down and the voltage will col-lapse. A criterion for breakdown, or the achievement of a self-sustaining breakdown, would be that 
	r(e"'d-) 2: 0. (1.4) 
	1

	Ifthis criterion is met, the initial source of ioniza-tion could be removed and the current would continue to increase to a value limited only by the impedance of the external circuit. 
	Eqs. 1.3 and 1.4 include the effect of an attach-ment coefficient 77 since there are factors that act to capture electrons. The ionization and attachment co-efficients are shown on Fig. 1.2. Below 25 kV/m the attachment coefficient is the larger, hence an avalanche cannot develop in a field less than 25 kV/m. This curve relates to standard sea level atmospheric condi-tions. Effects of non-standard conditions are discussed in §1.5.5. 
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	Fig. 1.2 Ionization and attachment coefficient. 
	1.3 
	1.3 
	Streamer Effects 

	The breakdown criterion of Eq. 1.4, though con-ceptually simple, is seldom used since the process is much more complicated. Breakdown is instead as
	-

	2 

	cribed to the growth of a streamer that leads to ion-ization in the gas and is separate from any processes taking place at the electrodes. Whether the streamer leads to a complete breakdown between two electrodes, or is confined to the localized discharges called corona depends to a considerable extent on how the electric field is distributed across the entire gap. The localized corona discharge will be considered first. It occurs when only the region around the electrode is highly stressed; that is, expose
	cribed to the growth of a streamer that leads to ion-ization in the gas and is separate from any processes taking place at the electrodes. Whether the streamer leads to a complete breakdown between two electrodes, or is confined to the localized discharges called corona depends to a considerable extent on how the electric field is distributed across the entire gap. The localized corona discharge will be considered first. It occurs when only the region around the electrode is highly stressed; that is, expose
	1.4 
	1.4 
	Corona 

	Corona, Fig. 1.3, is a glow discharge that forms around conductors when the surface voltage gradient (rate of change of voltage with distance normal to the surface of the electrode) exceeds a critical level, about 30 kV/em in air at sea level atmospheric pressure. It can also form on grounded objects exposed to a high electric field from some remote source such as high voltage conductors or charged thunderstorm clouds. It also forms on the masts of ships and on the ex-tremities of aircraft when they are cha
	Figure
	Fig. 1.3 Corona. 
	1.4.1 
	1.4.1 
	Negative Corona Processes 

	The negative corona process occurs when the elec-trode upon which the corona forms is subjected to a sufficiently large negative electric field, a negative field being defined as one in which an electron in the space around the electrode is forced away from the electrode, Fig. 1.4. A common situation involves the electrode being connected to the negative terminal of a power supply while the positive terminal is grounded. The 
	negative electrode need not be directly connected to a power source however; the electric field may be cre-ated by induction from other charged electrodes. Con-sideration of where the other electrodes are located is rather academic since the important matter is the electric field in the immediate region of the conductor 'llpon which corona is formed. 
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	Fig. 1.4 Motion of an electron in a negative field. 
	Because of some initial ionization process, an elec-tron is liberated in the gap. Under the influence of the electric field the electron is repelled away from the electrode. As it is repelled, it collides with the gas molecules and a flood of other electrons is trig-gered by the avalanche process described in §1.1. This leaves a cloud of mixed positive and negative charge, Fig. 1.5( a). The electric field forces the electrons away from the space where the avalanche is formed and so 
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	Fig. 1.5 Motion of ions for negative corona. 
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	the slower and more immobile positive ions are left behind, as shown in Fig. 1.5(b). The electrons im-mediately attach to neutral ions, usually oxygen, and form negative ions. 
	the slower and more immobile positive ions are left behind, as shown in Fig. 1.5(b). The electrons im-mediately attach to neutral ions, usually oxygen, and form negative ions. 
	The electric field in the gas depends on all the charge, the charge that is on the electrode and the charge that is in the space around the electrode. In the space beyond the positive ions the electric field is the sum of that produced by the negative charge on the electrode and the positive charge in the space ad-jacent to the electrode. The result is that the electric field in the space beyond the positive ions is reduced and the ionization process stops until the positive ions have been swept into the ca
	After the charges have been swept away, 1.5( c), the process may repeat, but if the electric field at the tip of the cloud of positive ions is not sufficient to cause further ionizing collisions the streamers will not extend further into the gap. This condition exists in divergent fields, those in which the stress is localized, such as the sharp pointed electrode of Fig. 1.6(a). 
	In a uniform field, such as that between the two flat electrodes shown on Fig. 1.6(b), whenever the electric field at the electrode reaches a critical gradi-ent, the same critical gradient will exist all the way across the gap. As a result the corona will not re-main localized, but will invariably grow and lead to complete breakdown. 
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	Fig. 1.6 Divergent (a) and uniform 
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	electric fields. 

	The critical gradient at which corona is initiated is about 30 kV/em at sea level conditions, though the gradient does depend somewhat on the physical size and shape of the electrodes. In a more rarified gas the critical gradient would be lower than 30 kV/em, the governing factor being the density of the gas. Refer-ence data relating density (pressure and temperature) to altitude is available in standard handbooks [1.7]. At an altitude of 10 000 ft. the critical gradient would be ab~ut 22 kV/m. 
	Corona is visible because light is emitted at the tip of the discharge as ions are bombarded and the collisions raise the impacted atoms to a higher energy state. Later, the excited atoms may revert to their normal lower energy state and as they do, the excess energy is radiated as electromagnetic waves, some of the radiation occurring in the visible band and appear-ing as light. The light ceases as soon as the bombard-ment stops and the charged ions are swept away. The charge itself is not visible. The vis
	The negative corona process may manifest itself as a train of individual pulses, called Trichel pulses after an early investigator of the phenomenon. It may also manifest itself as a pulseless glow or as negative streamers. Triche! streamers extend about 1 em away from the electrode and each one produces a current pulse of amplitude varying from 1 x 10-A at point electrodes to 2 X 10-A at large electrodes. 
	8 
	2 

	The discharge propagates for up to 20 ns (20 x 10-sec) before being choked off by the space charge. Current rise times are between 25 and 50 ns, with half-value widths about twice that long. Because the pulses are short, they can lead to radio noise over a very wide band of frequencies. If the field strength increases, the rate at which the Triche! pulses are formed increases. The maximum frequency of the pulses has been re-ported as 2 kHz for an 8-mm sphere and 3 MHz for a 30 degree conical point. 
	9 

	After the Triche! pulses reach their maximum fre-quency, a pulseless glow forms around the electrode. Under these conditions the discharge current becomes essentially de and ceases to emit radio noise. As the electric field is increased even further, negative stream-ers appear and extend out from the electrode sev-eral centimeters. The current consists of pulses su-perimposed on a quasi-steady state current with the rise times of the pulses being on the order of 0.5 f..LS 
	(0.5 
	(0.5 
	X 10-sec). The visual appearance of the corona pulses and the shape of the current pulses are sketched on Fig. 1.7. 
	6 
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	conductor 250,ns current ----Triche! waveshape streamer 2 rnA 
	conductor 250,ns current ----Triche! waveshape streamer 2 rnA 
	Negative streamer 
	Fig. 1.7 Negative corona. 
	1.4.2 
	1.4.2 
	Positive Corona Processes 

	Positive corona occurs when the electric field at the surface of the electrode is positive, either because the electrode is energized with positive voltage or be-cause it is grounded and in the electric field produced by an electrode energized with negative voltage. It has many of the same characteristics as negative corona, but the electrons and positive ions are accelerated in the opposite direction. The mechanism is illustrated on Fig. 1.8. The amplitude of the current pulses is generally much larger tha
	The positive coronas have three distinct forms; onset pulses, Hermstein's glow and positive streamers. Onset pulses appear as streamers in a stem with some branching, and a high repetition rate gives the corona a brushlike appearance. From an 8~mm sphere cur-rent amplitudes have been measured at 0.25 A. Mean rise time is 30 ns and mean decay time is about 100 ns. 
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	Fig. 1.8 Motion of ions for positive corona. 
	The maximum repetition rate is about 200 Hz for large electrodes and 2000Hz for point electrodes. The some-what longer rise and decay times might imply that the pulses produce less radio interference than negative corona pulses, but the higher amplitude of the current pulses makes the absolute interference levels higher. 
	As the voltage is increased the corona glow forms an ionizing layer (Hermstein's glow) and the discharge current consists of small ripples at a frequency of up to 2 x 10Hz superimposed on a quasi~dc current. As the voltage is increased still further the streamers rapidly extend even further, the velocity of propagation being 20 to 2000 em/JtS. 
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	Sketches of positive corona and the current wave-shapes are shown on Fig. 1.9. 
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	I conductor 
	I conductor 
	Fig. 1.9 Positive corona. 
	1.5 
	1.5 
	Breakdown Processes In Air Gaps 

	It is a common misconception that the breakdown strength of air is about 30 kV/em or 3 MV/m. That figure is i11deed about the electric field gradient at which corona will begin to form and it is the intrinsic breakdown strength of short air gaps contained be-tween electrodes carefully co~toured to eliminate any regions where the local electric field strength is greater than 30 kV/em. Such electrodes are usually found only in laboratories. With practical gap geometries, and particularly with gap geometries g
	The following material will illustrate why the breakdown strength of air has this surprisingly (to some) low value. The section will discuss the con-ditions under which corona streamers can continue to grow until a gap is completely bridged. It will dis-cuss the mechanism by which the streamers develop in 
	a gap to which voltage is suddenly applied and show how it is different if voltage is gradually raised. It will also discuss conditions if the applied voltage has a de-caying tail and explain both how front and tail times affect how fast the breakdown progresses and explain how this leads to a volt-time or time-lag effect. 
	The basic aim of the section will be to provide tutorial material with an emphasis on physical Ul1derstanding of electrical arcs used in testing, of light-ning phenomena and how lightning interacts with air-craft. It will deal only with air at near sea level at-mospheric pressure and mainly with electrodes spaced so far apart that the field between them is far from uniform and in which the metal of the electrodes and the vapor from them can play no significant part in the breakdown process. 
	-

	Also, the section will focus on the phenomena that occur when the electrodes are directly connected to a voltage source that supplies the energy necessary for the development of the arc and the electric field through which it propagates. On an aircraft the dis-charge may originate at the aircraft and the energy necessary for the development of the arc must be ex-tracted from the pre-existing electrical field. There are some differences in the two processes and these differences are discussed in Chapter 3. 
	1.5.1 
	1.5.1 
	Types of Surge Voltage 

	When discussing the breakdown strength of air it is common practice to refer to lightning surges, switch-ing surges and power frequency voltages. Tb,e terms 
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	h~ve their origin in the electric power field, to which most studies of breakdown strength of air gaps have been directed. For continuity, the terms will be re-tained here, though they are not particularly apt in relationship to a.i.rcr~tft. 
	h~ve their origin in the electric power field, to which most studies of breakdown strength of air gaps have been directed. For continuity, the terms will be re-tained here, though they are not particularly apt in relationship to a.i.rcr~tft. 
	Surges having front times measured in a few mi-croseconds and decay times measured in a few tens ()f m\crosecouds are commonly called lightuing surges sjpce surges ind~ced on power lines by lightning have such waveshapes. Other mechanisms can, of course, a.l!>o procluce ~urges of such waveshapes. 
	Switching surges, as their name implies, arise on power lines through the operation of switches and cir-f:uit breakers. They ar~ characterized by front times meas~red, in tens and hundreds of microseconds and decay times measured in hundreds and thousands of mkroseconds. . Su.ch times are also involved as a light-ning flp,sh propagates towards or away from an aircraft. 
	Power frequency voltages primarily relate to 50 or 60 Hz ene:rgization of transmission lines and will be given onl.y passing consideration in the following material. 
	Nuclear effects, NEMP, may lead to surges mea-sured in tens of nanoseconds, but they are beyond the scope of the following material. 
	A, distinction is also made between the terms surge ancl impulse. Accepted practice is to use surge to refer to a voltage produced at random by nature and im-pulse to refer to a voltage or current produced under controlled conditions in a laboratory. For even more precision the terms lightning impulse and switching impulse are used. 
	1.5.2 
	1.5.2 
	Waveform Definitions 

	Voltages and currents tend to have different wave-shapes, both because of the nature of physical pro-cesses and because of the intrinsic behavior of testing machinery. . 
	Voltage impulses: Voltage impulses used in high volt-age testing and research most commonly have double exponential waveshapes, as illustrated on Fig. 1.10(a). They are described approximately by an equation of the form 
	E =Eo(). (1.5) 
	e-at-e-.Bt

	Double exponential waveshapes are used because they have the general characteristics of natural surges (fast front times and slower decay times) and can be pro-duced by basically simple (though expensive) capaci-tor and resistor networks. Principles of such machines are described in §6.8. Double exponential waveforms are characterized by their peak amplitude, front time 
	and decay time, definitions of front and tail time being given by industry standards [1.8]. The virtual front 
	time is taken to be 1.25 times the time between the 30% and 90% points. For many purposes this virtual front time is a better characterization of the effects of the impulse than the time to actual peak because it also defines the effective rate of rise of the impulse. It is defined by the 30% and 90% points rather than the 10% and 90% used in electronic practice since the initial toe of the impulse is frequently distorted be-cause of the characteristics of the impulse generator. The distortion is of little 
	A waveshape commonly used in the electrical in-dustry is a 1.2 x 50 f-lS wave, for which a = 1.46 X 10and (3 = 2.475 x 10, time being measured in sec-onds. The constants yield a wave with a 1.2 JlS front as defined by industry standards, not the time to absolute peak voltage. Procedures for determining a, (3, and E0 in Eq. 1.5 are given in §9.10.1. 
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	Fig. 1.10 Waveshapes for testing. 
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	A true double exponential wave can only be pro-duced by a surge generator having one type of energy storage element, inductance or capacitance. If the gen-erator has two types of energy storage element; that is, both inductance and capacitance, then a double expo-nential is only an approximation of the actual output waveshape. Capacitive surge generators optimized for high voltages usually have inductances sufficiently low that the output can be described quite well by a double exponential. 
	A true double exponential wave can only be pro-duced by a surge generator having one type of energy storage element, inductance or capacitance. If the gen-erator has two types of energy storage element; that is, both inductance and capacitance, then a double expo-nential is only an approximation of the actual output waveshape. Capacitive surge generators optimized for high voltages usually have inductances sufficiently low that the output can be described quite well by a double exponential. 
	Current impulses: Current impulses used for evaluat-ing low impedance surge protective devices often have waveshapes that cannot be described by double expo-nentials, mostly because the inductance of the gener-ators used to produce the surges is not negligible. A common waveshape is shown on Fig. l.lO(b) and is described approximately as 
	I = Io €-crt sin(wt), (1.6) 
	Frequently the nature of the device under test is such that only the first half cycle of the current is produced. A waveshape commonly used has an 8 f.LS front and a 20 f.LS tail. A wave having that particular ratio of front to tail time is not one that can be produced by a dou-ble exponential surge generator, though itis routinely produced by discharging an energy storage capacitor through an inductive circuit. 
	No special attempt should be made to relate the shape of surges used for testing insulation to the shape of the surges used for testing surge protective devices. The relationship has very little to do with the physical characteristics of lightning or of naturally occurring surges; it is mostly a historical matter reflecting the early development of the high voltage testing art and the incorporation of common practices into standards. 
	Also, one should not consider that these wave-
	shapes necessarily represent the shapes of natural 
	lightning currents or the voltages produced by light-
	ning. They are intended to have the same general char-
	acteristics (fast fronts and longer tails) and have time 
	scales typical of those produced by natural lightning, 
	but they are only standardized waveshapes used for 
	testing. 
	1.5.3 
	1.5.3 
	Volt-Time Curves 

	Repeated applications of voltage do not always produce the same pattern of flashover and if the volt-age is barely sufficient to cause breakdown, some ap-plications of voltage will cause breakdown and others will not. Breakdown is thus a statistical matter; if the voltage is low the probability of breakdown is low and if the voltage is high the probability is greater. 
	The breakdown voltage also depends strongly on waveshape. In general, long duration voltages will cause breakdown of a gap at lower levels than will be required if the voltage is of short duration. Short du-
	•ration voltages may be sufficient to initiate the break-down process and to produce intense ionization (and in the process draw large currents from the voltage source), but may not last long enough to cause a com-plete breakdown. Also, the current drawn by the de-veloping breakdown may be so large that a consider-able amount of the voltage initially applied to the gap will be lost in the impedance of the test circuit exter-nal to the gap. This loss of voltage may be sufficient to prevent the gap from break
	Typical waveshapes that could be observed dur-ing breakdown testing with lightning impulse waves are shown on Fig. 1.11. In the figure the shape of the voltage actually developed across the gap is shown by the heavy line while the shape that the voltage would have if it were not interrupted by the break-down of the gap is shown dotted. This latter is called the prospective voltage. Accepted terminology defines full waves (FW) as those that do not lead to break
	-
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	Fig. 1.11 Voltage waveshapes. 
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	down, chopped waves or tail chopped waves (CW) as those causing breakdown after the voltage has begun to decay and steep front (SF) or front chopped waves as those that cause breakdown before the wave reaches its peak prospective voltage. 
	down, chopped waves or tail chopped waves (CW) as those causing breakdown after the voltage has begun to decay and steep front (SF) or front chopped waves as those that cause breakdown before the wave reaches its peak prospective voltage. 
	Ifrepeated applications of voltage are made, start-ing initially at a low level and then increasing, there can be found a level below which no breakdowns occur, the withstand (WS) level. At a somewhat higher level breakdowns will occur sometimes, but not always. If voltage is raised still further, a level is found where 50 percent of the impulses cause breakdown, the crit-ical flashover (CFO) level. That peak voltage level is designated U50, from the German Uberspannung or overvoltage. 
	With short gaps, up to about 10 -20 em, the breakdowns will occur at the peak of the voltage wave, but with a sufficiently long gap the breakdowns will oc-cur after the voltage has reached its peak and started to decay. If the voltage is raised still further break-down occurs at earlier times, perhaps before the volt-age has reached its peak prospective voltage. Con-necting the breakdown points results in a volt-time or time-lag curve, Fig. 1.12. For breakdowns that occur after the voltage has begun to deca
	v 
	/time-lag curve 
	1~,.--..,' ',,~prospective ',, voltage
	',, ',, 
	CFO 
	ws 
	t 
	Fig. 1.12 Development of a volt-time or time-lag curve. 
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	Fig. 1.13 Volt-time curves for transmission line insulators [1.6). 
	1.5.4 
	1.5.4 
	Streamer Development 

	When a long air gap (length greater than about 
	0.5 
	0.5 
	m) is stressed with a positive or negative impulse voltage and the flashover observed with a camera that is able to observe the stages of the breakdown process, it is found that there are several fairly distinct stages in the process. These are the formation of an initial corona, growth of a leader, and a final jump which culminates in the development of a highly conducting channel. 

	Initial corona: The initial burst of corona takes place from the energized electrode as soon as the electric field at the tip of the rod reaches about 30 kV/em and usually this takes place before the applied voltage has reached its maximum value. The corona forms in a small fraction of a microsecond and propagates away from the electrode very rapidly, several meters per mi-crosecond (m/f.LS). This corona discharge, however, does not go across the entire gap between the elec-trodes unless the electrodes are 
	Streamer: If the voltage is of sufficient magnitude and is maintained, a more intense and more localized dis-charge called a streamer develops out of this initial corona and works its way towards the grounded elec-trode in a manner very similar to that of lightning, as discussed in Chapter 2. Initially this leader propa-gates at several centimeters per microsecond (em/f.LS ), much slower than does the initial corona, and carries a current of about 100 A. 
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	Leader voltage: The voltage drop along the leader is rather small, about 2 kV/em, making the resistance on the order of 20 ohms per em. The leader is thus sufficiently conductive that it acts as an extension of the rod and the result is that most of the applied volt-age is impressed across the unbridged portion of the gap. As the leader progresses, the gradient across the unbridged portion of the gap increases and the leader progresses faster and carries more current. 
	Leader voltage: The voltage drop along the leader is rather small, about 2 kV/em, making the resistance on the order of 20 ohms per em. The leader is thus sufficiently conductive that it acts as an extension of the rod and the result is that most of the applied volt-age is impressed across the unbridged portion of the gap. As the leader progresses, the gradient across the unbridged portion of the gap increases and the leader progresses faster and carries more current. 
	Final jump: When the corona ahead of the leader con-tacts the plane a more conductive channel begins to grow through the leader and eventually bridges the entire gap. This is called the final jump. At this stage the entire gap is bridged by a highly conducting chan-nel. As the channel carries more current it becomes hotter and more conductive, which allows it to carry more current and become hotter still. Eventually the current becomes limited by the external circuit and the voltage across the arc collapses
	Electrode configurations: The characteristics of a breakdown are influenced by the type of electrode, some common electrode configurations being shown on Fig. 1.14. The most easily studied geometry consists of an energized sphere or rod placed above a grounded plane, a sphere plane or rod plane configuration. An-other common geometry consists of two rods, one en-ergized and the other grounded. The breakdown pro-cess in such a rod-rod gap is more complicated than in a rod-plane gap since the breakdown develo
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	Fig. 1.14 Electrode configurations. 
	(a) 
	(a) 
	Sphere to plane 

	(b) 
	(b) 
	Sphere to sphere 

	(c) 
	(c) 
	Rod to plane 

	(d) 
	(d) 
	Rod to rod 

	high voltage tests are made to determine the points at which lightning might attach to an aircraft, the geom-etry approximates that of a rod to plane configurC!:tion. 
	Methods of observation: Early studies of breakdown phenomena focussed on the behavior of gaps exposed to lightning impulse voltages. One of the techniques used for the studies is shown on Fig. 1.15. The figure shows a test setup in which a positive polarity 3 MV (megavolts or 3 x 10volts) impulse was applied to a rod-rod gap. A parallel rod-rod gap out of the field 
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	Fig. 1.15 Study of rod-rod breakdown. 10 

	of view of the camera was used to remove the voltage before the breakdown in the gap under study had pro-gressed to completion. By adjusting the length of the parallel gap the phenomena in the gap under study could be observed at different stages in the develop-ment of the breakdown. A photograph of the early stages of breakdown, Fig. 1.16, shows a very exten-sive and diffuse set of tentacles extending from the impulsed electrode. This is the first corona. The pho-tograph was taken through a quartz lens whi
	of view of the camera was used to remove the voltage before the breakdown in the gap under study had pro-gressed to completion. By adjusting the length of the parallel gap the phenomena in the gap under study could be observed at different stages in the develop-ment of the breakdown. A photograph of the early stages of breakdown, Fig. 1.16, shows a very exten-sive and diffuse set of tentacles extending from the impulsed electrode. This is the first corona. The pho-tograph was taken through a quartz lens whi
	Fig. 1.16 Initial corona. 
	When the parallel gap was made longer and the discharge allowed to progress to a later stage, Fig. 1.17, one portion of this corona bridged the entire gap and a brighter and more conducting channel began to form around the lower (negative) electrode and pro-gressed into the space bridged by the corona. This is called a streamer. Similar streamers develop at the upper (positive) electrode, but they are difficult to see through the corona. When the breakdown process was allowed to progress to completion the b
	Streak camera: The technique of using a parallel gap to interrupt the developing breakdown is now seldom used; modern technique makes use of streak cameras. The basic principle of a streak camera is shown on Fig. 1.19. It basically consists of moving the lens 
	Fig. 1.17 Growth of a streamer. 
	Fig. 1.18 Completed breakdown. 
	(mechanically or electronically) wlule the breakdown is in process. The result is that the image recorded on the film is spread out and displayed as a function of time. If the lens is moved in discrete steps (framing mode), Fig. 1.19(a), a developing breakdown can be photographed as a series of instantaneous snapshots. More c_ommonly the lens is moved continuously (streak 
	mode), Fig. 1.19(b), and the image is blurred. The luminous head of the leader photographs as a bright band gradually bridging .the gap while other luminous processes show as a band behind the leader. 
	Boys camera: An early camera, called the Boys cam-era, after the inventor, moved the lens mechanically and has been widely used to study the breakdown pro-cesses in lightning. Modern devices achieve the same effect electronically. An optical image is formed on an electron emitting surface and the electrons from that · surface are focussed with an electron lens (magnetic or electrical) onto a phosphorescent screen producing an image which can then be photographed with a con
	-
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	ventional camera. Generally an image intensifier sec-tion is used to amplify the image and make it possible to display phenomena that a.re only faintly luminous. The focused beam can be moved by deflection plates similar to those used in a cathode ray tube. 
	ventional camera. Generally an image intensifier sec-tion is used to amplify the image and make it possible to display phenomena that a.re only faintly luminous. The focused beam can be moved by deflection plates similar to those used in a cathode ray tube. 
	image in streak mode image in framing mode electrode film is 
	Fig. 1.19 Streak and framing cameras. 
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	Switching impulses: Recent studies (from about 1965) have mostly focussed on the mechanism of breakdown when electrodes are exposed to switching impulses since it has been found that such impulses cause flashovers at much lower voltages than do light-ning impulses. Positive impulses produce breakdown at lower voltage than negative impulses and have been the most studied. Also, the studies have focussed on the behaviour with voltages just sufficient to cause breakdown and have not dealt with the breakdown pr
	Fig. 1.20, adapted from Fig. 10 of [1.1] and from 
	(1.9), shows sketches of what would be revealed when 
	viewing, with a streak camera, the breakdown of a 
	rod-plane gap when the rod is energized with posi-
	tive polarity surges of the indicated waveshape. P ho-
	tographs showing the phenomena in more detail ap-
	pear in [1.1]. For some rates of rise of voltage the 
	discharge proceeds fairly smoothly toward the ground 
	electrode. If the rate of rise is lower the discharge 
	becomes more discontinuous. In general, the corona 
	propagates from the developing leader towards the 
	ground plane, as evidenced by the slope of the image 
	produced by t he developing corona. 
	voltage collapses when 
	leader contacts ground 
	plane and develops 
	into an arc 
	corona propagates fr om 
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	time 
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	Fig. 1.20 Influence of wave-front on the development of the leader stroke. Adapted from [1.1] and (1.9] . 
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	With negative polarities the discharge is even more discontinuous. Discharges frequently take place in the air beyond the head of the leader and propa-gate both forwards toward the grounded electrode and backwards towards the advancing leader. The sketch of Fig. 1.21, adapted from Fig. 17 of [1.1] and from [1.10], shows the phenomenon. Note that the curva-ture of the image due to the corona is opposite to that of Fig. 1.20. With this geometry a leader also grows from the grounded rod towards the leader from
	With negative polarities the discharge is even more discontinuous. Discharges frequently take place in the air beyond the head of the leader and propa-gate both forwards toward the grounded electrode and backwards towards the advancing leader. The sketch of Fig. 1.21, adapted from Fig. 17 of [1.1] and from [1.10], shows the phenomenon. Note that the curva-ture of the image due to the corona is opposite to that of Fig. 1.20. With this geometry a leader also grows from the grounded rod towards the leader from
	Studies also show that with switching impulse waves the critical breakdown voltage depends on the front time of the voltage, there being a front time that minimizes the breakdown voltage. This front time is in the range 200-600 micro,seconds, but it depends on the length of the gap, being longer for longer gaps. 
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	Fig. 1.21 Negative polarity sparkover of 3 meter gap rod to rod on plane gap. 1.511000 microsecond wave Adapted from [1.1] and [1.10]. 
	pointed electrode applied 
	The above is still a rather superficial description of the breakdown process and some more discussion is in order. Consider first the initial corona. The ini-tial corona forms as soon as the electric field at the energized electrode reaches a critical gradient of 30-33 kVIem and continues to propagate as long as the elec-tric field is greater than about 25 kVIem. If the gap is short or if the field in the gap is uniform the corona will bridge the gap and lead to complete breakdown. 
	More commonly the corona bridges only a portion of the gap, the extent of the corona depending on the distribution of electric field across the gap, as illus-trated on Fig. 1.22. With a rod or pointed electrode the critical gradient will be reached at a lower volt-age than if a more rounded electrode were used, but the highly stressed region around the electrode will be smaller with a rod electrode than with a rounded elec-trode. The result is that with a rod electrode the initial corona forms at a relative
	Around a larger electrode with a more rounded tip the initial corona forms at a higher voltage, ex-tends further into the gap and the initial velocity of the leader is greater. If the electrodes are sufficiently rounded, as with closely spaced spherical electrodes, the initial corona, when it forms, extends all the way to the other electrode and breakdown takes place in a fraction of a microsecond. 
	Streamer gradient: The rate at which the stream-ers extend themselves depends on the average gradient across the unbridged portion of the gap. As the leader works its way across the gap and places more voltage on the unbridged portion of the gap the average gradi-ent across the unbridged portion of the gap increases with time and the velocity of the streamer increases. In general, the streamers will continue to propagate as long as the average gradient in the unbridged portion 
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	Fig. 1.22 Factors influencing initial corona. 
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	is about 5 kV/em or greater. If the gradient is greater than 5 k V /em the streamers will propagate faster, but this requires injecting charge into the gap at a higher rate and hence more current is drawn from the source initiating the breakdown. Frequently the available cur-rent is limited and the streamers will propagate at a velocity such as to limit the gradient to about 5 kV/em (500 kV/m). This critical gradient is basically what determines the minimum breakdown voltage of large air gaps, since the lea
	is about 5 kV/em or greater. If the gradient is greater than 5 k V /em the streamers will propagate faster, but this requires injecting charge into the gap at a higher rate and hence more current is drawn from the source initiating the breakdown. Frequently the available cur-rent is limited and the streamers will propagate at a velocity such as to limit the gradient to about 5 kV/em (500 kV/m). This critical gradient is basically what determines the minimum breakdown voltage of large air gaps, since the lea
	1.5.5 
	1.5.5 
	Effects of Gas Density and Humidity 

	The flashover voltage of air gaps depends on at-mospheric conditions. Usually it is raised by an in-crease in air density or by an increase in humidity. An increase in air density (pressure and temperature both affect air density) decreases the mean free path of electrons and decreases the likelihood that they will be accelerated to a voltage sufficient to cause secondary emission. Water molecules tend to absorb electrons and thus decrease their chances to participate in the formation of electron avalances.
	For uniform field conditions and gap distances 
	of a few centimeters the variation of breakdown volt-
	age with pressure is governed by Pachen's Law, which 
	states that the breakdown voltage depends on the 
	product of gas pressure and gap length, as illustrated 
	on Fig. 1.23. For most conditions breakdown strength 
	decreases as pressure decreases, though there is a con-
	dition for minimum breakdown strength, below which 
	breakdown strength increases. The data is not eas-
	ily transferred to large and non-uniform gaps and for 
	them the correction must be determined experimen-
	tally. 
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	Fig. 1.23 Gap breakdown voltage [1.6]. 
	Generally, published values of flashover voltage are corrected to standard conditions. In both Eu-rope and the USA these are air pressure = 1013 mb., air temperature= 20C and moisture content= 11 gm/cubic meter. In older US practice these were air pressure == 760 mrn Hg, air temperattire = 25° C and humidity:::::: 15.5 rnm Hg. Correction factors have been developed for both air density and humidity. A discus-sion of those correction factors is beyond the scope of this material, but they can be found in the 
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	1.6 
	1.6 
	Engineering Data on Breakdown 

	The following material provides some data oil the breakdown voltage of various gap configurations. It is not intended to be a complete review of the available data; for that orte is referred to the literature, some of which is cited in the followirtg sections. 
	1.6.1 
	1.6.1 
	Sphere Gaps 

	Sphere gaps provide a uniform field condition as long as the spacing between the spheres is not too great -about half the sphere diameter. Breakdown depends mostly on the peak voltage, is not particularly affected by polarity or waveshape artd is, for standard atmo~ spheric conditions, about 30 k V /em for small spac-ings. Fig. 1.24 shows spatkover voltage for spheres up to 25 em diameter when energized with negative polarity lightning impulses. It is also valid for switch~ ing impulses and for peak values 
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	Fig. 1.24 Sparkover voltage of sphere gaps. 
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	1.6.2 
	Rod Gaps 1. 7 Gases Other Than Air 

	Sparkover voltage of rod-rod gaps exposed to Some gasses, particularly sulphur hexaf!ouride, lightning impulse voltages is given in Figs. 1.25 and have better insulating properties than air, largely be-
	1.26. 
	1.26. 
	For long gaps the sparkover voltage is about cause they tend to absorb free electrons. They will not 

	5.5 
	5.5 
	kV per centimeter of spacing. Positive polarity sparkover voltage of rod-rod and rod-plane gaps as a function of gap length and waveshape is given on Figs. 

	1.27 
	1.27 
	and 1.28. The data, from [1.14) is again given as average gradient. Note that the gradient falls as low as 3 kVfern for certain waveshapes. Note also that the tront time for minimum breakdown voltage increases with increasing gap length. 

	1.6.3 
	1.6.3 
	Sphere-Plane Gaps 

	Typical sparkover voltages with positive polarity switching voltage are shown on Fig. 1.29 (1.15]. 
	Figure
	2 I) 10 20 1>0 100 
	2 I) 10 20 1>0 100 
	spacing -inches Lightning impulse sparkover of rod to rod gaps Positive polarity. 
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	Fig. 1.25 
	Figure
	201 
	2 5 10 20 50 100 
	spacing -inches Fig. 1.26 Lightning impulse sparkover of rod to rod gaps Negative polarity. 
	be discussed further since they are not germane to the protection of aircraft from lightning, other than their possible use in lightning simulators. 
	1.8 
	1.8 
	Properties of Arcs 

	An electrical arc is a self-sustaining discharge having a low voltage drop and capable of supporting large currents. Its characteristics depend on the mate-rials of the electrodes from which the arc forms and the composition of the gas in which the arc burns. This discussion will deal only with arcs in air at atmospheric pressure. 
	In the context of aircraft and lightning protec-tion, arcs form most commonly in response to an ini-tial breakdown brought about by excessive voltage ap-plied to the gap between two electrodes. In other sit-uations, such as electrical switches and circuit break-ers, they may also form between current carrying elec-trodes that are initially in contact and then separated. 
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	Fig. 1.27 Voltage gradient at sparkover. Rod-rod gaps, positive polarity [1.16] 
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	Fig. 1.29 Switching impulse sparkover of sphere to plane gaps. Positive polarity [1.6) 
	If the arc is initiated by a breakdown, prior to breakdown the voltage between the electrodes will be high and the current through the gap will be very low. Once the breakdown occurs there will be an ionized region in the gas between the electrodes and current will flow through that ionized region. If a plot is made of the distribution of potential between the electrodes, as shown on Fig. 1.30, it will be noted that part of the total voltage drop is concentrated at the cathode, part concentrated at the anod
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	Fig. 1.30 Distribution of potential between electrodes. 


	Arc temperature: The energy released in the ionized region of a freely burning arc will, under most condi-tions, be sufficient to raise the temperature of the con-ducting path to between 5000° K. to 6000° K., suffi-cient to cause the arc to become such a good conductor 
	that the current will be limited only by the impedance of the external circuit. If a very high current is built up very rapidly even higher temperatures will be reached, on the order of 20 000° K. in the conducting channel of a lightning flash. 
	Arc voltage: As the arc attains these temperatures the voltage across the arc channel will collapse from an initial value of about 5 kV/em to a value on the order of 10 V/em. The increase of temperature, and the collapse of voltage, is not instantaneous, but it can take place in a fraction of a microsecond. Devel-opment of a completely stable arc, though may take many seconds or minutes because the conditions at the electrodes also influence the development of the arc. 
	The cathode or negative electrode is the one that most affects the properties of an arc since it is at the cathode that the electrons transported through the arc are released. Before the arc forms, the cathode will be cold and electrons will be pulled from the cathode when the voltage gradient at the cathode surface ap-proaches 30 k V /em. After the arc forms the cathode will become heated in spots to its boiling temperature and the electrons will be pulled from the cathode by the electric field between the
	5 

	The energy released at the surface of the cathode is given by the product of gap current and cathode voltage drop and since the cathode drop region is very short, the energy released is readily transferred to the material from which the cathode is formed. Localized temperatures at the points from which the current em-anates will always be high enough to cause local boiling at the surface of the electrode, on the order of 3400° 
	K. 
	K. 
	for aluminum. Heating of an electrode is thus a very localized matter arising out of the cathode drop; it has little to do with the temperature of the column of gas adjacent to the electrode. 

	Current density: On average, the cathode current den-sity will be on the order of 5000 A/cmfor iron or cop-per electrodes, at least for arc currents on the order of a few tens of amperes. It may be higher for higher arc currents. The electrons will not be emitted uni-formly over the whole surface of the cathode however; they will be emitted from localized cathode spots. The current from any particular spot tends to be constant, and if the total current in the arc becomes too large to be supplied by one cath
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	The cathode spots will rapidly move about and if the arc is free to move there will be little damage to the surface of the cathode. Localized melting and boil-ing may occur, but the cathode spots will move away before the surface as a whole is noticeably damaged. Lightning flashes sweeping across the surface of bare aluminum surfaces of aircraft frequently produce only a mottled blemish on the surface. However, if the arc is constrained to stay in one point then the heating continues in that area and more i
	The cathode spots will rapidly move about and if the arc is free to move there will be little damage to the surface of the cathode. Localized melting and boil-ing may occur, but the cathode spots will move away before the surface as a whole is noticeably damaged. Lightning flashes sweeping across the surface of bare aluminum surfaces of aircraft frequently produce only a mottled blemish on the surface. However, if the arc is constrained to stay in one point then the heating continues in that area and more i
	Arc "resistance": Care should be taken in discussing the "resistance" of an arc; since it is a quantity that re-ally only applies for a particular current and for steady state conditions. Arc voltage as a function of current is the more useful quantity. As regards aircraft, arc volt-age is important in three main contexts; the amount of damage done to a surface contacted by an arc, the length of arc which may be swept across an insulating surface before the voltage becomes sufficient to punc-ture the insula
	An example of the voltage across an arc burning in air is shown on Fig. 1.31. In this particular case the voltage fluctuated with time as the high temperature carried the arc into the air and the arc length changed. Similar variations are noted if the conditions at the electrodes change, as during tests where the arc burns away the surface of the object under test. 
	Investigations of arc voltage with currents such as found in lightning flashes, several tens of thousands of amperes in the return stroke or several hundreds of amperes in the continuing current phase, have mostly been concerned with the performance of power circuit switching devices and are of limited value in analysis of effects of lightning on aircraft. Most investigations of the voltage across an arc in air, the condition of most importance regarding aircraft, were made many years ago with arc currents 
	ea =A+ B (1.7)
	in . 
	The constant n seems to be a linear function of the absolute boiling temperature T of the anode, 
	n = 2.62 x 10-T. (1.8) 
	4

	and ranges from about 0.5 to 1.5. For nitrogen at at-mospheric pressure the constant A of Eq. 1.7 is about 51 and B about 84. 
	The characteristic curve relating arc voltage to arc current thus has the general shape shown in Fig. 
	1.32. 
	1.32. 
	Part of the voltage, on the order of 20 -40 volts, is due to the cathode and anode drops and the rest is the voltage across the arc column. For long arcs in air, ·up to 50 em, iron electrodes and for currents of a few amperes, the arc voltage is given by 

	c
	ea=A+(B+-:-)x. (1.9) 
	~ 
	where xis the arc length in em. and A= 62, B = 11.4 and C = 32.6. The quantity A would account for the effects at the electrodes and the vapor near the electrodes. The rest of the expression accounts for the arc in the air and suggests that the voltage along a freely burning arc would be on the order of 10 15 volts/em. For higher currents Eq. 1.9 probably underestimates the arc voltage. Fig. 1.31 suggests the voltage would be about 25 volts/em for arcs carrying several hundreds of amperes. 
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	Fig. 1.32 Arc voltage vs. arc current. 
	The shape of the curve suggests that the diame-ter of the arc column expands as the current increases, thus lowering the resistance of the column. For cur-rents on the order of a few amperes the cross sectional area of the arc expands faster than the arc current. With high currents the current density in the conduct-ing channel reaches a limiting value and the cross sec-tional area expands about in proportion to the current in the arc. The result is that the arc voltage rises with current, but only slowly. 
	The arc voltage is a function of pressure, Fig. 1.33 
	[1.17] 
	[1.17] 
	showing an example of measured data. Arcs in gases intentionally pressurized are not of concern as regards aircraft, but pressure on a confined arc will increase just due to the heating produced by the arc itself. The increased pressure results in an increased arc voltage which, for a constant arc current, increases the energy released into the arc column, which in turn causes a further increase in arc pressure. It is for this reason that a lightning arc flowing in a confined re-gion, such as inside the wal
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	Fig. 1.33 Arc voltage vs. pressure [1.5] . 
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	Chapter 2 
	Chapter 2 
	THE LIGHTNING ENVIRONMENT 
	2.1 
	2.1 
	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 sandstorms, 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 light-ning originating in conventional clouds beyond the ob-servers' field of vision. Lightning originating
	The most common types of lightning are those in-volving 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 be-tween isolated cloud centers is possible; however, what appears to be cloud-to-cloud lightning is often a spec-tacular manifestation of intracloud discharges. While aircraft may be involved with any 
	This chapter is mostly concerned with lightning flashes to ground and not with intracloud flashes or flashes to aircraft. There are several reasons for this emphasis, the major one being that most research on lightning has centered on cloud-to-ground lightning and most of our understanding oflightning comes from study of cloud-to-ground lightning. There have been several studies in recent years involving aircraft flown into storms in order to better study intracloud light-ning. These studies have shed consi
	that aircraft can trigger a lightning flash. The trig-gering mechanism and the nature of lightning flashes triggered by aircraft are disc~ssed in Chapter 3. 
	· Despite its importance to aircraft operation, there is simply much less information on the characteris-tics of intracloud lightning than on those of cloud-to-ground lightning. Intracloud lightning, unlike cloud-to-ground lightning, is largely hidden from direct ob-servation and so is much more difficult to study. Con-ducting research on the characteristics of lightning is often a labor of love requiring both both extensive ap-paratus and extreme patience. Observing lightning from a fixed ground station is
	To introduce the terms that will be discussed in the following sections consider a photograph of a typi-cal cloud-to-ground lightning flash taken on a camera with a continuously moving film, Fig. 2.l(a), a Boys camera as discussed in §1.5.4. The image on the film would appear as shown on Fig. 2.l(b) and the current measured at ground level would appear as shown in Fig. 2.l(c). A leader starts at the cloud and works its way in steps toward the ground. When it nears ground an upward streamer forms upwards tow
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	lens direction moving film 
	first return stroke subsequent return stroke 
	Fig. 2.1 Generalized nature of negative cloud-to-ground lightning. 
	(a) 
	(a) 
	Orientation of lens and film in a Boys camera 

	(b) 
	(b) 
	Image of a flash 

	(c) 
	(c) 
	Major components 

	Eventually the two join and there occurs a very bright first return stroke. Later a dart leader starts at the cloud, progresses directly to ground and is fol-lowed by a subsequent return stroke. The pattern of dart leader -return stroke may ·repeat several times. The return strokes are characterized by four regions; a front lasting for a few microseconds or less, a tail lasting for times measured in tens of microseconds, an intermediate current lasting for a few milliseconds and a continuing current that ma
	Each of these aspects of the flash will be discussed in the following sections. For a more complete discus-sion of the mechanism of the lightning discharge the reader is referred to the literature, of which [2.1 -2.4] are probably the most most complete. Each of them contains extensive bibliographies and this chapter will not make any attempt to provide a complete review of the literature. 
	2.2 
	2.2 
	Generation of the Lightning Flash 

	The lightning flash originates with the generation of charge, after which the lightning flash develops by the streamer mechanism discussed in Chapter 1. 
	2.2.1 
	2.2.1 
	Generation of the Charge 

	The exact mechanism by which electrical charge develops in clouds is still a matter of dispute, but there is little doubt that the energy that produces lightning is provided by warm air rising upwards into a develop-ing cloud. As the air rises it becomes cooler, and at the point, the excess water vapor condenses into wa-ter 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 eleva-tions there will be many super
	dew 

	According to one theory [2.5], the cloud becomes electrically charged by the following process. Some of the ice crystals which have formed coalesce into hail-stones. These hailstones fall through the cloud gather-ing additional supercooled water droplets. As droplets freeze onto a hailstone, small splinters of ice chip off. Apparently, these splinters carry away a positive elec-trical charge, leaving the hailstone with a net nega-tive charge. The vertical wind currents in the cloud carry the ice splinters i
	Other theories [2.5 -2.11] have been proposed to account for the electrification of the cloud. All of them are based on experimentally observed evidence that the charge in the top of the cloud is positive, while the lower portions of the clouds contain negative charge. Most of the early work on the distribution of charge in clouds was based on indirect evidence from the changes in electric field at ground level as lightning flashes take place. Such measurements can give am-biguous results, particularly if t
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	cloud. Some observations [2.12] suggest that the neg-ative charge is distributed in a layer on the order of 1000 ft. thick, rather than being more or less evenly distributed through the lower portions of the cloud. Fig. 2.2 shows how the charge in a typical cloud might be distributed. 
	cloud. Some observations [2.12] suggest that the neg-ative charge is distributed in a layer on the order of 1000 ft. thick, rather than being more or less evenly distributed through the lower portions of the cloud. Fig. 2.2 shows how the charge in a typical cloud might be distributed. 
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	Fig. 2.2 Generalized diagram showing distribution of air currents and electrical charge in a typical cumulonimbus cloud [2.12]. 
	The air currents and the electrical charges tend to be contained in localized cells and the cloud as a whole is composed of a number of cells. A typical cloud might have the cell structure shown in Fig. 2.3 [2.13]. The electrical charge contained within a cell might appear as shown in Fig. 2.4 [2.12]. The temper-ature at the main negative charge center will be about -5°C and at the auxiliary pocket of positive charge be-low it, about 0°C. The main positive charge center in the upper cloud will be about 15°C
	The lifetime of a typical cell is about 30 minutes. In its mature state the cell as a whole will have a po-tential, with respect to the earth, of 10to 10volts (V). It will have a total stored charge of several hun-dred coulombs (C) with potential differences between positive and negative charge pockets again on the or-der of 10to 10V. The cell as a whole will have a negative charge. 
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	2.2.2 
	2.2.2 
	Electric Fields Produced by Charge 

	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 to as high as several 
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	Fig. 2.3 An idealized cross section through a thunder-storm cell in its mature stage [2.13]. 
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	Fig. 2.4 Estimated charge distribution in a mature thundercloud [2.11]. 
	thousand volts per meter. These polarity conventions are illustrated on Fig. 2.5. Generally, when a cloud is overhead, the field at ground level 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 30 kV/em at sea level conditions, and less at higher altitudes. 
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	Fig. 2.5 Polarity considerations. 
	When the breakdown strength of the air is ex-ceeded, current into the air increases sharply and a bluish electrical discharge called coronaforms around a point. This discharge is the St. Elmo's fire discussed in Chapter 1. The magnitude of the current from a single discharge point may range from 1 or 2_~icro~?lp~res 
	(p.A) 
	(p.A) 
	to as high as 400 p.A. This field induced corona is generally less intense than the corona observed on energized conductors and discussed in Chapter 1. The presence of St. Elmo's fire should be taken as signify-ing a dangerous condition to an exposed observer on the ground, such as a mountain climber on an exposed ridge. It is not necessarily an indicator that lightning is imminent, however, since it only reflects the state of the electric field at the ground surface, not at the base of the clouds where lig

	Corona from grounded objects does not develop into a complete electrical arc or upwards lightning flash because the electric field is very localized and does not extend over a sufficient distance for streamers to prop-agate. An important reason for this is that the charges injected into the air by the corona accumulate and re-duce the electric field strength at the ground surface. Because of this space charge, a developing breakdown in the air "sees" a much more uniform electrical surface than would a micro
	2.2.3 
	2.2.3 
	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 pi-lot streamer. After the pilot streamer has moved per-haps 30 to 50 m, a more intense discharge called the stepped leader takes place. This discharge lowers addi-tional 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 cy-cle repeats. A discharge propaga
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	Fig. 2.6 Stages in the development of a leader. 
	Ifthe initial development of the leader takes place in the charged cloud, the developing streamer branches and begins to collect charge from its surroundings. Be-cause 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 a
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	The leader, as postulated by Wagner [2.14], ap-pears as shown on Fig. 2.7. The head of the leader may have a larger diameter than the rest of the leader, though this is difficult to prove by photographs. The head of the leader 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 sur-rounding the central conducting filament is not visible. Since the potential of the lead
	Diameter of the leader: It can be shown that the elec-tric field strength at the edge of a cylinder containing a charge, qo, per unit length is 
	Er _ 1.8 x 1010
	-qo 
	(2.1)
	r 
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	Figure
	Figure
	Fig. 2.7 The lightning leader as postulated by Wagner [2.14]. 
	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. 
	Photographs of actual lightning leaders may be taken with a Boys camera, in which the film moves relative to the camera lens. Fig. 2.1 illustrated the principle and Fig. 2.8 [2.15) shows an example of such a photograph. The leader is seen originating at the top left hand corner of the picture and lengthening as time increases. The bright line at the right of the picture is produced by the return stroke as discussed in §2.2.5. 
	Figure
	Fig. 2.8 Boys camera photograph of a lightning leader [2.15] 
	Leader velocity and current: From such photographs iih<l§ been learned that the leader adva!!ce~j; Cl})o~t_ 1 to 2 X 10m/s, or 0.03% to 0.06% of the speed of light [2.16]. In order that a charge of 2 to 20 x 10-
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	C be deposited by a leader advancing at the rate of 1 x 10m/s requires the average current in the leader, i1, 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, 91, of about 5 x 10V/m. A leader 4 km long would then have a voltage drop along its length of 2 X 10V. The longitudinal resistance, R~, of th
	5 
	3 
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	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 hap-pens 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, Fig. 2.9, the leader originated at the cloud; if the branching is upward, the leader originated a
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	Figure
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	Fig. 2.9 Leader direction as determined from direction of branching. 
	(a) 
	(a) 
	Downward branching leader starts at cloud 

	(b) 
	(b) 
	Upward branching leader starts at ground 

	2.2.4 
	2.2.4 
	Transition from Leader to Return Stroke 

	As the negatively charged stepped leader ap-proaches the ground, positive charge accumulates in the ground underneath it or, more accurately, nega-tive 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 work~ its way to
	-

	23 

	ward the downward approaching leader. This seems 
	ward the downward approaching leader. This seems 
	to occur when the average voltage gradient between 
	the leader and ground reaches about 5.5 kV/em (550 
	kV/m). When the streamers meet, the conducting fil-
	ament 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 cur-
	rent in the central filament increases from its initial 
	amplitude of a few tens of amperes to higher values, 
	the filament gets hotter, its diameter expands, its lon-
	gitudinal gradient decreases, and it becomes an even 
	better conductor, which in turn allows even more cur-
	rent to flow in the arc. As the charge in the lower 
	part of the leader is neutralized, the heavily conduct-
	ing arc reaches higher into the charged leader channel. 
	The head of the region in which this neutralization 
	takes place moves upwards at a rate of roughly 10
	8 

	m/s (or one third the velocity of light) until it reaches 
	the cloud. This heavily conducting region, called the 
	return stroke, produces the intense flash normally as-
	sociated with the lightning stroke. 
	Som~ stages in the development of the return stroke are shown in Fig. 2.10 [2.14]. Fig. 2.11 shows an oscillogram of an actual lightning current as measured at ground. The figure also shows the current associ-ated with the subsequent return strokes discussed in §2.2.7. 
	The point at which the downward and upward go-ing leaders meet can be recognized on photographs as a point where the channel seems to split. Fig. 2.12 [2.15, 2.16] shows an example observed on an actual lightning flash and Fig. 1.18 showed an example ob-served during laboratory testing. Another photograph of a junction is given in [2.17]. The point at which the downward leader first induces a leader from the ground effectively determines where on the ground the flash will ultimately terminate. The distance 
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	Fig. 2.10 Stages in the development of the return stroke [2.14]. 
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	Fig. 2.11 Example of multiple stroke lightning current waveshapes [2.25). 
	(a) 
	(a) 
	First stroke 

	(b) 
	(b) 
	Second stroke 

	(c) 
	(c) 
	Third stroke 

	Figure
	Fig. 2.12 Junction of downward and upward streamers [2.18]. 
	2.2.5 
	2.2.5 
	Further Development of the Initial Return Stroke 

	The high currents associated with lightning (10 kA to 200 kA) are produced as the return stroke drains 
	24 

	the charge left in the leader channel. The magnitude of the current is determined by the velocity with which this return stroke propagates, together with the amount of charge deposited in the leader channel. Let v be the velocity of the return stroke and q be the amount of charge deposited per unit length, dl, along the leader channel. Since 
	the charge left in the leader channel. The magnitude of the current is determined by the velocity with which this return stroke propagates, together with the amount of charge deposited in the leader channel. Let v be the velocity of the return stroke and q be the amount of charge deposited per unit length, dl, along the leader channel. Since 
	-

	and 
	it follows that 
	I-dq 
	(2.2) 
	dt 
	dl 
	(2.3) 
	v = dt ' 
	I= qv. (2.4) 
	As a numerical example let 
	v = m/s and q = 10 X 10-C/m 
	10
	8 
	4 

	Then 
	I= 10 X 10-X 10
	4 
	8 

	= 10 X 10
	4 

	= 100 000 A. 
	T he 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 exper-imentally. The relationship derived by Wagner [2.21] is shown in Fig. 2.13. Considerations of the return stroke velocity are primarily of importance in study-ing the time history of the electric field produced by the lightning flash. Measurements of el
	There is evidence that the velocity decreases as the return stroke propagates up the channel and this would suggest that for a given flash the peak current at altitude would be less than the peak amplitude mea-sured at ground level. The velocity may also affect the surge impedance of the lighting stroke, and thus the way that the stroke interacts with a metallic conductor like an aircraft. 
	Factors affecting velocity: The velocity of propaga-tion of the return stroke is less than that of the speed of light for two basic reasons. The first reason in-volves the longitudinal resistance of the return stroke channel. Some of the factors associated with this lon-gitudinal resistance are shown in Fig. 2.14. Central 
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	Relation between stroke current and velocity of return stroke [2.21]. 
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	Figure
	(b) 
	Figure
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	Fig. 2.14 Phenomena associated with passage of the return stroke. 
	(a) 
	(a) 
	Current 

	(b) 
	(b) 
	Longitudinal voltage 

	(c) 
	(c) 
	Longitudinal resistance 

	to the phenomenon is the fact that the current in the lightning channel must increase fairly rapidly from the 200 A (approximately) current associated with the ini-tial development of the leader to a current of perhaps 100 kA as the return stroke becomes fully developed. 
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	PageRoot
	Figure
	It is a characteristic of an arc channel discharge that the current density remains fairly constant. Ifthe cur-rent through the arc is increased, the arc channel ex-pands in diameter. The channel cannot expand instan-taneously however, since energy must be put into the channel to cause it 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 Fig. 2.14(a), the longitudinal voltage gradient of the channel must sudde
	Since the rate at which energy is injected into the channel is the product of the current and the longitu-dinal voltage gradient, the increased longitudinal volt-age 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/min a fraction of a microsecond. Presumably in a few mi-croseconds, the channel diameter will have expanded to its final value, and the longitudinal voltage gradient will have decayed back toward values on the order of 5 to 10 kV/m. The longitudinal resistance, then, would fall from values on the orde
	This collapse of longitudinal resistance, however, is far from instantaneous. The initial resistance of the leader is high enough to retard the development of the upward going return stroke and hence reduce its ve-locity of propagation below that of the speed of light. Presumably, leaders which lead to the formation of high amplitude lightning currents either have a suffi-ciently low longitudinal resistance to begin with or the longitudinal resistance is reduced to low values suffi-ciently quickly by the hi
	There seems to have been little work that would substantiate the above estimates of longitudinal gra-dient, an unfortunate fact since the voltage along a conducting channel is of considerable importance to the question of swept strokes and dwell times, a sub-ject discussed further in Chapter 3. 
	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 Fig. 2.15. As explained earlier, the leader deposits in its wake a column of electrical charge with diam-eters on the order of several meters. At the center is a highly conducting core, which has a diameter of 
	a few millimeters for the leader and which expands to a few centimeters during the passage of the return stroke. The inductance of this return stroke is deter-mined by the diameter of the highly conductive central core, and the capacitance by the diameter of the col-umn of electrical charge. The lightning stroke may then be modeled as shown in Fig. 2.15(b), in which a highly conductive central conductor is fastened onto a series of projecting spines, much like the backbone of a fish. 
	(a} 
	ia i, 
	> > > > > 7 > , , > > , , , , > j j j 7 7 j 
	(b) 
	Fig. 2.15 Effect of corona cloud on velocity of propagation. 
	(a) 
	(a) 
	Distributed charge surrounding a highly conductive central core. 

	(b) 
	(b) 
	H:ghly conductive central conductor fastened onto a series of projecting splines. 

	A better analogy might be to view the lightning flash as a piece of tinsel rope for decorating a Christ-mas 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, ir, but cannot carry an ax-ial current, ia. Accordingly, the 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 dia
	Impedance of the flash: Wagner (2.21] concludes that the surge impedance of the lightning flash is of the order of 3000 ohms for return strokes of large ampli
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	tude, say 100 kA. This large value is probably resistive and associated with the head of the return stroke as it collects the charge in the region through which the leader has passed and so is probably of most impor-tance during the front of the return stroke current. After the charge has been collected and the current in the channel has attained its final value the longitudi-nal resistance will be quite small and the impedance will be determined primarily by the inductance and capacitan-ce of the highly co
	tude, say 100 kA. This large value is probably resistive and associated with the head of the return stroke as it collects the charge in the region through which the leader has passed and so is probably of most impor-tance during the front of the return stroke current. After the charge has been collected and the current in the channel has attained its final value the longitudi-nal resistance will be quite small and the impedance will be determined primarily by the inductance and capacitan-ce of the highly co
	5 10 l5 20 25ws
	ol 5 10 15 20 25ps .
	orL=\ -2~-20
	-40 -4 I -60 1 
	k I -80 
	kA 
	'r:---f.-f"-.!;!---';''-1-5\lS 0 I 5 10 15 ~Ops -20 -20 N_. _:_ 
	=i~ -~~ r r----, 
	-20 
	-20 ~·
	~~'.~-
	-

	-40 -40 
	-~g I -~g I 
	orL
	1o 15 20 25 ws OF\JS 
	1 -20 -20 
	-40 -40 
	kA kA 
	0 5\ 10 15 20 25ws ol 5 10 15 20 25ws 
	-20~ 
	-20~ 
	1 

	-20~
	-40 -40 
	kA 
	-~g \ 
	0 510 1520 5 op10
	20 30 40 50 -20 pS 
	0 I 6kA/ws -40 ·10 I -60 
	kA 
	~ 
	kA 
	0 10 20 30 40 50 lOOps 10 20 30 40 50 
	Figure
	Figure

	o 
	o 
	IIzokA/ ws 
	I 


	-10~~1 ~ 
	-20~ i ~ 
	-30 kA 
	Fig. 2.16 Front waveshapes of lightning currents as measured by Berger [2.16]. 
	Waveshapes of current: The waveshapes of lightning flash currents measured at ground level are reasonably well known, principally from the work of Berger [2.15, 2.16]. Typical waveshapes detailing the front of the initial return stroke are shown in Figs. 2.16 and 2.17 
	[2.22 
	[2.22 
	and 2.23]. Fig. 2.17 shows the currents on two different time scales, one to indicate the shape of the front of the current and one to indicate the shape of the tail. In all cases, the current is seen to have a c~ncave 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 chang-ing 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 ap-proaching lightning leader. It can also be speculatei_ 
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	Fig. 2.17 Current oscillograms from single strokes of first downward strokes [2.16]. 
	(a) 
	(a) 
	Fast time scale 0-50 J.LS 

	(b) 
	(b) 
	Slow time scale 0 -500 J.LS 
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	that the maximum rate of change of current, which oc-curs just before crest, is most representative of the rate at which the current can increase in the lightning chan-nel as the return stroke passes one particular point in space. This is supported by the observation that sub-sequent strokes in a lightning flash, even measured at ground level. exhibit front times considerably faster 
	that the maximum rate of change of current, which oc-curs just before crest, is most representative of the rate at which the current can increase in the lightning chan-nel as the return stroke passes one particular point in space. This is supported by the observation that sub-sequent strokes 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. Subsequent strokes are discussed in §2.2.7. 
	The true front time of the leading edge of the re-turn stroke as it passes a point remote from ground has probably never been measured. It seems appropriate, hmvever. to assume that it will be faster than the lead-ing edge of currents measured at ground level. Mea-surements with instrumented aircraft have recorded the front times of lightning currents, but many of the measurements have been of flashes presumed to have been triggered by the aircraft. Most of those flashes seem to have been more representativ
	2.2.6 
	2.2.6 
	Further Development of the Lightning Flash 

	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. Oscil-showing typical decay times were previously shown in Fig. 2.17. The figure 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 Fig. 2.16. 
	logra.ms 

	As the return stroke approaches the cloud, it may encounter other branches of the leader, as shown in Fig. 2.18. As it passes these branches, the charge stored in them will feed into the developing lightning stroke and momentarily increase the current. 
	EventuaUy, the return stroke will reach the cloud. An understanding of the phenomena occurring within the cloud is hindered by not being able to see what takes place in the cloud, but some of the phenom-ena can be inferred from measurements of electrical radiation produced by the developing flash and from the usual beha.Yior 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 heav-ily branched leader than it did in the air
	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 con-tinue to flow in the lightning flash. These are referred to as continuing currents. As one may expect, there is no clear-cut demarcation between the tail of the re-turn stroke and the intermediate current, or between the end of the intermediate current and the start of the continuing current. 
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	Fig. 2.18 Further development of the flash. 
	2.2.7. 
	2.2.7. 
	Subsequent Return Strokes 

	Usually the developing discharge within the cloud will eventually reach 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 Fig. 2.1(c). 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 pro-cess 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 stepped leader. 
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	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. --An oscillogram of an actual subsequent return stroke was previously shown on Fig. 2.11. Anderson and Ericksson [2.24] averaged the results of many dif-ferent recordings and derived 
	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. --An oscillogram of an actual subsequent return stroke was previously shown on Fig. 2.11. Anderson and Ericksson [2.24] averaged the results of many dif-ferent recordings and derived 
	on Fig. 2.19. 
	-10 us-
	return stroke 
	Fig. 2.19 Pictures of "averaged" first and subsequent return strokes. Adapted from [2.24]. 
	2.2.8 
	2.2.8 
	Lightning Polarity and Direction 

	Most lightning flashes originate in the cloud and lower negative charge to earth. The question of di-rection 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 grows upward into the ionized chan-nel previously established by th
	Flashes originating at the ground: When tall build-ings or mountain tops are involved, the lightning flash often does originate at the ground; the stepped 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 ear-lier and shown in Fig. 2.9(b). Most commonly this type of flash is induced by a negatively c
	Positive flashes: Some flashes, perhaps 10% of the to-tal, lower positive charge to the earth (or more accu-rately transport electrons from the earth to the cloud) and are accordingly called positive flashes. As with negative flashes they may either involve a leader that initially propagates from the cloud towards the earth, or they may involve a leader that initially propagates from the earth towards the cloud. A fraction of these positive flashes involve the highest peak currents and charge found associat
	-

	2.20 
	2.20 
	(2.23]. They typically have only onehigh current stroke and lack the restrike phase generally noted on flashes of negative polarity. There is some evidence that lightning flashes that occur in the winter as a re-sult of snow are of positive polarity and of exceptional severity. There is also some evidence that these very high amplitude positive flashes occur as a result of the air at the top of the cloud, the air that is known to contain positive charge, being transported close to the ground before the char

	2.3 
	2.3 
	Intracloud Flashes 

	Intracloud flashes occur between charge centers in the cloud. A distinguishing characteristic of intra-cloud flashes is that they seem to lack the intense re-turn stroke phase typical offlashes to the ground, or at least that the electrical radiation associated with true intracloud discharges lacks the characteristics associ-ated with the return stroke of cloud-to-ground flashes. 
	29 

	Discharges between charge centers take place during cloud-to-ground flashes as well, and, to an observer within an aircraft, it may be difficult to tell whether or not a flash to groun~ occurred. 
	Discharges between charge centers take place during cloud-to-ground flashes as well, and, to an observer within an aircraft, it may be difficult to tell whether or not a flash to groun~ occurred. 
	With regard to aircraft the matter may be aca-demic. Aircraft are struck underneath clouds by clear-cut cloud-to-ground flashes and also by flashes within clouds. Based on the damage observed, the peak cur-rent sometimes is very high. Whether the high cur-rent 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 light-ning flashes are intracloud flashes. In tropical regions, where there is more lightning activity, the ratio is higher. 
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	Aircraft may be able to trigger lightning by flying through a heavily charged region of a cloud. There is no consensus as to whether this takes place routinely, but triggering has definitely been observed with re-search aircraft that are flown into thunderstorms seek-ing to intercept lightning and measure its characteris-tics. The flashes that have been triggered seem to have more of the characteristics associated with intracloud lightning than with those associated with cloud-to-ground lightning. In partic
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	Fig. 2.20 Examples of strong positive strokes [2.16]. 
	(a) 
	(a) 
	Fast time scale 0 -100 p.s 

	(b) 
	(b) 
	Slow time scale 0 -2000 p.s 

	Qs Electric charge (coulombs) within 2 p.s from the origin Qk Electric charge (coulombs) in the continuing current after 2 p.s 
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	2.4 
	2.4 
	2.4 
	Superstrokes 

	There is some evidence that there are sometimes lightning flashes that are much more powerful than those normally encountered, perhaps by one or two orders of magnitude. Some of the evidence is anecdo-tal and derived by examination of the damage caused by the lightning flash, such as conductors twisted by magnetic forces or glass shattered over wide areas. Other evidence comes from observations by satellites deployed to watch for evidence of nuclear explosions in the atmosphere. Little is known of these sup
	2.5 
	2.5 
	Statistical Information on Earth Flashes 

	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 parame-ters. 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 mea-surements made at ground level, and these measure-ments are probably influenced by the growth of an up-ward leader. In recent years some measurements have been made of the amplitude and waveshape of light-ning 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
	There are two main summaries of the characteris-tics of lightning; one made by Anderson and Erickson and one by Cianos and Pierce. 
	2.5.1 
	2.5.1 
	The Anderson and Ericksson Data 

	Anderson and Ericksson [2.24, 2.25] took mea-sured waveshape data from a number of lightning strokes (principally those recorded by Berger on Mt. San Salvatore) and derived several sets of statistical data. Fig. 2.21 gives the key to the statistical data that follows in Figs. 2.22 through 2.29. The figures show data for both initial and subsequent strokes. As speculated in §2.2.5, the data on steepness just before the peak current is reached may best represent the rate of change of current to consider for a
	first current peak front duration 30% -90% average steepness 30% -90% average steepness 10% -90% 
	maximum rate-of-ris\ maximum current peak 
	Fig. 2.21 Definition of waveform parameters. Adapted from [2.24]. 
	2.5.2 
	2.5.2 
	The Cianos and Pierce Data 

	Cianos and Pierce [2.26] observed that many of the statistical characteristics of lightning were nearly linear when plotted as log-normal distributions; that is on a plot having a logarithmic ordinate and an abscissa of normal distribution. They then made a judgement as to the straight line that was the best fit to the ex-perimentally observed data on such a plot. The figures that follow are reproduced from their report. 
	Peak currents: Fig. 2.30 shows data on the peak cur-rent amplitude in lightning strokes. The peak value of the current is related to the explosive, or blasting, effect of lightning. It is also related to the maximum voltage developed across ground resistance and hence to the risk of side flashes occurring in the vicinity of objects struck. It is also related to the maximum volt-age developed across bonding resistance and hence to the possibility of sparking at structural interfaces. Re-garding the damage th
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	2.22 
	2.22 
	Amplitude of first current peak. Adapted from [2.24]. 
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	Fig. 2.24 Maximum rate~of~rise. Adapted from (2.24]. 
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	Fig. 2.26 Average steepness 10-90%. Adapted from [2.24]. 
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	Fig. 2.23 Amplitude of mau"'<imum current peak. Adapted from [2.24]. 
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	Fig. 2.27 Average steepness at 10%. Adapted from (2.24]. 
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	Fig. 2.30 Distribution of peak currents for first return stroke and subsequent strokes [2.26]. 
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	Rise time and rate of change: Fig. 2.31 a dis-tribution of the time for the current to reach its peak amplitude. This time is subject to considerable in-terpretation for any particular lightning stroke, since there is seldom a dearly definable time at which the stroke starts. Lightning strokes typically have a con-cave 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 dividing the peale current by the front time. 
	The best summary of the effective rates of rise is given on 2.32. The rate of rise of lightning cur· rent is an important factor in determining how much voltage is induced into electrical equipment, and in de-termining how many lightning conductors are needed and how they should be placed. 
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	Flash duration: The duration of the stroke current of it is transferred by the continuing currents. The to-affects the distance across which side flashes may de-tal charge transfer and the amplitude and duration of velop, and affects how severely metal structures may the continuing currents largely govern the thermal ef-be deformed by magnetic forces or the explosive lib-fects of lightning. Data on the characteristics of these 
	Flash duration: The duration of the stroke current of it is transferred by the continuing currents. The to-affects the distance across which side flashes may de-tal charge transfer and the amplitude and duration of velop, and affects how severely metal structures may the continuing currents largely govern the thermal ef-be deformed by magnetic forces or the explosive lib-fects of lightning. Data on the characteristics of these 
	•eration of energy. This distribution is shown in Fig. continuing currents are shown in Fig. 2.38, 2.39, and 
	2.33. 
	2.33. 
	The duration of the stroke, which is measured in 2.40. tens of microseconds, should not be confused with the total duration of the lightning flash. The total dura-2.6 Thunderstorm Frequency and Lightning tion of the flash, shown in Fig. 2.34, is frequently on Flash Density the order of a second. The duration of the total flash is influenced by the number of return strokes in the 

	One of the major factors to consider in determin-flash (Fig. 2.35) and the time interval between strokes 
	ing the probability of lightning damage is the number (Fig. 2.36). of lightning flashes to earth in a given area and for a 
	given time. Since precise quantitative data do not exist Charge transfer: Fig. 2.37 gives information on the (except at a few specifically instrumented structures), total charge transferred in the flash. Little of the a secondary measure, the frequency of thunderstorms, charge is transferred by any one stroke. Instead, most is used. 
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	Fig. 2.31 Time to peak [2.26]. Fig. 2.32 Rates of rise [2.26]. 
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	Fig. 2.33 Time to current half value [2.26]. Fig. 2.34 Duration of flashes to earth [2.26]. 
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	Fig. 2.37 Charge per flash [2.26]. Fig. 2.38 Charge in continuing current [2.26]. 
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	Thunderstorm days: For many years, weather bureau stations have recorded thunderstorm days (the num-ber of days per year on which thunder is heard). This index, called the isokeraunic level, is shown for the continental United States in Fig. 2.41 [2.28]. Similar data for the world as a whole is shown on Fig. 2.42 [2.29]. It should be noted that the information so col-lected is of limited value for several reasons. First of all, no distinction is made between cloud-to~cloud dis-charges and cloud-to-ground fl
	Thunderstorm days: For many years, weather bureau stations have recorded thunderstorm days (the num-ber of days per year on which thunder is heard). This index, called the isokeraunic level, is shown for the continental United States in Fig. 2.41 [2.28]. Similar data for the world as a whole is shown on Fig. 2.42 [2.29]. It should be noted that the information so col-lected is of limited value for several reasons. First of all, no distinction is made between cloud-to~cloud dis-charges and cloud-to-ground fl
	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 been accumulated. 
	Flash density: Despite its limitations, the dq,ta on isokeraunic levels is broadly useful and can be corre-lated at least partially with lightning strokes to earth-based objects. Pierce [2.27] has summarized some of the available data and concludes that if there are 25 thunderstorm days per year that there will be about 4 flashes to earth per year per km2. The ground flash rate is is not directly proportional to the isokeraunic level; it varies more as the square of the isokeraunic level. Anderson and Erick
	The count of th11nderstorm days includes both flashes between clouds and flashes toground. There is some evidence that the proportion of fla:shes that go to ground is related to the geographical latitude of the point under study. This relation would exist bec\).use the proportion of fl;'l.shes to ground depends partly on the average height of clouds, and this, in turn, depends on the type of storm formation. Pierce takes that fac-tor into account i:n. his discussion of the relationship between ground fiash 
	Fla~h CQ!,tnter~: A. better measure of lightning fre-quency would be based QP. counts of actual lightning flashes, as opposed to counts of thunder. Instri.tments are available to make such counts. 
	One relatively simple type [2.30] detects the elec-tric field changes produced by lightning and records on an electromechanical counter the number of times the field change exceeds a threshold value. By suitable choice of filters defining the frequencies to which the device is sensitive it can be made to respond to flashes 
	---·· ---~-
	-

	within a certain range, generally on the order of 30 km. They can also be made to respond primarily to cloud to ground flashes and to reject field changes as-sociated with cloud to cloud flashes. Networks of such instruments have been deployed in South Africa and parts of Europe, but no systematic use has been made of them in the USA. 
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	Fig. 2.41 Thunderstorm days (Isokeraunic Level) within the continental United States 
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	Fig. 2.42 Isokeraunic level of the world (2.29]. 
	Lightning location: Another type of instrument (2.31 -2.33] uses antennas to respond to both the elec-tric and magnetic field changes produced by lightning, since by doing so one can determine the bearing of the lightning flash. Linking networks of such instruments allows the location of flashes to be calculated and plot-ted on a map, usually in near real time. The instru-ments can also be used to determine the waveshape and peak amplitude of the lightning strokes. Networks of such instruments are now to be
	Number of lightning flashes: The number of light-ning flashes to any particular object depends strongly on the terrain upon which the object is situated. Ob-jects on the crests of hills are more prone to be struck than are objects in valleys. All other things consid-ered, however, the probability that a given object will be struck depends upon the area covered by that ob-ject. For objects flat upon the ground the strike inter-ception area can be taken as directly equal to the area covered. If there is a pro
	-

	sumed that a structure of height h will intercept all flashes that would ordinarily strike the ground over a circle of radius 2h. Fig. 2.43 illustrates the geometry. 
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	Fig. 2.43 Shielded areas. 
	It is not as easy to determine analytically how often aircraft in flight will be struck. Field experi-ence 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. Trans-port aircraft are seldom struck while at. cruising al-titudes and speeds, partly of course as a result of the 
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	fact that storms usually can be, and are, avoided. Air-craft constrained to operate at low altitudes and along fixed corridors tend to be struck more often. 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. 
	fact that storms usually can be, and are, avoided. Air-craft constrained to operate at low altitudes and along fixed corridors tend to be struck more often. 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. 
	The question of how often aircraft encounter light-ning is discussed further in Chapter 3. 
	2.
	2.
	7 Engineering Models of Lightning Flashes 

	Pierce in [2.26] gives several models of the current flowing in both typical and severe lightning flashes. These influenced the lightning models to which the Space Shuttle was designed, Fig. 2.44, [2.34] and it in turn strongly influenced the lightning models presently used for the certification of aircraft. These are dis-cussed in subsequent chapters. All of these are ideal-ized models for purposes of design and analysis. As such they duplicate the effects (usually worst case ef-fects) of lightning, but th
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	Chapter 3 
	Chapter 3 
	AIRCRAFT LIGHTNING ATTACHMENT PHENOMENA 
	3.1 
	3.1 
	Introduction 

	TW~> chapter will deal with the circumstances un-der which aircraft are struck by lightning and the questiop. of whether aircraft can trigger lightning or whether they just happen to be in the path of a natu-rally occurring flash. It also deals with how the light-ning flash interacts with the aircraft surfaces and de-fines the lightning strike zones within which these sur-faces fall. Methods for locating the zones on specific aircraft are discussed in Chapter 5. 
	Statistics on lightning strikes reported by aircraft pilots seem to indicate that no aircraft is likely to re-ceive 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 haz-ards, 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, incorporation of lightning protective measures in the designs of som
	To answer these questions a considerable amount of research into the effects of such factors as aircraft size, engine exhaust, and microwave radar emissions on lightning strike formation have been undertaken over the years. Much of this research has been aimed at answering the question of whether or not an air-craft can in fact somehow produce its own lightning strike, or if it can trigger an impending flash from a nearby cloud. While some of the findings are incon-clusive, others have provided definite ans
	The atmospheric and flight conditions prevailing when aircraft have been struck by lightning have been 
	of interest since the beginning of powered flight be-cause 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 Meteorolog-ical Problems of the National Advisory Committee for Aeronautics (NACA) prepared and distributed a sixteen page questionnaire to airlines and the Armed Forces [3.1]. Pilots filled out these q
	Following that, programs were conducted by the Lightning and Transients Research Institute (LTRI) [3.2], the FAA [3.3] and Plumer and Hourihan of Gen-eral Electric, together with five US commercial air-lines [3.4]. This latter project is known as the Airlines Lightning Strike Reporting Project. Anderson and Kroninger of South Africa [3.5], Perry of the British Civil Aviation Authority [3.6], and Trunov of the USSR National Research Institute for Civil A vi ation [3.7]. have also conducted studies. More rece
	Strike incidence data, based largely on turbojet or turboprop aircraft, is usually summarized according to the following categories: 
	1. 
	1. 
	Altitude. 

	2. 
	2. 
	Flight path; that is, climbing, level flight, or de-scent. 

	3. 
	3. 
	Meteorological conditions. 

	4. 
	4. 
	Outside air temperature 

	5. 
	5. 
	Lightning strike effects on the aircraft 

	Altitude, flight path, meteorological conditions, and air temperature are topics discussed in this chap-ter. Lightning strike effects on aircraft will be dis-cussed in the succeeding chapter. 
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	3.2 
	3.2 
	3.2 
	Lightning Attachment Point Definitions 

	The lightning flash initially attaches to, or enters, 
	the aircraft at one spot and exits from another. Usu-
	ally these are extremities of the aircraft such as the 
	nose or a wing tip. For convenience, these are called 
	initial entry and initial exit points. 
	At any one time, current is flowing into one point 
	and out of another. The "entry" point may be either 
	an anode or a cathode; that is, a spot where electrons 
	are either entering or exiting the aircraft. The visual 
	evidence after the strike does not allow one to resolve 
	the issue and usually no attempt is made. Instead, by 
	convention, attachment spots at forward or upper loca-
	tions have usually been called entry spots and those at 
	aft or lower locations on the aircraft have been termed 
	exit points. 
	Since the aircraft flies more than it's own length 
	within the lifetime of most flashes, the entry point will 
	change as the flash reattaches to other spots aft of the 
	initial entry point. The exit portion may do the same 
	if the initial exit spot is at a forward portion of the 
	aircraft. Thus, for any one flash, there may be many 
	"entry" or "exit" spots and the following definitions 
	are used: 
	lightning attachment point: Any spot where the lightning flash attaches to the aircraft. 
	initial entry point: The spot where the lightning flash channel first "enters" the aircraft (usually an extrem-ity). 
	final entry point: The spot where the lightning flash channel last "enters" the aircraft (usually a trailing edge). 
	initial exit point: The spot where the lightning flash channel first "exits" from the aircraft (usually an ex-tremity). 
	final exit point: The spot where the lightning flash last "exits" from the aircraft (usually a trailing edge). 
	swept "flash" (or "strike") points: Spots where the 
	flash channel reattaches between the initial and final _points, usually associated with the entry part of the 
	flash channel. 
	3.3 
	3.3 
	Circumstances Under Which Aircraft are Struck 

	The following paragraphs summarize the impor-tant findings from the transport aircraft data gather-ing projects noted previously and describe the flight and weather conditions under which lightning strikes are most common. Knowledge of these conditions may 
	help pilots and minimize future lightning strike inci-dents, but such incidents can never be entirely avoided, unless by operating entirely in clear, "blue sky" con-ditions a long way from clouds. 
	3.3.1 
	3.3.1 
	Altitude and Flight Path 

	Fig. 3.1 shows the altitudes at which the re-porting projects discussed above show aircraft are be-ing 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 [3.2] are also presented. Cruise alti-tudes of 10 -15 000 m (30-40 000 ft) for jet aircraft are considerably higher (15 km) than that of earlier pis-ton aircraft, which flew at about 3 -600
	If the strike altitudes shown in Fig. 3.1 are com-pared with the electrical charge distribution in the typical thundercloud shown in this figure, it is evi-dent that strikes which occur above about 3 km re-sult from intracloud flashes between positive and neg-ative 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 occur less frequently because air-craft at these altitudes can more eas
	3.3.2 
	3.3.2 
	Synoptic Meteorological Conditions 

	Data discussed thus far might imply that an air-craft must be within or beneath a cloud to receive a strike and, since electrical charge separation is accom-panied by precipitation, that most strikes would occur when the aircraft is within a cloud, or in or near re-gions of precipitation. Strike incident reports show that these conditions often do exist, but other light-ning strikes occur to aircraft in a cloud when there is no evidence of precipitation nearby, and even to aircraft flying in clear air at a 
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	anywhere around, is received. It is not certain that these reports are correct because it does not seem pos-sible 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. 
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	Perhaps of most interest to aircraft operators are the area weather conditions which prevailed at the time of reported strikes. There is no universal data bank for this type of data, but several surveys have been conducted from time to time, including those of 
	[3.2] 
	[3.2] 
	through [3.8]. A survey involving a more limited number of strikes, but containing more weather infor-mation than the broad based surveys referenced above, is that of H.T. Harrison [3.9] of the synoptic meteo-rological 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 weather type. Examples of the most predom-inant synoptic conditions are pre

	Harrison has drawn the conclusion that any con-dition which will cause precipitation may also be ex-pected to cause electrical discharges (lightning), al-though he adds that no strikes were reported in the 
	middle of warm front winter storms. Data from the Airlines Lightning Strike Reporting Project reported 
	43 

	by Rasch et al [3.8], and presented in Fig. 3.4, show that lightning strikes to aircraft in the United States and Europe occur most often during the spring and summer months, when th1.mderstorms are most preva-lent 
	by Rasch et al [3.8], and presented in Fig. 3.4, show that lightning strikes to aircraft in the United States and Europe occur most often during the spring and summer months, when th1.mderstorms are most preva-lent 
	Table 3.1 
	Synoptic Types Involved With 99 Electrical Discharges July 1963 to June 1964 
	Synoptic Type 
	Synoptic Type 
	Synoptic Type 
	Percentage 

	Airmass instability 
	Airmass instability 
	27 

	Stationary front 
	Stationary front 
	18 

	Cold front 
	Cold front 
	17 

	\Varm front 
	\Varm front 
	9 

	Squall line or instability line 
	Squall line or instability line 
	9 

	Orographic 
	Orographic 
	6 

	Cold LOW or filling LOW 
	Cold LOW or filling LOW 
	5 

	\iVarm sector apex 
	\iVarm sector apex 
	3 

	Complex or intense LOW 
	Complex or intense LOW 
	3 

	Occluded front 
	Occluded front 
	1 

	Pacific surge 
	Pacific surge 
	1 


	(a) 
	SEA 
	Fl-40 (27%) 
	a.
	a.
	no 

	lNST ABiliTY RW 
	'\ ~ ....~ f{'J/'. 
	~ 

	;:~ 
	'·.. 
	( 

	~:.~~
	~

	" .. 
	··~~ 
	'f.---1!1; 
	"~ 

	(c) 
	Figure
	,;,, 1)12 '"" 
	lBF 
	Fl 3.50 (f"•) (!3ttz..-8·720 
	I JOOz. 
	r,j 4je.4·
	LINE OF COlOFRONJ TRW's 
	4/z.'f/i.t 
	Fig. 3.3 Examples of most recent synoptic meteoro-logical conditions when aircraft have been struck. 
	Tip of arrow indicates position of aircraft when struck. 
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	Aircraft LoeaU1li:i. 
	Fig. 3.4 Aircraft lotatitlri with respect to clouds when lightrtihg strikes have occurred. 
	it is also important to note that many strike inci-dents have been reported where no bona fide thunder-storms have been visually observed br reported; Hare risOh [3J.i]1 for exampie; repbrts that United Air Lines flight crews reported \')g ca.Ses of static discharges or lightning strikes in flight during the period of his slit; vey. Correlation of these incidents with we!tther condi-tions prevailing in the vicinity and in the gener~tl area at the time of strike gave the results shown in Table 
	32
	·· Table 3.2 
	Percentage of Strike Incidents vs Reported Thunderstorms 
	Thunderstorms reported in vicinity 33% 
	Thunderstorms reported in general area 24% 
	No thunderstorms reported 43% 
	3.3.3 
	3.3.3 
	Imrnediate Etfvironment at Time of Stroke 

	Figs. 3.4, 3.5; and 3.6 show the imrnediate envi· tonment of the aircraft at the times of the 881 strikes reported in [3.8]. In over 80% of the strikes reported, each aircraft was within a cloud and was experiencing precipitation and some turbulence. 
	The incident reports above also show that most aircraft strikes have occurred when an aircraft is near the freezing level of 0° C. Fig. 3.7 [3.8] shows the distribution of lightning strikes to aircraft as a func-tion of outside air temperature. Freezing temperatures (and below) are thought to be required for the electri-cal 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 ambie
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	Turbulence 
	Fig. 3.6 Turbulence experienced when lightning strikes have occurred. 
	3.3.4 
	3.3.4 
	Thunderstorm A voidance 

	Clearly, whenever it is possible to avoid the se-vere environments which thunderstorms present, it is desirable to do so, for even if the aircraft is adequately protected against lightning 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 pen-etration of thunderstorms. 
	Thunderstorm indication: In attempts to avoid thun-derstorm regions, pilots use three indicators: 
	1. 
	1. 
	Visual sighting of thunderclouds (cumulonimbus) in daytime and of lightning at night 

	0 +10 +20 Temperature In Degrees (Celsius) 
	~
	150 
	...
	...
	Ol 

	100 
	50 
	10 46 unreported 
	Altitude In Feet X 1000 
	3.
	3.
	7 Distribution of lightning strikes. 

	(a) 
	(a) 
	With outside air temperature 

	(b) 
	(b) 
	With altitude 

	2. 
	2. 
	Airborne radar patterns of precipitation areas 

	3. 
	3. 
	Airborne lightning strike indicators, which sense electromagnetic radiation from distant flashes and display their range and bearing on cathode ray tube displays in the cockpit. 

	4. 
	4. 
	Weather information, if available, relayed by Air 

	Traffic Control (ATC) to aircrews together with instructions for thunderstorm avoidance. 
	Methods of avoidance: Methods of thunderstorm avoidance in common use are, in order of preference: 
	1. 
	1. 
	Circumnavigation of visible thunderclouds, ide-ally by 25 miles or more, but often by smaller distances due to traffic constraints. 
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	2. 
	2. 
	2. 
	Circumnavigation of areas of heavy precipitation 

	indicated on airborne weather radar displays. 
	-
	3. 
	3. 
	Flying over the tops of thunderclouds 

	The degree to which any of these measures is suc-cessful depends on the accuracy of the information re-ceived by the pilots. 
	Weather radar: 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 them-selves; it can detect only liquid droplets. Only the rain that may be present in the cloud will produce a radar echo and this allows occasional encounters with hail, and with lightning. A typical C-hand airborne weather radar presentation of a thunderstorm (cumu-lonimbus) cloud with active precipitation and f
	Contour selection: It is possible to obtain more in-formation regarding the intensity of a storm by use of the contour selection circuit provided on most radars. This feature provides a means of eliminating any re-flected signal the intensity of which is above a certain 
	level. Fig. 3.9 shows the same radar return as that in Fig. 3.8 one minute later with the contour feature employed. 
	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. 
	The amount of electric charge separation and lightning activity is known to be related to the degree of precipitation and vertical air currents (turbulence). Further, the severity of turbulence is also related to the temperature difference that exists between differ-ent masses of air. Thus, turbulence and electrical ac
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	TIME: 0026Z ALTITUDE: 28 000 FT. RANGE MARKS: 10-MILE ANT.: 1'/, 0 UP HEADING: 255° TRUE 
	STRONG ECHOES HERE ARETHE N END OF A LINE OF THUNDERSTORMS WHICH WERE PRO-DUCING SEVERE WIND AND LIGHTNING DAM-AGE BELOW. LESS THAN ONE HOUR EARLIER, HAILSTONES OF GOLF BALL SIZE WERE RE-fORTED IN THE AREA OF THE NEAREST LARGE 
	TIME: 0028Z ALTITUDE: 28 000 FT. 
	SOUTH OF DUBUQUE, IOWA, LOOKING SE TO S 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 
	Fig. 3.8 Radar presentation and subsequent photograph of a thunderstorm. 
	(a) 
	(a) 
	Radar presentation 

	(b) 
	(b) 
	Visual appearance of storm 

	tivity are likely to exist at well defined boundaries, such as those indicated by steep rain gradients on con-toured 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 the specific capability of the radar used. 
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	the recommended distances of up to 25 miles, the se-vere turbulence associated with thunderstorms is usu-ally 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 evident storm. That lightning flashes can propagate this d1stance is evident from ground photographs of very long, h
	the recommended distances of up to 25 miles, the se-vere turbulence associated with thunderstorms is usu-ally 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 evident storm. That lightning flashes can propagate this d1stance is evident from ground photographs of very long, h
	T&ME: 0027Z 
	AlTITUOE: 28 000 FT. 
	RANGE MARKS: lo-MIL.E 
	ANT.: 1°\.P 
	HEADING: 255° TRUE 
	CONTOUR: ON 
	Fig. 3.9 Saine. as -Frg: -3 ~8(a), but with .contour to show very steep rain gradient of each cell. 
	The specifications and policies of one of the major airlines [3.21] follow. 
	Specifications: 
	1. 
	1. 
	Wavelength-3.2 em (X band) through 5.6 em (C 

	TIME: 0153Z
	band). 
	AlTITUDE: 29 000 FT. RANGE MARKS: 25·MilE 
	ANT.: 0° HEADING: 060° TRUE. OVER ST. GEORGE, 
	2. 
	2. 
	Antenna size -30 em (12 in) or larger (X band); · 

	64 em (25 in) or larger (C band). UTAH. A THUNDERSTORM ECHO IS NOT DISTIN-GUISHABlE FROM TERRAIN AT THIS OR OTHER
	3. 
	3. 
	Power (peak)-10 kW (X band) or higher; 75 kW 

	ANTENNA SETTINGS TO MATCH THE VISUAl
	( C band) or higher 
	SIGHTING AT 9:30 SEARING IN PHOTO ll-C2. 
	Policies: 
	1. 
	1. 
	When the temperature at flight level is 0°C or higher, avoid all echos exhibiting sharp gradients by 5 nautical miles. 

	2. 
	2. 
	When the temperature at flight level is less than 0°C, avoid all echoes exhibiting sharp gradients by 10 nautical miles. 

	3. 
	3. 
	When flying above 7000 m( 23 000 feet) avoid all echoes, even though no sharp gradients are indi-cated, by 20 nautical miles. 

	Weather radar, however, is not a foolproof means 
	TIME: 0155Z
	of detecting and avoiding thunderstorms or other light-
	AlTITUDE: 29 000 FT. 
	DECAYING THUNDERSTORM BUilT . TO ABOVE FliGHT AlTITUDE FOR WHICH NO
	ning strike conditions, because situations exist in 

	. which radar is not capable of distinguishing a thun-
	MATCHING ECHO WAS VISIBlE IN SCOPE PIC-TURE 11-R-3. ground clutter. Such a case is illustrated in Fig. 3.10 [3.11]. In this case, returns from the ground (ground clut-·Fig. 3.10 Thunderstorms not distinguishable ter) obscured the return from the storm. However, if on radar scope. ground clutter does obscure a storm return and an (a) Raaar presentation aircraft is successful in avoiding all thunderstorms by (b) Visual appearance of storm 
	derstorm return from the returns of ground or from 
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	Color radar: Present airbome weather displays use have been based on the principle of detecting the am-colors to distinguish between different intensities of bient electric field which would exist when a lightning precipitation, which are defined in terms of dBz. The flash is imminent [3.14]. None of these field measure-boundaries between bands of different color are the ment instruments have been successfully tested in an 
	Color radar: Present airbome weather displays use have been based on the principle of detecting the am-colors to distinguish between different intensities of bient electric field which would exist when a lightning precipitation, which are defined in terms of dBz. The flash is imminent [3.14]. None of these field measure-boundaries between bands of different color are the ment instruments have been successfully tested in an 
	•colors mentioned above. A typical color weather radar aircraft, and because of the apparent wide variation display is shown in in Fig. 3.11 [3.12]. of electric field intensities and other conditions which 
	A decaying thunderstorm, moreover, may not may precede a lightning strike to the aircraft, success present a distinctive radar echo. Sometimes this type seems remote. The situation is further complicated of storm becomes embedded in expanding anvils or by the problems of field interpretation and translation cirrus clouds in such a way that it is not visible. In-into advisory information in sufficient time to aid the flight measurements conducted by the Air Force and pilot in deciding on an avoidance maneuve
	Fitzgerald [3.13], indicate that thunderstorms in their locations of lightning flashes that are taking place, but early stages of dissipation have sufficient charge to that is a different story. cause a few lightning discharges if a means of streamer Perhaps the most effective waming of imminent initiation becomes available. An aircraft entering such strikes available to flight crews is that which is read-a region may initiate, or trigger, such a flash. Thus, ily available-the buildup of static discharging 
	thundercloud is merged with decaying thunderclouds causes interference (instability) in Low Frequency Au-and other cloudy areas, diverting from the normal tomatic Direction Finding (LF-ADF) indicators, or course to avoid the active cloud may take the flight audible "hash" in most communications receivers. St. 
	through a decaying area, where a lightning strike is Elmo's fire is visible at night as a bluish glow at air-possible. craft extremities where the discharging is occurring. 
	Pilot responses to lightning strikes (which may lightning warning instruments: Attempts have been also be called static discharges or electrical discharges) made from time to time to develop an airborne instru-vary. Typical answers by pilots of one airline [3.9] to 
	ment capable of waming pilots of an impending light-the question "Do you have any recommendations for ning strike to the aircraft and providing information avoiding electrical discharges?" were as follows: to the pilot for use in avoidance. Most such attempts 
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	Fig. 3.11 Reflectivity contours at time of a strike near to the F-106B. Flash 4, 20:54:21.9 GMT, July 22,1980. Taken by NASA-Wallops SPANDAR radar at 20:56:51.5 GMT 
	with a radar tilt angle= 0°C. 
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	"From cruise speed, a reduction of 25% to Symptoms: 
	"From cruise speed, a reduction of 25% to Symptoms: 
	30% in airspeed will often allow the static buildup to stabilize at a lower maximum and dissipate rather than discharge. These build--ups are generally accompanied by a buzz-type static on VHF (very high frequency) and ADF (automatic direction finding) and a ran-dom 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 dissi-pation." 
	"Climb or descend through the freezing level 
	as quickly as possible. " 
	"Avoid all precipitation. I know of no way to predict accurately where a discharge will occur." 
	"Slow down to minimum safe speed, change 
	altitude to avoid temperature of -7°C (20° 
	F) 
	F) 
	to 2°C (35° F). " 

	"Not without excessive detour, both route and 
	altitude." 
	"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 ... train-ing center applicable to static discharges and their avoidance has been completely accurate and helpful." 
	"No, hang on!" 
	·"Lead a clean life. " 
	Thus, there is a wide divergence of pilot opin-ion regarding the best way to avoid lightning strikes. 
	However, from this and many other sources, it is possi-
	ble 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 combina-tion of some of the symptoms which follow is present. 
	1. 
	1. 
	Flight through or in the vicinity of the following: 

	Unstable air. 
	Stationary front. 
	Cold front. 
	Warm front. 
	Squall line. 
	2. 
	2. 
	Within a cloud. 

	3. 
	3. 
	Icy types of precipitation. 

	4. 
	4. 
	Air temperature near 0° C. 

	5. 
	5. 
	Progressive buildup of radio static. 

	6. 
	6. 
	St. Elmo's fire (when dark). 

	7. 
	7. 
	Experiencing turbulence. 

	8. 
	8. 
	Flying at altitudes between 1500 and 4500 m (5000 and 15 000 ft); most prevalent: 3350 m (11 000 ft ). 

	9. 
	9. 
	Climbing or descending. 

	Actions: 
	1. 
	1. 
	Avoid areas of heavy precipitation. 

	2. 
	2. 
	Change altitude to avoid temperature near 0°C. 

	4. 
	4. 
	Turn up cockpit lights. 

	5. 
	5. 
	Have one pilot keep eyes downward. 

	Since air traffic congestion often precludes circum-vention of precipitation and since diversion often poses hazards, avoidance, while desirable, is neither a de-pendable nor an adequate means of protecting the air-craft against lightning strikes. The aircraft, therefore, must be designed to safely withstand lightning strike effects. 
	3.3.5 
	3.3.5 
	Frequency of Occurrence 

	Commercial aircraft: The number of lightning strikes which actually occur, as related to flight hours for pis-ton, turboprop, and pure jet aircraft, is tabulated in Table 3.3 based on the data of Newman [3.2] and Perry [3.6]. 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. 
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	Military and general aviation aircraft: Unlike com-mercial airlines, military and general aviation aircraft need not adhere to strict flight schedules or congested traffic patterns around metropolitan airports. The re-sult is that these aircraft do not seem to experience as many strikes as do commercial aircraft, as is evident from Table 3.4, which shows U.S. Air Force experi-ence for the years 1965 to 1969. USAF regulations, however, do not require that lightning strike incidents be documented by flight cr
	Military and general aviation aircraft: Unlike com-mercial airlines, military and general aviation aircraft need not adhere to strict flight schedules or congested traffic patterns around metropolitan airports. The re-sult is that these aircraft do not seem to experience as many strikes as do commercial aircraft, as is evident from Table 3.4, which shows U.S. Air Force experi-ence for the years 1965 to 1969. USAF regulations, however, do not require that lightning strike incidents be documented by flight cr
	Table 3.3 Incidence of Reported Lightning Strikes to Commercial Aircraft 
	Table
	TR
	TD
	Newman 
	• Perry 
	TD

	TR
	TD
	(1950-1961) 
	(1959-1974) TOTALS 
	TD

	TR
	TD
	Strikes Hours 
	Strike§ Hours Strikes I!ours 
	No. hour.~ per strike 

	Piston 
	Piston 
	HUB 2 000 000 
	-808 2 000 000 
	2475 

	Turboprop 
	Turboprop 
	109 415 000 
	280 876 000 389 I 291 000 
	3320 

	P'W"e Jet 
	P'W"e Jet 
	41 427 000 
	480 I 314000 521 I 741 000 
	JJ40 

	ALL 
	ALL 
	958 2 842 000 
	760 2190 000 1718 5 032 000 
	2930 

	TR
	TD
	TD
	-----------------
	-

	TD


	Table 3.4 Incidence of Reported Lightning Strikes to U.S. Air Force Aircraft 
	Table
	TR
	TD
	Aircraft type vs mean houn betweenllghlning slrikcs 
	TD

	TR
	TD
	1965 1966 1967 1968 1969 
	Average per year 

	Bomber Cargo Fighter Trainer 
	Bomber Cargo Fighter Trainer 
	55 500 48 000 47 900 73 000 28 000 68 000 140 000 112 000 124 000 76 000 141 000 105 000 112 000 65 000 73 000 246 000 378 000 500 000 224 000 130 000 
	50480 104 000 99 200 295 600 


	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. For example, whereas Table 3.4 shows that there is an average of 99 000 flying hours between reportable 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 
	Trends affecting strike rate: 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: 
	1. 
	1. 
	Increases in the number of intermediate stops along former nonstop routes, resulting in more time in descent, hold and climb patterns at lower altitudes. 

	2. 
	2. 
	Increases in the number of aircraft and rotorcraft equipped for IFR flight. 

	3. 
	3. 
	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 lightning may present. 
	3.4 
	3.4 
	Aircraft Lightning Strike Mechanisms 

	In the following paragraphs the electrical condi-tions which produce lightning are described, together with the mechanisms of lightning strike attachment to an aircraft, While it is not possible to anticipate or avoid these conditions all of the time, it is important to understand the strike attachment process in order to properly assess the effects of lightning strikes on the aircraft. 
	3.4.1 
	3.4.1 
	Electric Field Effects 

	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 the cloud or on the ground, has not yet been determined. The dif-ference of potential which exists between the stepped leader and the opposite charge(s) establishes an elec-trostatic force field between them, represented by imaginary equipotential surfaces. They are shown as lines in the two dimensional drawing of Fig. 3.12
	If an aircraft happens to be in the neighborhood, it will assume the 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 adja-cent equipotentials, thus inc;:easing the electric field in
	-
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	tensity at its extremities, and especially between it and other charged objects, such as the advancing leader. If the aircraft is far away from the leader, its effect on the field near the leader is negligible; however, if the air-craft 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 ad
	tensity at its extremities, and especially between it and other charged objects, such as the advancing leader. If the aircraft is far away from the leader, its effect on the field near the leader is negligible; however, if the air-craft 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 ad
	Figure
	Fig. 3.12 Stepped leader approaching an aircraft. 
	The highest electric fields about the aircraft will 
	occur around extremities, where the equipotential lines are compressed closest together, as shown in Fig. 3.13. 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 in-creased to about 30 kV/em (at sea level pressure), the air will ionize and electrical sparks will form at the aircraft extremities, extending in the direction of the oncoming leader. 
	DIRECTION OF FIELD 
	EQUIPOTENTIAL LINES 
	t 

	Figure
	+ 
	+ 
	Fig. 3.13 Compression of electric field around an aircraft. 
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	Several of these sparks, called streamers, usually occur nearly simultaneously from several extremities of the aircraft. These streamers will continue to prop-agate outward as long as the field remains above about 5 to 7 k V /em. One of these streamers, called the junc-tion leader, will meet the nearest branch of the advanc-ing 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
	3.4.2 
	3.4.2 
	Charge stored on 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 very small compared to what is available from the lightning flash. The charge will raise the aircraft to a high volt-age and excessive charge will cause the electric field around the aircraft to become so high that intense corona streamers will form. These streamers will then carry away the excess charge. 
	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 coulombs (1-10 C), so there is still no room for any significant portion of this to accumulate on an aircraft. Thus, the aircraft merely becomes an e
	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 in-dependently 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 Fig. 3.14. 
	When the leader has reached its destination and a continuous ionized channel between charge centers has been formed, recombination of electron and pos-itive ions occurs back up the channel, and this forms the high-amplitude return stroke current. This stroke current and any subsequent stroke or continuing cur-rent components must flow through the aircraft, which is now part of the conducting path between charge cen-ters, as shown in Fig. 3.15(a). 
	Ifanother branch of the original leader reaches the ground before the branch which has involved the air-craft, the return stroke will follow the former, and all 

	other branches will die out, as shown in Fig. 3.15(b). 
	other branches will die out, as shown in Fig. 3.15(b). 
	No substantial 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 Fig. 3.16. Several dying branches are evident in the photograph. 
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	Figure
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	(b) 
	Fig. 3.14 Stepped leader attachment. 
	(a) 
	(a) 
	Leader approaching aircraft 

	(b) 
	(b) 
	Attachment and continued propagation 

	Figure
	(a) 
	Figure
	(b) 
	(b) 


	Fig. 3.15 Return stroke paths. 
	(a) 
	(a) 
	Return stroke through aircraft 

	(b) 
	(b) 
	No return stroke through aircraft 

	Figure
	Fig. 3.16 Downward branching lightning flash. 
	3.4.3 
	3.4.3 
	Triggered Lightning Effects 

	A question often asked is "If an aircraft cannot produce a lightning flash from its own stored charge, can it trigger a natural one?" Stated another way the question might be "Would the lightning flash have oc-curred if the aircraft were not present?" A secondary question would be "Even if aircraft do trigger light-ning, would there be an impact on the criteria to which aircraft must be designed?" The mechanism of aircraft triggering lightning is discussed in depth in Section 3.7, but some preliminary discu
	There is clear evidence that lightning flashes can be triggered by research aircraft that are intention-ally flown into clouds to observe lightning phenomena, but it is not clear whether aircraft in normal service trigger lightning very often. The following factors sug-gest that most flashes which are encountered (by other than research aircraft) are not the result of the aircraft triggering the flash. 
	1. 
	1. 
	Aircraft often fly through electrified regions with-out being struck, even though lightning flashes are observed nearby. 

	2. 
	2. 
	The stepped leader must begin from a charge source capable of furnishing it with several cou-lombs 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. 
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	3. 
	3. 
	3. 
	Laboratory studies of breakdown in long air gaps, a mechanism similar to that of natural lightning, show that initial ionization always begins at one of the electrodes and not from an object suspended in the gap [3.16]. In those studies the object sig-nificantly influenced the voltage level at which breakdown began only if it was close enough to one electrode to influence the field about the elec-trode. Whether those studies were particularly representative of aircraft, however, is a subject still under deb

	4. 
	4. 
	Triggered lightning currents measured on research aircraft have generally been of lower amplitude than those of natural cloud-ground lightning mea-sured at ground level. These current levels do not seem to be large enough to account for some of the physical damage observed on aircraft. 

	It may be that aircraft do not become involved in the formation of the lightning flash until after leader propagation has begun. If the leader happens to ap-proach the aircraft, the field intensification produced by the presence of the aircraft becomes much more sig-nificant, and the leader may then be attracted to the aircraft. 
	There is some evidence [3.17] that jumbo (wide-body) aircraft do trigger their own flashes. If large-body aircraft are in fact triggering flashes, it is proba-bly 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 10m/s, than the leader, which is advancing at 10to 10m/s. Thus, the aircraft appears stationary to the leader during the leader for-mation process. 
	2 
	5 
	6 

	Several other stimuli have been mentioned as pos-sible causes of aircraft lightning strikes. These include engine exhaust and radiated electromagnetic energy, such as radar transmission. 
	Effect of engine exhaust: There has been specula-tion that the hot jet-engine exhaust gases may con-tain a sufficient number of ionized particles to attract or trigger a lightning flash to the aircraft. This specu-lation was heightened by the widely publicized launch of Apollo 12, which apparently triggered a lightning flash (or flashes) that twice struck the top of the ve-hicle; once when it had reached 1950 m (6400 ft) and again at 4270 m (14 000 ft). The flash(s) exited from the vehicle exhaust plume. 
	Studies by Nanevicz, Pierce, and Whitson [3.18] 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 actual phys-ical length. 
	An empirical study by Pierce [3.17] of documented strikes to tall grounded and airborne conductors con-cluded that there must also be a potential disconti-nuity between the conductor and the adjacent atmo-sphere of up to 10V if the lightning leader is to be initiated from the conductor, and that the rapid dis-charge of hot ionized gas from the rocket engine may cause sufficient charge separation from the vehicle to increase its potential to 10V or more with respect to its surroundings. 
	6 
	6 

	Shaeffer and Weinstock [3.15] have studied the conductivity of an aircraft jet-engine exhaust. In this case, ionized particles and free electrons in a jet ex-haust 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 [3.19] to be be-tween 5 x 10and 3 x 10particles per cubic centimeter ( p/cm) and the free electron density deduced from this to be between 5 x 10to 3 x 10
	6 
	7 
	3 
	3 
	5
	3 
	12 
	3 
	3 
	3 

	There is also no evidence to suggest that jet air-
	craft are struck more often than piston-engined air-
	craft. 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. 
	Some records do exist of strikes to jet engines and in some cases these strikes have terminated inside the engine exhaust pipes, as illustrated in Fig. 3.17. These strikes are evidenced by spots of melted metal within 
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	0.5 
	0.5 
	0.5 
	m (18 in) of the aft end of the pipe. Electronic engine instruments with sensors mounted on the en-gine have experienced damage from lightning indirect effects associated with strikes to the nacelles or tail pipes. Apparently, there is either sufficient ioniza-tion in the exhaust or the dielectric strength of the exhaust is sufficiently weakened as to divert a propa-gating leader into the exhaust channel, or to enable the formation of outward propagating streamers from the tail pipe, once the aircraft has b

	Fig. 3.17 Lightning flash terminating inside jet engine exhaust tail pipe. 
	\iVhile the engine exhaust may divert an existing leader, it seems improbable, however, that it could trigger a flash by itself, as can a rocket plume. Other strikes have terminated on the nacelles of wing and fuselage mounted engines, in the same manner as with other aircraft extremities. 
	Viewed another way, if the jet engine were leav-ing behind an ionized exhaust, it seems probable that an imbalance of charge on the aircraft would even-tually result, even when flying in clear weather. As with P-static charging, this would change 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 es-tablished that this does not happen. 
	Effects of Electromagnetic Radiation: It has been suggested that an aircraft's radar may trigger or divert lightning strikes. This question was also investigated by Schaeffer and Weinstock [3.15], who show that the transmitted power level of microwave radiation neces-sary to produce an electric field capable of ionizing air is about 6.7 X 10watts (W), which is far greater than that available from aircraft radars. 
	6 

	Aircraft lightning strike incident reports also show no evidence of radar or other electromagnetic radiators-· having been involved in the lightning strike formation. There are ca~es in w_hich radomes are punctured, but 
	these clearly are the result of the electric field asso~ ciated with the lightning strike causing breakdown of the plastic radome material, with the flash terminating 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 operating. The addition of diverter strips to the outside of the radome usually prevents these punctures by enabling lightning flashes to attach directly to a diverter. 
	3.5 
	3.5 
	Swept Stroke Phenomena 

	After the aircraft has become part of a completed flash channel, the ensuing stroke and continuing cur-rents which flow through the channel may persist for up to a second or more. Essentially, the channel re-mains in its original 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 lightning attachment points on the airframe that are determine
	If part of the surface, such as the radome, is non-metallic, 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 non-metallic surface and reattach to a metallic object be-neath 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 withsta
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	Fig. 3.18 Typical path of swept-flash attachment points. 
	trailing edge, of course, would not be subjected to any swept stroke action. Instead, the lightning channel is extended horizontally aft of the aircraft. 
	The aircraft does not usually fly out of, or away from, the channel. This is because the potential dif-ference between charge centers (cloud and earth or an-other cloud) is sufficient to maintain a very long chan-nel until the charges have neutralized each other and the flash dies. 
	3.6 
	3.6 
	Lightning Attachment Zones 

	Since there are some regions on the aircraft where lightning is unlikely to 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. 
	3.6.1 
	3.6.1 
	Zone Definitions 

	For purpose of protection design, the Federal A vi-ation Administration (FAA) has defined in its Advi-sory Circular AC 20-53A [3.21] the following zones: 
	Zone lA: Initial attachment point with low po~sibility of lightning channel hang-on. 
	Zone lB: Initial attachment point with high possibil-ity of lightning channel hang-on. 
	Zone 2A: A swept-stroke zone with low possibility of lightning channel hang-on. 
	Zone 28: A swept-stroke zone with high possibility of lightning channel hang-on. 
	Zone 3: Those portions of the airframe that lie within or between the other zones, which may carry sub-stantial amounts of electrical current by conduction between areas of direct or swept stroke attachment points. 
	Zones are the means by which the external en-vironment is applied to the aircraft. The locations of these zones on any aircraft are dependent on the aircraft's geometry, materials and operational factors, and often vary from one aircraft to another. There-fore, a determination must be made for each aircraft configuration. 
	Neither AC 20-53A nor any other airworthiness standards prescribe the actual locations of the zones on a particular aircraft since the locations of each zone are dependent upon the aircraft's geometry and oper-ational factors, and may vary from one aircraft to an-other. Defining the zones is a subjective matter, not 
	one amenable to exact analysis. Actual zones are usu-ally established by the aircraft designer by reference to past inflight experience with aircraft of similar design or with the aid of lightning strike tests on scale mod-els. Guidance for locations of strike zones on specific aircraft is given in Chapter 5, together with further discussion and examples of the factors affecting air-craft lightning attachments and zone locations. 
	3.
	3.
	7 Mechanism of Aircraft Triggered Lightning 

	Aircraft triggered lightning is defined as lightning which occurs because of the presence of an aircraft and would not otherwise occur. A frequent theme in pi-lots' reports of lightning strikes to aircraft is that the aircraft was struck before there was any evidence of lightning activity in the area, and a belief commonly expressed is that the aircraft triggered the lightning flash, rather than the aircraft just being an inadver-tant bystander through which a naturally occurring lightning flash chose to pa
	Evidence has accumulated that aircraft can in-deed trigger lightning and theories have been devel-oped to explain the mechanism. It is well established that research aircraft intentionally flown into charged clouds have triggered flashes and that these flashes have originated at the aircraft. It is not as evident that aircraft flown under normal conditions and seek
	-
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	ing to avoid lightning often trigger lightning flashes. Possibly those aircraft are more often struck by a nat-urally propagating leader, as discussed in §3.4.3. 
	ing to avoid lightning often trigger lightning flashes. Possibly those aircraft are more often struck by a nat-urally propagating leader, as discussed in §3.4.3. 
	To some extent the matter may be academic since aircraft are struck by lightning and the measures taken to protect against lightning would be the same whether it were triggered by the aircraft or not. 
	The subject of aircraft triggered lightning first be-gan to be seriously studied in the 1960's []. It was during this period that it was shown that lightning could be deliberately triggered by rockets with trailing wires [3.27]. Toward the end of the 1960's Apollo 12 was struck by what was deemed to be a triggered light-ning flash and studies [3.28, 3.29] were undertaken to understand the conditions that could result in light-ning being triggered by an aerospace vehicle. 
	3.22-3.26

	In 1972, it was suggested [3.30j that necessary and sufficient conditions for triggering of lightning by any vehicle, including aircraft, were the existence of an am-bient electric field of at least 10 kV/m, and that the vehicle span a potential difference of about one million volts. Also in 1972, an interesting study was published which concluded that aircraft could trigger lightning and that static charge on the aircraft was an impor-tant factor [3.31). 
	A good review of this subject and bibliography was published in 1982 [3.32]. Even up to this date, however, there was considerable uncertainty and de-bate regarding the possibility of aircraft triggered lightning. This was basically because there were no definitive measurements of aircraft triggered lightning and no physical models to explain it. 
	F-1068 Research aircraft: In 1981 an F-106B air-craft, operated by the NASA Langley Research Cen-ter was outfitted as a research vehicle to be flown into clouds to collect data on the characteristics of lightning intercepted by aircraft. Starting in 1982 the UHF-band radar at the Wallops Flight Facility of the NASA Goddard Space Flight Center, was used to guide the F-106B through the upper regions of thunderstorms to increase the probability of the aircraft being struck by lightning [3.33). 
	Analysis of the radar echos showed that nearly ev-ery echo from a lightning strike to the F-106B started directly on top of the echo from the aircraft and propa-gated away from the aircraft. This certainly suggested that the lightning flashes were triggered by the air-craft and were not naturally occurring flashes. If they had been naturally occurring flashs intercepted by the aircraft, then an observer would have seen the echos start some distance from the aircraft and propagate to-ward the aircraft, final
	aircraft. None of the lightning flashes showed this pat-tern. Many echos were seen from naturally occurring intracloud flashes, but none of them ever struck the F-106B. 
	In addition to the radar echos, analyses using 
	three dimensional numerical models [3.33 -3.36) have predicted currents to arise from triggering that are very similar to those observed on the vehicle. All of this evidence rather conclusively proves that the F106B research aircraft has triggered lightning flashes. 
	-

	There also has been other significant research into the mechanisms of triggered lightning. Work has been done on energy considerations ], the role of positive corona streamers and precipitation particles 
	[3.37-3.38

	[3.38 
	[3.38 
	-3.39), electrode velocity [3.42), and other topics 

	[3.43 
	[3.43 
	-3.45]. Experimental studies have included a scale model Space Shuttle Orbiter vehicle [3.46] and an electrically floating cylinder [3.4 7]. 

	Mechanism of triggering: Triggered lightning occurs because the local electric field induces charge on the extremities of the aircraft, this charge then producing an electric field sufficient to cause air breakdown at places on the aircraft, corona as discussed in Chapter 1 or St. Elmo's Fire, as discussed in Chapter 2. If the ambient electric field is sufficiently high, streamers then develop and propagate away from the aircraft. 
	The basic mechanism of propagation is similar to that described in Chapter 1 with one major difference. During breakdown of a gap subjected to an externally applied impulse, the energy required to establish the field into which the streamer propagates is produced by the externally applied impulse. The streamer may then continue to propagate by conducting charge along its channel and establishing a field at its tip sufficient to maintajn propagation, the requisite field at the tip of the leader being on the 
	6 

	Lightning leaders propagate by a similar mecha-nism , drawing on the charge stored in the cloud. 
	With aircraft triggered lightning the difference is that the energy to maintain propagation must come from a pre-established ·field. Electrical charge stored on the aircraft may contribute to the initial break-down, but can never be enough to maintain the dis-charge. A consequence that follows from this is that streamers must propagate away from the aircraft in both directions, one streamer being positive and one negative. 
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	either suppress or enhance the initial breakdown and
	either suppress or enhance the initial breakdown and
	Requirements for triggering: For triggered lightning to form, the first requirement is that the static elec-
	developing leaders. 
	tric field in which the aircraft is immersed must be large enough and oriented properly so that the locally enhanced fields somewhere on the aircraft exceed the local air breakdown value. The largest enhancements of the field will be at sharp points or edges, partic-ularly if those points and edges are oriented in the direction of the ambient field. An aircraft in flight has many such sharp points and sharp edges, such as pro-peller tips, wings and empennage tips. For distances of half a meter or so these l
	The second requirement for triggered lightning is that the electric field be sufficiently high, and high for a sufficient distance, that a streamer can form and prop-agate. Formation of corona is not sufficient; during thunderstorms corona forms on grounded objects all the time, but does not develop into streamers because the electric field into which the corona grows is not sufficiently high. The research discussed in Chapter 1, on streamer development from electrodes subjected to externally applied impuls
	That research also shows that an average volt-
	age gradient of 500 kV/m applied to an electrode gap 
	will always lead to breakdown if the voltage is main-
	tained long enough. 500 kV/m is the value at sea 
	level; 250 kV/m could be expected to cause break-
	down at 6000 m (20 000 ft) altitude. One conclusion 
	from this is that an electric field of several hundred 
	kV/m represents conditions that are just on the edge 
	of breakdown. Another is that breakdown is almost 
	certain to occur whenever the field achieves the requi-
	site minimum level since in time there will be a local 
	breakdown that will then be able to propagate. As a 
	consequence all triggered lightning flashes should show 
	similar properties. 
	In addition to the charge induced by an ambient electric field, an aircraft can also collect a net charge by various means, such as ejection of ionized parti-cles in the exhaust of an engine or by interception of charged rain drops or ice crystals. Such a charge may significantly affect the occurrence of triggered light-ning because it contributes to the local fields and can 
	3.7.1 
	3.7.1 
	Triggered Lightning Environment 

	The key factor in aircraft triggered lightning is the static electric field produced by thunderstorms. These fields have been measured by several researchers using aircraft, rockets, balloons, and parachuted sondes and show, Table 3.5, that the requisite fields of 250 -500 kV/m can exist. Higher values have also been reported [3.48]. More recent observations [3.49 -3.54] report values which are also consistent with Table 3.5. The review cited in Table 3.5 also contains an excellent bibliography on work rela
	Table 3.5 
	Thunderstorm Electric Fields Measured in Airborne Experiments 
	Typical High Va!ue!'i Measurement Investigator (VIm) Q(;casionally Observed Type 
	Winnet al. 
	Winnet al. 
	Winnet al. 
	5·8 X 104 
	2 X 105 
	Rackets 

	(1974) 
	(1974) 
	TD
	TD
	TD

	Winn et at. (1981) 
	Winn et at. (1981) 
	TD
	1.4 X 105 
	Balloons 

	Rust, Kasemir 
	Rust, Kasemir 
	1.5 X 105 
	3.0 X 105 
	Aircraft 

	Kasemir and Parkins 
	Kasemir and Parkins 
	1 X 105 
	2.8 X 105 
	Aircra~ 

	(1978) 
	(1978) 
	TD
	TD
	TD

	imyanitav at al. (1972) 
	imyanitav at al. (1972) 
	1 X 105 
	2.5 X 105 
	Aircraft 

	Evans (1969) 
	Evans (1969) 
	TD
	2 X 105 
	Parachuted 

	TR
	TD
	TD
	TD
	Sanda 

	Fitzgerald (1976) 
	Fitzgerald (1976) 
	2-4 X 105 
	8 X 105 
	Aircraft 


	The simplified thunderstorm cell model [3.55] shown in Fig. 3.19 will be used to illustrate the condi-tions under which such such fields may be found. The illustration is based on information extracted from the NASA Langley Research Center Storm Hazards Re-search Program [3.56] using an F-106B research air-craft. The cell has a +40 Coulomb charge centered at 10 km (32 800 ft) above ground, a -40 Coulomb charge centered at 5 km (16 400ft), and a +10 Cou-lomb charge centered at 2 km (6000 ft). 
	Calculation of the electric fields can be simplified by assuming·point charges located in a vertical line with image charges in the ground. Contours of con-stant electric field from such an assemblage of charges are shown in Figs. 3.20 -3.22. Because the calcula-tions are based on point charges, the figures show an upper bound on the field. The actual charges are dis-tributed. The field external to the charged region may be calculated correctly by assuming point charges, but for points inside the charged re
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	enhanced by a factor of about ten. Horizontal fields at 
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	Fig. 3.19 Thunderstorm charge separation model. 
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	Fig. 3.20 is the most interesting for the purposes of investigating triggered lightning on the F-106B. If the aircraft is in essentially level flight, the horizontal field will be the one most enhanced. 
	The triggered lightning response of the F-106B has been successfully modeled by the techniques to be described in Chapter 10. One part of this analysis is calculation of the degree to which the aircraft enhances the local electric field [3.57]. The calculations show that the horizontal fields at the nose of the aircraft are 
	the tips of the wings are enhanced by a factor of about seven. Which horizontal field is enhanced the most of course depends on which way the aircraft is oriented relative to the pre-existing electric field. Vertical fields at the tip of the vertical stabilizer are enhanced by a factor of about 3. Hence for level flight, vertical ambient fields are of much less importance than radial fields, unless the ambient vertical field level is several ti~es larger than the radial field. 
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	Fig. 3.21 Vertical component of electric field. 
	Lightning has the potential of being triggered at any point in space at which the enhanced field around the aircraft exceeds the minimum breakdown strength of the air. Since this breakdown strength depends on altitude, or more exactly air density, a field which causes triggered lightning at a high altitude (~ 10 km) may not do so at lower altitudes. Taking these factors into account, the dashed lines in Figs. 3.20 and 3.21 show the points in space at which an electric field of breakdown strength can be reac
	The dashed lines thus indicate the regions inside which the F-106B in level flight could trigger light-ning. At high altitudes where the breakdown strength of air is low, triggering can occur up to two kilometers 
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	from the charge center. At the very low altitudes (:::::: 2 km) where the breakdown strength of air is greater the trigger region is only a few hundred meters across. In fact, because the charges are really extended and not 
	from the charge center. At the very low altitudes (:::::: 2 km) where the breakdown strength of air is greater the trigger region is only a few hundred meters across. In fact, because the charges are really extended and not 
	• 

	point sources, it is possible that at these low altitudes 
	triggering is not possible. 
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	Fig. 3.22 Magnitude of total electric field. 
	3.
	3.
	7.2 The Response of Aircraft to Triggered Lightning 

	In elementary terms the response of an aircraft is illustrated on Fig. 3.23, which shows the F-106 air-craft flying directly toward a positive charge center. The aircraft, in response to the ambient field will be-come polarized; that is, electrons will be pulled from the aft end towards the nose. Thus it will accumulate a negative charge (surplus of electrons) at the nose and a positive charge (deficiency of the electrons) at the aft end, though the net charge on the aircraft will remain unchanged. The fiel
	As the aircraft flies towards the charged regions the electric fields at the surface of the aircraft will slowly increase; that is, become more ne.e;ative at one 
	59 
	end and more positive at the other end. Eventually the enhanced field at the nose will become large enough to cause a burst of corona, the electrons at the nose flowing off into the air ahead of the nose. This will reduce the field at the nose (make it less ne.e;ative) and ultimately arrest the discharge. 
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	Fig. 3.23 Expected behaviour of triggered lightning for nose to tail oriented electric field. 
	(a) 
	(a) 
	Observation point 

	(b) 
	(b) 
	and (c) Electric field 

	(d) 
	(d) 
	and (e) Magnetic field 

	The flow of electrons from the nose can equally well be viewed as a flow of positive charge from the air onto the aircraft, thus leaving the aircraft with a net positive charge. This additional positive charge will enhance the field at the aft end, eventually causing an-other breakdown there. That discharge may be viewed either as transferring positive charge into the air aft of the aircraft or as transferring negative charge from the air into the aircraft. Not every discharge at the nose will cause a simul
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	craft, or more commonly two pulses of current, one charging the aircraft and another discharging it, the pulses being seperated by several tens or hundreds of nanoseconds. The shape of the pulses into and out of the aircraft will be different since the mechanisms will be somewhat different. One will have the characteris-tics of the negative discharges discussed in Chapter 1 and the other will have the characteristics of the pos-itive discharges. 
	craft, or more commonly two pulses of current, one charging the aircraft and another discharging it, the pulses being seperated by several tens or hundreds of nanoseconds. The shape of the pulses into and out of the aircraft will be different since the mechanisms will be somewhat different. One will have the characteris-tics of the negative discharges discussed in Chapter 1 and the other will have the characteristics of the pos-itive discharges. 
	As the discharges extend into the air they will fur-ther enhance the electric field at their tips and, pro-vided the ambient field is sufficient, will continue to grow. The two oppositely directed discharges thus act to transfer electrical charge out of one portion of the air and through the aircraft into another portion of the air. 
	Fig. 3.20 illustrated conditions such that a dis-charge would start at the nose and exit at the aft end, but other discharge paths are also possible, depending on the orientation of the aircraft relative to the elec-tric field. On the F -106B most discharges (not all) involved the nose boom, but exit points on the wing tips and tail were common. On a larger aircraft one might expect discharges to start at points other than the nose. 
	Waveshape of current: The current flowing through the aircraft produces electromagnetic fields. For sen-sors located as indicated on Fig. 3.23, the electric and magnetic fields, and their derivatives, would have the indicated shapes. On the F--106B only the D-dot and B-dot sensors had bandwidth sufficient to record the above phenomena; D-dot corresponding to the rate of change of electric field and B-dot corresponding to the rate of change of magnetic field. The plots are simpli-fied to the extent of ignori
	Actual records could be expected to look like those in Fig. 3.23 only with respect to general fea-tures, but it is significant that both single pulses and double pulses are seen in the data measured on the air-craft. Fig. 3.24 shows examples [3.56]. The initial air breakdown takes place in a fraction of a microsecond and has a high frequency content sufficient to excite aircraft resonances and produce current waves that propagate back and forth between the extremities of the aircraft. These aircraft resonan
	There are other facets of a triggered event which can last as long as a second [3.56]. For example, Fig. 
	3.25 
	3.25 
	shows for three different flashes the current flow-ing in the tip of the F-106B vertical fin. Each of the flashes produced a continuing current of average amplitude on the order of 80 amperes and lasting for 

	about 0.3 seconds. Such magnitudes and duration are frequently found in the continuing current phase of flashes measured at ground level. The current, though, was not steady, it included many higher amplitude pulses superimposed on an underlying current. The recording channel with which the current of Fig. 3.25 was measured had a DC response that allowed the con-tinuing current to be recorded faithfully, but the fre-quency response extended only to 400 Hz, insufficient to resolve the amplitude and waveshape
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	Fig. 3.24 Inflight D-dot and B-dot strike data. 
	Fig. 3.25 shows the character of another typical lightning flash, the figure showing the outputs from a number of different sensors as measured on a recorder with bandwidth 400Hz to 100kHz. Also shown is the fin current recorded with a de to 400 Hz bandwidth. Each pulse of current is associated with a change of the electric field (D-dot) and a burst of light from the channel of the flash. 
	The fin current of Fig. 3.26 was also recorded with a digital transient recorder taking samples every 40 nanoseconds. Fig. 3.27 shows details of the first pulse of current from the fin, the time of triggering being indicated on Fig. 3.25. Pulses of current occur on average about every 50 J.l.S. The highest amplitude pulse was 18 kA. Lightning currents of this nature are not noted at ground level. 
	Figure
	0 .52 microseconds second pulse 
	0 .52 microseconds second pulse 
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	The measured current of Fig. 3.27 is of impor-tance because it prompted the requirement for a mul-tiple burst current test for indirect effects, as discussed further in Chapters 5 and 18. 
	The measured current of Fig. 3.27 is of impor-tance because it prompted the requirement for a mul-tiple burst current test for indirect effects, as discussed further in Chapters 5 and 18. 
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	Fig. 3.27 Vertical fin current. 
	Rates of change: Rates of change of current and electric field are important quantities. The standard-ized lightning environment, discussed in Chapter 5, is largely based on measurements taken at ground level of cloud-to-ground lightning, but the measurements taken on the F-106B (3.56], provide some data on aircraft in flight and subjected to triggered lightning flashes. The data is summarized in Figs. 3.28 and 
	3.29. 
	3.29. 
	With 95% confidence the data suggest that the peak D-dot will exceed 48A/monly 3.7% ofthe time (±1%). With the same confidence the data suggest that the peak I -dot will exceed 250 kA/ ps only 0. 7 % of the time (±0.2%. 
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	Fig. 3.28 D-dot measurements on the F-106B. 
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	Fig. 3.29 !-dot measurements on the F-106B. 
	3.7.3 
	3.7.3 
	Calculation of Triggering Conditions 

	Calculation of the conditions that lead to light-ning triggering conditions is accomplished by first com-puting the electric field gradients due to any net charge on the aircraft. The modeling techniques used for this are discussed further in Chapter 10. Then the fields on the aircraft caused by the static ambient thunderstorm fields can be added. The thunderstorm field magni-tude which may enable triggering is that which causes the total field somewhere on the aircraft to exceed the corona level. 
	The location of this breakdown on the F-106B varied depending on the orientation of the field and the sign of the charge, but generally occurred in one of three places: the nose, one of the wing tips, or the tip of the vertical stabilizer. Occasionally two locations were involved, since a breakdown at one location might raise the local field at another location enough to cause a breakdown there also. 
	A number of calculations were made to illustrate the conditions under which the F-106B might trig-ger lightning, with results as summarized in Table 3.6. Calculations were made for several values of net charge on the aircraft. The maximum charge, Qm, was taken to be 1. 779 mC, the charge which by itself would cause corona to form on the aircraft. It should be noted that this aircraft had no static dischargers. If it had, they would probably have bled off charge and not allowed the aircraft to hold as much c
	Along the upper row of the matrix in Table 3.6 is shown the orientation of the ambient electric field, the three orientations being along the principal coordinate axes of the aircraft; end to end along the the fuselage, wing to wing, and top to bottom. Both signs of field 
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	Table 3.6 
	Table 3.6 
	High and Low Altitude Triggering Fields For F106 vs Charge, Altitude and Orientation of Field 
	Aircraft 
	Aircraft 
	Aircraft 
	Back 
	Front 
	Right 
	Left 
	Bottom 
	Top 

	Charge 
	Charge 
	to 
	to 
	to 
	to 
	to 
	to 

	TR
	TD
	Front 
	Back 
	Left 
	Right 
	Top 
	Bottom 


	0 
	0 
	0 
	190 250 
	190 250 
	280 380 
	280 380 
	470 590 
	470 590 

	+0.5Qm 
	+0.5Qm 
	107 140 
	200 230 
	200 210 
	200 210 
	300 350 
	600 660 

	-0.5Qm 
	-0.5Qm 
	273 230 
	150 160 
	200 210 
	160 210 
	640 660 
	300 350 

	+Qm 
	+Qm 
	24 34 
	50 60 
	20 40 
	20 40 
	80 120 
	80 160 

	-Qm 
	-Qm 
	24 60 
	15 34 
	20 40 
	20 40 
	80 160 
	80 120 


	The top number is the high altitude field magnitude in k V /m. The bottom number refers to sea level. 
	are considered, because a negative corona air break-down is different from a positive corona air breakdown. 
	In the leftmost column of each matrix is the net charge that was placed on the aircraft. Five charge values were used: no charge, ±0.5 Qm and± 1.0 Qm. 
	The values in the interior of the matrix are the magnitudes of the thunderstorm electric field which would cause triggered lightning, or at least cause. a burst of corona from the aircraft that has the potential of developing into a lightning channel. Note that, as expected, the field magnitudes are much less for the cases in which the aircraft has a pre-existing static charge of Qm, because for those cases, the charge itself (by definition of Qm) produces virtually all of the field necessary to produce bre
	A pre-existing charge on the aircraft, as from col-lisions with particles (triboelectric charging) is not suf-ficient to cause extended streamer propagation away from the aircraft and development into full fledged lightning leaders. As discussed earlier, there must be a pre-existing ambient field for leader propagation to oc-cur. Pierce [3.17] suggests that requisite field strength is on the order of 10 kV/m. Thus aircraft charged or exposed to fields due only to triboelectric ("P-static") charging may deve
	A more intense ambient field is necessary to pro-duce triggering if the charge on the aircraft is only half of Qm. Field levels of the order 100-250 kV/ m are needed to produce triggering if the field is oriented fore and aft along the aircraft. A somewhat stronger field is needed if the field is oriented wing to wing. Fields of these magnitudes are found in clouds and are consistent with the fields found necessary to cause breakdown in air gaps subjected to externally applied impulses. 
	Fields having magnitudes 300-600 kV/m would be necessary to cause triggering if the field were ori-ented top to bottom along an aircraft, with geometry similar to the F-106B. The fact that most flashes to the F-106 started at, or at least involved, the nose boom suggests that vertical fields of that magnitude are seldom encountered. Laboratory studies also sug-gest that fields of that magnitude are apt to lead to lightning flashes even without the intrusion of an air-craft. 
	The Effects of Aircraft Size and Shape on Trigger Conditions: Aircraft shape and aircraft size both af-fect the degree to which the fields at the surface of the aircraft are enhanced. The thunderstorm environment necessary for a triggered strike may be different for dif-ferent types of aircraft; that is, for an identical thun-derstorm environment, one aircraft may encounter a naturally occurring direct strike, while a second dif
	-
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	ferently shaped or sized aircraft will instead trigger a lightning flash. For this reason the study on the F-106 
	ferently shaped or sized aircraft will instead trigger a lightning flash. For this reason the study on the F-106 
	[3.56] 
	[3.56] 
	included an investigation of the effects of aircraft size and shape. The aircraft studied were: 

	1. 
	1. 
	Half size F-106 

	2. 
	2. 
	Double size F-106 

	3. 
	3. 
	Normal size F-106, but delta wings replaced with more conventional straight wings 

	4. 
	4. 
	Normal size C-130 

	5. 
	5. 
	Normal size F-106 

	The first two aircraft cover a size range from ap-proximately 10m (35ft) to 40 m (140ft). Although the field enhancements around these two aircraft are, of course, the same, the effects of a given net charge on the aircraft are much different. The resonant char-acteristics of the aircraft would also be different. 
	The modified F-106 without the delta wing is meant to test the effect of the delta wing on field enhancements, resonant response, and charge storage properties. In particular, charge storage could be sig-nificantly affected, because the large flat delta wings increase the capacitance of the aircraft. This shape is typical, though somewhat larger, of some high perfor-mance general aviation aircraft. 
	The C-130 is representative of the shapes found in 
	large transport category aircraft. It has more rounded 
	contours, particularly at the nose. 
	The normal size F-106 is included for compari-
	son purposes and determination of relationships with 
	actual flight data. 
	For each aircraft, two different environments were used. In both, the net charge on the aircraft was fixed at -0.5 Qm, where Qm is the maximum charge which can be on the aircraft without causing corona to form at the extremities. Qm is, of course diferent for each aircraft. Two orientations of the ambient field orien-tations were studied, one with the field oriented from nose to tail and the other oriented from top to bottom. For consistency, all computations were done for an al-titude of 8300 m (27 000 ft)
	The results are summarized in Table 3.7. The field values, Emag represent the minimum ambient field nec-essary to produce a triggered strike on the given air-craft model for the given orientation and Qm. The labels NT and T B refer to nose to tail and top to bottom ambient field orientations, respectively. 
	Table 3.7 
	Trigger Conditions for Aircraft of Various Sizes and Shapes 
	Aircraft Field Qm 
	F:"'"' 
	Orientation (mC) (kV/m) 
	1/ 2 X FlOG 
	1/ 2 X FlOG 
	1/ 2 X FlOG 
	NT TB 
	0.49 0.49 
	100 2:>0 

	2 X FlOG 
	2 X FlOG 
	NT Til 
	7.90 7.90 
	100 250 

	Strnight Wing FlOG 
	Strnight Wing FlOG 
	NT Til 
	2.00 2.00 
	120 240 

	Cl30 
	Cl30 
	NT Til 
	G.90 6.90 
	190 210 

	Normal FlOG 
	Normal FlOG 
	NT Til 
	1.79 1.70 
	130 310 


	NT = nosP. t.o tail Til = top to bottom 
	Several items are apparent from Table 3.7. First, size is by far the dominant determining factor for Qm. For aircraft with similar shapes, one would expect Qm to scale in proportion to the surface area, that is, as the square of the length. This is seen to be true, as Qm varies by a factor of about 16 between the half size and the double size F-106. 
	A second thing to notice is the effect of the delta wing. Qm for the normal size F-106 with delta wing is 1.79 millicoulombs and is 2 millicoulombs without the delta wing. This is a somewhat surprising result, as one might expect the large surface area of the delta wing to hold a large amount of charge. However, the presence of the delta wing changes the static electrical characteristics of the aircraft considerably. Because of the delta wing at the rear of the aircraft, field enhance-ments are significantl
	Of importance also in Table 3.7 is the magnitude of the field required for a lightning strike on the C-130. For the nose-tail field direction, Qm it is several times that required for the F-106. This is attributable to the bluntness of the nose of the C-130. In actual prac-tice, the triggering field may differ by even more. The reason for this is that the C-130 is quite accurately represented near the nose by the model used for these calculations so its maximum enhancement should be 
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	fairly accurate. However, the sharp nose boom on the F-106 is less accurately modeled, so actual enhance-ments on the F-106 are likely to be larger than the model predicts. 
	fairly accurate. However, the sharp nose boom on the F-106 is less accurately modeled, so actual enhance-ments on the F-106 are likely to be larger than the model predicts. 
	Hybrid lightning: A third type of strike to an aircraft is possible, which may be called a "hybrid" strike in that it is a combination of a triggered and natural event. A natural lightning leader channel might pass near the aircraft, but not near enough for the distor-tion in the electric field produced by the aircraft to alter the channel course. The lightning leader, being highly charged, creates in the space around it an in-tense electric field. The field at the aircraft might then be large enough to cau
	A simple calculation can be done to get some idea of how near a natural leader must be to the aircraft to cause a hybrid strike. For simplicity, the natural channel will be assumed to be vertical and have a uni-form charge density per unit length. Also, steady state conditions will be assumed, a valid assumption since the lightning leader propagates so much slower than the velocity of light that no retardation effects need be considered. The electric field around an infinitely long line of charge A per unit
	and given by: 
	and given by: 
	and given by: 
	TH

	TR
	TD
	A Er = 27rt:or 
	(3.1) 

	where 
	where 
	TD
	TD


	Eo = 471' X 10-H/m r =radius of the line of charge (m). 
	7

	Ifone assumes an enhancement factor for the air-craft of about 10, which is typical around the nose of the F-106B aircraft, the distance at which triggering would occur is: 
	A 
	(3.2) 
	Ttrig = 
	27rt:o(Eb/10) 

	where Eb is the air breakdown field. A typical value for A is 5 coulombs over a 3 kilometer distance or 
	1.667 
	1.667 
	X 10-coulombs per meter. E6 varies with altitude, being about 3 X 10V/m at sea level and about 1.5 x 10V/m at 27 000 feet . Substituting these numbers into the above equations gives trigger-ing distances of approximately 100 meters at sea level and twice that at 8000 m (27 000) feet altitude. This 
	3 
	6 
	6 


	is a significantly greater distance than the distance at which the presence of the aircraft can directly alter the course of a natural lightning channel and hence a hybrid flash would appear much more likely to contact an aircraft than would a natural strike. 
	The region through which the passage of a natural lightning leader might be expected to initiate a leader from the aircraft can be called the capture cross sec-tion. A detailed study of the hybrid lightning process [3.57) has been done for the F-106. Fig. 3.30 shows the capture cross section as a function of altitude. The parameters for this calculation were zero net charge on the aircraft and a channel charge density of 1 x 10-
	3 

	Cjm. 
	The capture cross section is also a function of air-craft net static charge. A summary of this variation is shown in Table 3.8. It is seen that the cross section is on the order of 10square meters and increases with increasing altitude and charge. 
	4 

	The capture cross section can be combined with aircraft flight patterns and the flash rate density of a storm to obtain the expected probability of a strike to the aircraft. Calculations of this type have been done to try to enhance the probability of lightning attach-ment to the F-106B research aircraft [3.71). 
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	Figure
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	Fig. 3.30 Capture cross section vs altitude. 
	Table 3.8 
	Mean Capture Cross Section Area (x10m) vs Altitude and Charge (J.tC) on the Aircraft 
	4 
	2 

	Altitude Q = 0 Q =-300 Q =-600 Q = -900 
	Sea level 
	Sea level 
	Sea level 
	0.455 
	0.471 
	0.510 
	0.579 

	10 000 ft 
	10 000 ft 
	0.830 
	0.878 
	1.012 
	1.273 

	20 ooo n 
	20 ooo n 
	1.561 
	1.726 
	2.247 
	3.26::1 
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	3.8 
	3.8 
	3.8 
	The Atlas Centaur 67 Incident 

	A significant lightning event occurred in March, 1987, when Atlas Centaur flight 67 was struck by light-ning during launch, resulting in loss of the vehicle and payload (3.58 -3.59]. It was determined that the rocket triggered the strike, evidently when the vehi-cle had achieved an altitude of about 3500 m (12 000 ft ). The flash to the vehicle was not seen since the vehicle was in clouds, but a flash that continued to ground near the launch tower was seen at the same time, presumably a continuation of the 
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	CHAPTER 4 
	CHAPTER 4 
	LIGHTNING EFFECTS ON AIRCRAFT 
	We had just taken offfrom 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 
	First Officer N.A. Pierson's experience on a flight from Presque Isle, Maine, to the Santa Maria Islands on July 9, 1945 [4.1). 
	4.1 
	4.1 
	Introduction 

	It wasn't long after the beginning of powered flight that aircraft began being struck by lightning-. sometimes with catastrophic results. 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 cur-rents entering their hands or feet via control pedals or the stick. Sometimes fuel tanks caught fire or ex-ploded. These effects, coupled with the air turbulence and precipitation also associated
	Early research: With the advent of all-metal aircraft, most of the catastrophic effects were eliminated, but thunderstorms continued to be treated with respect. Nonetheless, because a few bad accidents attributed to lightning strikes continued to happen, in 1938 the Sub-committee of Aircraft Safety, Weather and Lightning Experts was formed by the National Advisory Com-mittee for Aeronautics (NACA) to study lightning ef-fects on aircraft and determine what additional protec-tive measures were needed. Dr. Kar
	Direct effects: For a long time the physical damage effects at the point of flash attachment to the air-craft were of primary concern. These included holes burned in metallic skins, puncturing or splintering of nonmetallic structures, and welding or roughening of moveable hinges and bearings. Ifthe attachment point was a wing tip light or antenna, the possibility of con-ducting some of the lightning current directly into the aircraft's electrical circuits was also of concern. Today, these and other physical
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	Indirect effects: In recent years it has become appar-ent that lightning strikes to aircraft may cause other effects, or indirect effects, to equipment located else-where in the aircraft. For example, the operation of instruments and navigation equipment has been inter-fered with, and circuit breakers have popped in elec-tric power distribution systems when the aircraft has been struck by lightning. The causes of these indirect effects are the electromagnetic fields and the struc-tural voltage rises associa
	Indirect effects: In recent years it has become appar-ent that lightning strikes to aircraft may cause other effects, or indirect effects, to equipment located else-where in the aircraft. For example, the operation of instruments and navigation equipment has been inter-fered with, and circuit breakers have popped in elec-tric power distribution systems when the aircraft has been struck by lightning. The causes of these indirect effects are the electromagnetic fields and the struc-tural voltage rises associa
	Trends that increase potential hazard: To date, few aircraft accidents can be attributed positively to the indirect effects oflightning, but there are two trends in aircraft design which threaten to aggravate the prob-lem unless specific protective methods are incorpo-rated in system equipment designs. 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 fu
	age transients, such as those produced by the indirect effects of lightning. 
	The second trend is the increasing use of rein-forced plastics and other nonconducting materials in place of aluminum skins, a practice that reduces the electromagnetic shielding previously furnished by the highly conductive aluminum skin. This reduced shield-ing may greatly increase the level of surges induced in wiring not protected by other means. Because elec-tronic systems were being increasingly depended upon for safety of flight, the National Aeronautics and Space Administration, the Federal Aviation
	Since the indirect effects originate in the aircraft's electrical wiring, their consequences may show up any-where within the aircraft, such as at equipment loca-tions remote from the lightning flash attachments. The 
	direct effects, on the other hand, occur most often at or near the points of lightning attachment or within structures or fuel tanks that lie within lightning cur-rent paths between strike entry or exit points. This comparison is illustrated in Fig. 4.1. 
	Fig. 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 ar-eas 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, includ-ing the lightning flash characteristic most responsible and its quantitative relat
	4.2 
	4.2 
	Direct Effects on Metal Structures 

	Metal structures include the outer skins of the air-craft together with internal metallic framework, such as spars, ribs, and bulkheads. Because lightning cur-rents 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, us-ing the entire airframe as a conductor, the aluminum with which most of these structures are fabricated pro-vides excellent electrical conductivity. As a result, the current density at any sing
	-

	• 
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	rent 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 arc of the light-ning channel, from which intense heat and blast forces emanate. Discussion of individual effects follows. 
	rent 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 arc of the light-ning channel, from which intense heat and blast forces emanate. Discussion of individual effects follows. 
	4.2.1 
	4.2.1 
	Pitting and Meltthrough 

	H a lightning channel 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 Fig. 4.2 [4.2] or the holes burned in the trailing edges of wings or empennage tips, as shown in Fig. 4.3 [4.3]. Most holes are melted in skins of 1 mm (0.040") thick, or less, except at trail-ing edges, where the lightning channel may hang on for a longer time and enable ho
	Fig. 4.2 Successive pit marks extending aft from leading edge of vertical stabilizer. 
	4.2.2 
	4.2.2 
	Magnetic Force 

	Metal skins or structures may also be deformed as a result of the intense magnetic fields which ac-company 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 at
	-

	tachment point is viewed electrically as being made up of a large number of parallel conductors converg-ing to this attachment point, then as lightning cur-rent 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 oc-cur, as shown in Fig. 4.4 [4.4]. The amount of damage created is proportional to the square of the lightning stroke current amplitudes and is directly proportional to the length of time during 
	Fig. 4.3 Hole melted in trailing edge corner of ventral fin. 
	Fig. 4.4 Example of magnetic pinch effect at lightning attachment points. 
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	Besides the main airframe, other parts which may be damaged by magnetic forces include bonding or di-verter 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 flight, and may not even be de-tected 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 of-ten repairable. 
	Besides the main airframe, other parts which may be damaged by magnetic forces include bonding or di-verter 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 flight, and may not even be de-tected 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 of-ten repairable. 
	4.2.3 
	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 one incident, for example, the jackscrew of an inboard trailing edge flap of a jet transport was so damaged by a lightning flash that the flap could not be extended past 15 degrees. Since this jackscrew is located on the inboard side of the flap, the flash must have reached it after sweeping along the fus
	The jackscrew in this instance was not an initial attachment point and it became an attachment point only by being in the path of a swept flash. This in-cident illustrates the fact that the lightning channels may reach seemingly improbable locations on the sur-face of an aircraft, and that protection designers must look beyond the obvious lightning attachment points to find potential hazards. 
	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 ad-equate cross section to carry lightning stroke currents but of excessive length, which caused most of the cur-rent to flow through the lower inductance path directly through the jack body and across the seals, resulting in leakage of hydraulic fluid. 
	4.2.4 
	4.2.4 
	Resistive Heating 

	Another direct effect is the resistive heating of conductors exposed to lightning currents. When the resistivity of a conductor is too high or its cross-
	sectional area too low for adequate current conduc-tance, lightning currents in it may deposit apprecia-ble energy in the conductor and cause an excessive temperature rise. Since the resistivity of most met-als 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. Most metal structural elements can toler-ate lightning current without overhe
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	Fig. 4.5 Swept stroke attachment to inboard flap jackscrew. 
	Wire explosion: Resistive energy deposition is propor-tional to the action integral of the lightning current and for any conductor there is an action integral value at which the metal will melt and vaporize, as shown in Fig. 4.6. Small diameter wires, such as AWG 22 to 16, of the sizes commonly used to interconnect avionic equipment, or distribute AC power to small loads, will often melt or vaporize when subjected to full ampli-tude lightning currents. 
	Examples of the damage produced by explosive vaporization of conductors are shown in Figs. 4. 7 and 
	4.8 
	4.8 
	[4.5, 4.6]. The damage is usually most severe when the exploding conductor is within an enclosure, such as the composite wing tips of Fig. 4.8, because then the explosion energy is contained until the pressure has built up to a level sufficient to rupture the container. Partly, the damage results because the chemical en
	-
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	ergy of combustion of the wire is released as it burns, and this adds to the energy deposited by the lightning current. 
	ergy of combustion of the wire is released as it burns, and this adds to the energy deposited by the lightning current. 
	TEMPERATURE RISE •c 
	--VAPORIZATION 
	<f-----MELTING 
	10' 10' 10' 10' 
	(AMPERE'-SECONDS) 
	Fig. 4.6 (Ampere squared-seconds) vs temperature rise in a conductor. 
	Exposure of the wiring: In most cases, such wiring is installed within conducting airfarames and so is not ex-posed to major amounts ofthe lightning current. Some exceptions occur, however, such as a wiring harness 
	feeding a wingtip navigation light installed on a non-conductive, fiberglass wing tip that is not protected with protective coatings or other paths for lightning current. In such cases, lightning strikes to the nav-igation light vaporize and explode the wire harness, thus allowing the lightning current path to exist in plasma form within the wing tip. The accompanying shock wave can do extensive damage to the enclos-ing and adjacent structures, as illustrated in Fig. 4. 7, which shows the remnants of a rado
	Exploding wire harnesses are one of the most com-mon and damaging lightning effects. They have, as far as is known, not had catastrophic consequences be-cause these harnesses are usually found in secondary structures that are not flight critical. There is no rea-son, however, to allow these situations to persist be-cause protection is easily applied, as will be described in Chapter 6. Such protection can also minimize the possibility of conducting lightning current surges into power disti-ibution or avionic
	Figure
	Fig. 4. 7 Lightning damage to radome-probably as a result of exploding pitot tube ground wire. 
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	(a) .......... ~ _......_, (c) = ~~ ---... -•• """ (b) • 
	Fig. 4.8 Damaged wing tip structures due to exploding navigation light wire harnesses. 
	(a) 
	(a) 
	Left wing tip, showing overpressure damage to aluminum outer wing 

	(b) 
	(b) 
	right wing tip, showing similar overpressure damage to outer wing (Note 1) Both fiberglass wingtips were destroyed by the strike in flight. (Note 2) Flash entered at one wing tip and exited from the other. 

	the shock wave is transformed into a pressure rise over
	4.2.5 
	4.2.5 
	Shock Wave and Overpressure 

	and above that in the shock wave itself. This results 
	in a total overpressure of several times that in the free 
	When a lightning stroke current flows in an ion-shock wave at the surface. ized leader channel, as when the first return stroke Depending on the distance ofthe channel from the occurs, a large amount of energy is delivered to the aircraft surface, overpressures can range up to several channel in 5 to 10 microseconds, causing the channel hun~ed atmospheres at the surface, resulting in imto expand with supersonic speed. Its temperature has plosion type damage, such as that shown in Fig. 4.9 been measured by s
	-
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	Fig. 4.9 Implosion damage from lightning flash overpressure. Flash swept aft beneath wing from propeller. 
	Fig. 4.9 Implosion damage from lightning flash overpressure. Flash swept aft beneath wing from propeller. 
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	Fig. 4.10 Orientation of lightning path and shock wave with respect to lower side of aircraft wing shown in· Fig. 4.9. 
	(a) 
	(a) 
	Chordwise plane 

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

	Other examples of shock wave implosion dam-age include cracked or shattered windshields and nav-igation light globes. Modern windshields, especially those aboard transport aircraft, are of laminated con-struction and evidently of sufficient strength to have avoided being completely broken by shockwaves and overpressures. Broken windshields resulting from a lightning strike, however, are considered a possible cause of the crash of at least one propeller driven air-craft (4.10]. 
	4.3 
	4.3 
	Direct Effects on Nonmetallic Structures 

	Early aircraft of wood and fabric construction would probably have suffered more catastrophic dam-age from lightning strikes had it not been for the fact that these aircraft were rarely flown in weather con-ducive 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, how-ever, toward use of nonmetallic mate
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	Non-conducting composites: Some of these mate-rials have begun to replace aluminum in secondary structures, such as nose, wing and empennage tips, tail cones, wing-body fairings and control surfaces, and on several occasions the entire aircraft has been fabricated of fiber reinforced composites. 
	Non-conducting composites: Some of these mate-rials have begun to replace aluminum in secondary structures, such as nose, wing and empennage tips, tail cones, wing-body fairings and control surfaces, and on several occasions the entire aircraft has been fabricated of fiber reinforced composites. 
	Often the nonmetallic material is used to cover a metallic object, such as a radar antenna. If this cov-ering 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 light-ning leader. This puncture begins as a pinhole, but, as soon as stroke currents and accompanying blast and shock waves follow, much more damage oc
	An example of a puncture of a fiberglass honey-comb radc;>me is shown on Fig. 4.11 [4.11]. In this case a streamer evidently propagated from the radar dish or some other conductive object inside the radome, puncturing the fiberglass-honeycomb wall and rubber erosion protection boot on its way to meet an oncom-ing lightning leader. Most of the visible damage was done by the ensuing stroke current. 
	Conductive composites: Plastics reinforced with car-bon or boron fibers do have some electrical conductiv-ity, and, because of this, their behavior with respect to lightning is considerably different from that of noncon-ductive materials. Carbon fiber composites ( CFC) are employed extensively in secondary structural applica-tions and occasionally in primary structures as well. 
	Boron reinforced composites were the subject of extensive development efforts in the 1970's, but failed to find applications in airframe design and, with a few exceptions, have disappeared from use. 
	To date, most CFC materials in lightning strike zones have been provided with suitable protection from lightning strike effects. Some in-flight lightning strikes have occurred, with superficial damage that has not become a flight safety hazard. 
	Simulated lightning tests which have been per-formed on CFC materials in the laboratory, however, have shown that unprotected composites may be dam-aged. The lightning damage is due to resistive heating of the carbon fibers, which vaporizes and ignites the binding resin and leaves the fibers in disarray, as shown in Fig. 4.12. Further damage results from the shock wave that accompanies the return stroke currents, and 
	Fig. 4.11 Puncture of a fiberglass-honeycomb radome. 
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	this shock wave may crack thin CFC laminates. Unlike most aluminum alloys, which are ductile and will de-form, but not break, CFC materials are stiff and may shatter. Fig. 4.13 shows the back sides of two test panels, one of aluminum and one of unprotected CFC, both of which had been subjected to the same simu-lated lightning test. The metal panel was only dented, but the CFC panel was badly broken. 
	this shock wave may crack thin CFC laminates. Unlike most aluminum alloys, which are ductile and will de-form, but not break, CFC materials are stiff and may shatter. Fig. 4.13 shows the back sides of two test panels, one of aluminum and one of unprotected CFC, both of which had been subjected to the same simu-lated lightning test. The metal panel was only dented, but the CFC panel was badly broken. 
	-
	AFTER 
	BEFORE 
	Fig. 4.12 Typical lightning stroke current damage to CFC skin material. 
	Other plastics: Transparent acrylics or polycarbonate resins are often utilized for canopies and windshields. These materials are usually found in Zone 1 or Zone 2 locations, where lightning flashes may attach or sweep by. Most of the polycarbonates are very good insula-tors, however, and so will successfully resist punctures by lightning or streamers. The electric field will pene-trate them and induce streamers from conducting ob-jects inside, but these streamers are not usually able to puncture a polycarb
	Fighter pilots beneath polycarbonate canopies have often reported electric shocks indicative ofstream-ering off their helmets, but the current levels involved have not been harmful because the streamers have not come in direct contact with the lighining flash. Lead-ers approaching the outside of a canopy travel along its surface to reach a metallic 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
	Electric shock and flash olindness: While harmless to a canopy itself, flashes passing just outside frequently cause electric 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. 
	Fig. 4.13 Comparison of damage to different materials. 
	(a) 
	(a) 
	Aluminum panel (b) CFC panel 
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	Fig. 4.14 Evidence of lightning attachment to canopy fastener and scorching of canopy. 
	Fig. 4.14 Evidence of lightning attachment to canopy fastener and scorching of canopy. 


	In addition to the direct effects described in the preceding paragraphs, replacement of metallic skins with nonmetallic materials removes the inherent pro-tection against electromagnetic field penetration that is an importan{ by-product of aluminum skins. Elec-trical wiring and electronic components enclosed in-side nonmetallic skins are therefore likely to be much more susceptible to the indirect effects of lightning than those inside metallic skins unless specific mea-sures are taken to reduce this suscep
	I R voltages: Airframes fabricated of CFC also have substantially more resistance than do aluminum air-frames, and large potential differences, called IR v~lt­ages may arise between various locations in an air-frame, contributing further to indirect effects on elec-trical and avionic systems. A further description of indirect effects is found in §4. 7 and discussions of ba-sic mechanisms are provided in Chapter 8. 
	4.4 
	4.4 
	Direct Effects on Fuel Systems 

	Aircraft fuel systems represent one of the most critical lightning hazards to flight safety. An electric 
	• 
	arc conducting only one ampere or so of current is sufficient to ignite flammable hydrocarbon fuel vapor, yet lightning flashes inject may inject thousands of am-peres of current into an aircraft. 
	There are several dozen civil and military air-craft accidents on record which have been attributed to lightning ignition of fuel. Examples are discussed in [4.13] and [4.14]. Although the exact source of igni-tion in each case remains obscure, the most likely pos-sibility··;;-that~k~t;ica.f ~~ing or sparking occurred at some structural joint or plumbing device not inten-tionally designed to conduct electric currents. Some accidents have been attributed to lightning ignition of fuel vapors exiting from vent
	--In addition to the direct eff~t; de~crlbed above, there are several instances in which indirect effects have evidently accounted for ignition of fuel. Light-ning induced voltages in aircraft electrical wiring are believed to have resulted in sparks, for example, across a capacitance type fuel probe or some other electri-cal 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 [4.15] have shown that the voltage re-quired to spark a typical capacitance type probe is many times greater than that induced in fuel gauge cir-cuits 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. 
	probes are designed to preclude such occurrences, and laboratory tests [4.15] have shown that the voltage re-quired to spark a typical capacitance type probe is many times greater than that induced in fuel gauge cir-cuits 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. 
	Outcome of research: The accidents referenced above prompted extensive research into the lightning ef-fects on and protection of aircraft fuel systems. Im-proved bonding, lightning protected filler caps and access doors, active and passive vent flame suppres-sion devices, flame retardant foams, and safer (i.e., less flammable) fuels are examples of developments which have resulted from this research. In addition, FAA airworthiness requirements now focus attention on lightning protection for aircraft fuel sy
	4.5 
	4.5 
	Direct Effects on 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 ex-
	ample, lightning may shatter the protective globe and 
	light bulb. This may in turn allow the lightning chan-
	nel to contact the bulb filament so that lightning cur-
	rents may flow into the electrical wires running from 
	the bulb to the power distribution bus. Even if only a 
	fraction of the total lightning current enters the wires, 
	they may be too small to conduct the thousands of am-
	peres involved and thus will be melted or vaporized, 
	as described in §4.2. 
	The accompanying voltage surge may cause break-
	down of insulation or damage to other electrical equip-
	ment powered from the same source. At best, the 
	initial component affected is disabled, and, at worst, 
	enough other electrical apparatus is disabled along 
	with it to impair flight safety. There are many exam-
	ples of this effect, involving both military and civil air
	-

	craft. Externally mounted hardware most frequently involved includes navigation lights, antennas, wind-shield 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 light-ning currents, they were frequently burned away. The high frequency radio sets feeding these antennas were also frequently damaged, an
	Illustration of damage: Damage may be increased when an electrical assembly is mounted on nonmetal-lic portions of the airframe because some lightning cur-rent may have to use the assembly ground wire as a path to the main airframe, as described in §4.2. That the resulting damage can be extensive is exemplified by a strike to a small single engine aircraft with fiberglass wing tips which included fuel tanks, the type pictured in Fig. 4.15. 
	The details of this incident [4.15, 4.16] will illus-trate several of the strike effects described in this sec-tion. 
	This aircraft, flying at about 900 m (3000 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 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. 
	1. 
	1. 
	The No.1 VHF communication set burned out. 

	2. 
	2. 
	Seventy five percent of the circuit breakers were tripped, of which only 50% could be reset later. 

	3. 
	3. 
	The left wing tip fuel tank quantity indicator was disabled. 

	4. 
	4. 
	The right main fuel tank quantity indicator was badly damaged 

	5. 
	5. 
	Several instrument lights were burned out. 

	6. 
	6. 
	The navigation light switch and all the lights were burned out. 

	The aircraft, nevertheless, was able to land at a nearby airport. Subsequent inspection showed exten-sive damage to the right and left wing tips and to their 
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	electrical wiring. The attachment points and direct ef-fects are pictured in Fig. 4.16(a) through (f) [4.16] and are represented by a diagram in Fig. 4.17. 
	electrical wiring. The attachment points and direct ef-fects are pictured in Fig. 4.16(a) through (f) [4.16] and are represented by a diagram in Fig. 4.17. 
	Sequence of events: The evidence suggests that the 
	flash included two or more strokes separated by a few 
	milliseconds of continuing current. Assuming, for pur-
	poses 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, Fig. 
	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. 
	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 Fig. 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 Fig. 4.16(c). From there, the current fol-
	lowed the filler gap ground braid and exited the air_craft at the filler cap, Fig. 4.16( d). 
	-

	Blast forces from stroke No.1 at the right naviga-tion light housing also shattered the lamp globe and bulb, as shown in Fig. 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 Fig. 4.17. Until break-down occurred here, a few microseconds after the first stroke began, the wire was at sufficiently high volt-age to break down the insulation to the neighboring sender wire. This breakdown occurred all along the wire inside the right wing. The portion o
	FIBERGLASS WING TIPS 
	NAVIGATION LIGHT 
	Fig. 4.15 General aviation aircraft with plastic wing tips. 
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	Fig. 4.16 Attachment points and direct effects on plastic wing tips. 
	Fig. 4.16 Attachment points and direct effects on plastic wing tips. 
	Since the aircraft was moving forward, the entry to the left wing tip, where by this time the stroke had and exit points of the second stroke were farther aft swept aft adjacent to the navigation lamp, shown in on both wing tips than the points of the first stroke. Fig. 4.16(f), from which point the stroke current ex-
	Since no other metallic components were present aft ited. Current from stroke No.2 thus probably arced be-of the first stroke entry point on the right wing tip, tween the left outer rib to the navigation lamp power the second stroke punctured a hole in the fiberglass wire (the ground wire having been vaporized by the trailing edge and contacted the metallic outboard rib, first stroke), which it followed to the lamp housing. as shown in Fig. 4.16(e). As shown in Fig. 4.17, cur-The power wire was vaporized by
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	PUNCTUR E 
	Fig. 4.17 Plastic wing tips and associated electric circuits and locations of lightning effects. 
	Both left and right navigation lamp power wires were connected together in the cabin and to both the 12 V de bus and the taillight. The voltage and current surges which entered the lamp power wires inboard of the outer rib feedthroughs were also conducted to the taillight, burning it out, and to the 12 Vdc 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 air-craft. Arcing undoubtedly occur
	Similar incidents: There have been lots of similar inci-dents [4,17, 4.18], and together these have stimulated the design and verification measures [4.19] for general aviation aircraft with :fiberglass components such as 
	these wing tip fuel tanks. Many of these aircraft, how-ever, 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 auite adeauate for an installation in which a metal skin was available to carry away light-ning currents, but they are woefully inadequate when used unmodified inside a plastic wing tip, where they become the only conducting pat
	4.6 
	4.6 
	Direct Effects on Propulsion Systems 

	With the exception of a few incidents of tempo-rary malfunction similar to the incident reported in the introduction to this chapter, there have been no reports of adverse lightning effects on reciprocating en
	-
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	gines. 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 Figs. 4.18 and 4.19 [4.20, 4.21]. Lightning currents must flow through propeller blade and engine shaft bearings, but these are massive enough to carry these currents with no harmful effects. Wooden pro-pellers, especially ones without metal leading edges, could probably undergo more .damage, but these are seldom used on aircraft w
	gines. 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 Figs. 4.18 and 4.19 [4.20, 4.21]. Lightning currents must flow through propeller blade and engine shaft bearings, but these are massive enough to carry these currents with no harmful effects. Wooden pro-pellers, especially ones without metal leading edges, could probably undergo more .damage, but these are seldom used on aircraft w
	Turbine stalls: Reported lightning effects on turbo-jet engines show that these effects also are limited to temporary interference with engine operation. Flame-outs, 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 en-gines and fuselage air inta~es, or other military and civil aircraft with engines externally mounted on the fuselage. 
	There have been no attempts to duplicate engine flameouts or stall with simulated lightning in a ground test, and there has been no other qualitative analysis of the interference mechanism; however, it is gener
	-

	ally believed that these events result from disruption of the inlet air by the shock wave associated with the lightning channel sweeping aft along a fuselage. This channel may indeed pass close in front of an engine in-take, and if a restrike occurs, the accompanying shock wave is considered sufficient to disrupt engine opera-tion. The steep temperature gradient may also be im-portant. These effects have been reported as occurring more often on smaller military or business jet aircraft than on larger transp
	Oper~tional aspects: In some cases a complete flame-out 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 antic-ipate pos
	There have been only a few reports oflightning ef-fects on wing mounted turbojet engines, since these are usually large engines in which the shock wave from a lightning flash is probably inadequate to noticably dis-rupt inlet air flow. There are no reports of power loss of turboprop engines as a result of lightning strikes. 
	Fig. 4.18 Lightning strike damage to a propeller. Fig. 4.19 Li~htning strike damage to a spinner. 
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	4.
	4.
	4.
	7 Indirect Effects 

	Even if the lightning flash does not directly con-tact the aircraft's electrical wiring, strikes to the air-frame are capable of inducing voltage and current surges in this wiring. 
	Upset or damage of electrical equipment by these induced voltages is defined as an indirect effect. Indi-rect effects must be considered along with direct effects in assessing the vulnerability of aircraft electrical and electronics systems. Flight critical systems such as the full authority engine control system illustrated in Fig. 
	4.20 
	4.20 
	are potentially susceptible to indirect effects, and careful attention must be given to protection design and verification. 

	Reports: 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 atten-tion. There is increasing evidence, however, of trou-blesome indirect effects. Incidents of upset or damage 
	to avionic or electrical systems are showing up in air-line 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 1971 to 1984 (4.22]. 
	Table 4.1 EVIDENCE OF INDIRECT EFFECTS IN COMMERCIAL AIRCRAFT (214 strikes) 
	1----------------I_n_terference 
	1----------------I_n_terference 
	1----------------I_n_terference 
	Outage 

	HF communication set 
	HF communication set 
	-
	S 

	VHF communication set 
	VHF communication set 
	27 
	3 

	VOR receiver 
	VOR receiver 
	5 
	2 

	Compass (all types) 
	Compass (all types) 
	22 
	9 

	Marker beacon 
	Marker beacon 
	-
	2 

	Weather radar 
	Weather radar 
	3 
	2 

	Instrument landing system 
	Instrument landing system 
	6 
	TD

	Automatic direction finder 
	Automatic direction finder 
	6 
	TD

	Radar altimeter 
	Radar altimeter 
	6 
	TD

	Fuel flow gauge 
	Fuel flow gauge 
	2 
	TD

	Fuel quantity gauge 
	Fuel quantity gauge 
	TD

	Engine rpm gauges 
	Engine rpm gauges 
	4 

	Engine exhaust gas temperature 
	Engine exhaust gas temperature 
	2 

	Static air temperature gauge 
	Static air temperature gauge 
	TD

	Windshield heater 
	Windshield heater 
	TD

	Hight director computer 
	Hight director computer 
	TD

	Navigation light 
	Navigation light 
	TD

	ac genera tor tripoff 
	ac genera tor tripoff 
	(6 instances 
	TD

	of !ripoff) 
	of !ripoff) 
	TD

	Autopilot 
	Autopilot 
	I 
	TD


	The incidents reported in Table 4.1 occurred in 20% of the total of 851 lightning strike incidents re-ported 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 lightning induced voltages actually occur in all aircraft electric wiring at once. Thus it is evident that surges reach higher values in some circuits than in others or that
	Trends: While indirect effects have not historically been a major safety hazard, there are four trends in aircraft design and operations which could increase the potential problem. These include the following: 
	1. 
	1. 
	Increasing use of composite structures in place of aluminum. 

	2. 
	2. 
	Further miniaturization of solid state electronics 

	3. 
	3. 
	Greater dependence on electronics to perform flight critical functions 

	4. 
	4. 
	Greater congestion in terminal airways, requir-ing more frequent flight through adverse weather conditions at altitudes where lightning strikes fre-quently occur. 

	Consequences: One of the consequences of these trends is that protective measures which in older gen-eration metal aircraft largely "come for free" must, in the future, be explicitly provided, usually with an ad-verse effect on aircraft weight and program cost. 
	Demarcation line: The demarkation line between di-
	rect and indirect effects may be somewhat arbitrary in some instances. An example might involve a lightning flash terminating on a wing tip navigation light. In this case, the burning or blasting damage to the light fixture would be considered a direct effect of the light-ning. If the lightning flash were to contact the filament of the bulb and inject current into the wiring, electri-cal effects would be produced ranging from overvoltage breakdown nf the insulation at the socket to tripping of remote circui
	Another hypothetical possibility would involve a lightning flash that passed close to but did not con-tact the aircraft. The changing electromagnetic field produced by that flash might upset electronic equip-ment. The circuit upsets produced by such a flash 
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	would clearly be of an indirect nature, since there was no direct involvement of the aircraft with the lightning flash. Usually, however, the indirect effects of concern are produced by a flash that contacts the aircraft. 
	would clearly be of an indirect nature, since there was no direct involvement of the aircraft with the lightning flash. Usually, however, the indirect effects of concern are produced by a flash that contacts the aircraft. 
	Mechanisms: The mechanism whereby lightning cur-rents induce voltages in aircraft electrical circuits is 
	¢ 
	illustrated in 4.20. As lightning current flows through an aircraft, strong magnetic fields which sur-round the conducting aircraft and change rapidly in accordance with the fast changing lightning stroke cur-rents are produced. Some of this magnetic flux may leak inside the aircraft through apertures such as windows, fairings, seams, and joints. 
	-

	¢ 
	I 
	4> 
	4> 
	Magnetic flux interacts with interconnecting cables 

	f:1 <? <? <? ODDOODDDD .f:J Lightning interaction with aircraft electronic systems. ==:::} Lightning currents flow in aircraft 
	(a) 
	ew 
	where 
	it Lightning current in airframe 
	. dr!J 
	e, = ZR + _:_ 
	R Structural resistance of airframe
	dr 
	J

	4> 
	4> 
	Magnetic flux 

	. 1
	Zs = Ls e.(r)dr 
	e8 Shield external voltage 
	ew = isRs 
	z, = Shield current Zw = -1:--Jew(T)dr ew Shielded wire voltage iw Shielded wire current (max) 
	Fig. 4.20 Magnetic flux penetration and induced voltages in electrical wiring. 
	(a) 
	(a) 
	Installation (b) Mechanisms 
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	Magnetically induced voltages: 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 air-frame. The former are often referred to as line-to-line voltages and the latter as c
	Magnetically induced voltages: 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 air-frame. The former are often referred to as line-to-line voltages and the latter as c
	Structural IR voltages: In addition to these induced voltages, there may be resistive voltage rises along the airframe as lightning current flows through it. These are called structural IR voltages. If any part of an aircraft circuit is connected anywhere to the airframe, these structural IR voltages may appear between cir-cuit wires and the airframe, as shown in Fig. 4.20. For airframes made of highly conductive aluminum, these voltages are seldom significant except when the lightning current must flow thr
	Other aspects of indirect effects: Magnetically in-duced and structural I R voltages occur simultaneously in nearly all wiring within an aircraft during a light-ning strike, so the potential exists for multiple effects on avionic systems. For example, four channels of a quadruplex redundant digital flight control system might all be damaged at the same time, if protection against indirect effects is not incorporated. Safe op-erations of such systems in the lightning environment cannot be achieved by relying
	Systems of concern: Systems of greatest concern re-garding indirect effects include the following. 
	1. 
	1. 
	Full authority, digital engine control (FADEC) systems. 

	2. 
	2. 
	Full authority electronic flight control (Fly-by-wire) systems. 

	3. 
	3. 
	Supervisory control steps capable of initiating control inputs that could endanger flight safety. 

	4. 
	4. 
	Fully or highly integrated cockpit instruments and displays. 

	5. 
	5. 
	Electronic flight instrumentation (EFIS) systems. 

	6. 
	6. 
	Aircraft electric power control and distribution systems. 

	7. 
	7. 
	Electrical/avionic systems that include externally mounted apparatus, such as air data probes, heaters, actuators and antennas. 

	Relation to EMI and EMC: Indirect effects of light-ning are part of the broad subject of electromagnetic interference (EMI) and control (EMC). The EMI and EMC standards in industry wide use, however, do not deal with the indirect effects of lightning. Neither do aircraft industry performance standards, such as D0160 published by the Radio Technical Commission for Aeronautics (RTCA) [4.23). Efforts are underway to add meaningful lightning indirect effects environments to the family of EMI/EMC standards, but 
	-

	A major difference is that lightning induced tran-sients are best characterized as a time domain phe-nomenon, while classical EMI/EMC concerns relate to the frequency domain. Susceptibility to excessive voltages or currents and susceptibility to narrow band interference or emission are not the same thing and protection against one does not necessarily imply pro-tection against the other. 
	Coordination of standards: Coordinated standards are unlikely in the near future. Therefore, separate and dedicated efforts and protection criteria must be applied to achieve successful protection of flight criti-cal/essential systems against lightning indirect effects. Design of protective measures against indirect effects is treated in Chapters 8 through 18. 
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	Chapter 5 
	Chapter 5 
	THE CERTIFICATION PROCESS 
	5.1 
	5.1 
	Introduction 

	The purpose of this chapter is to describe the air-craft lightning protection requirements set forth by the Federal Aviation Administrat.ion (FAA) and other agencies, and to discuss the several steps that can be taken by applicants to comply with these require-ments. '\V'here applicable, the role of the FAA certify-ing engineer or designated representative is discussed in addition to the activities of the aircraft design en-gineers and certification managers. 
	The material in this chapter includes descriptions of performance requirements, standards, specifications and procedural steps. It does not include design data or methodology, which are the subject of the succeed-ing chapters. It is recommended that those respon-sible for design and certification be familiar with the material in this chapter before proceeding with a light-ning design program, as the success and efficiency of an overall design depends considerably on the steps followed to achieve the design.
	Aircraft lightning protection requirements and re-lated standards have improved substantially in the past decade, to the point where they now address nearly all of the potential lightning hazards and in-corporate the known aspects of the lightning environ-ment. Before this, the aircraft protection requirements 
	[5.1] 
	[5.1] 
	focussed on one or two potential hazards, such as fuel tanks and access panels or antennas and other ex-ternal" points of entry" while ignoring other areas such as internal arc and spark sources or indirect effects on electrical and avionic systems. 

	The requirements and standards are also being updated periodically to reflect improved understand-ing of the natural lightning environment and the emer-gence of new aircraft design technologies, such as elec-tronic control systems and advanced composite air-frames. This progress appears well positioned to adapt to future trends as well, via on-going technology re-view and standards writing activities among industry and regulatory agency groups. 
	The lightning protection design and certification process has been aided by a proliferation of technical literature on aircraft lightning interaction mechanisms, protection techniques and verification methods. Much of this material is summarized in this chapter and fre-quent references to important sources of additional in-formation are provided. 
	5.2 
	5.2 
	FAA Lightning Protection Regulations 

	Since lightning represents a possible safety hazard whose consequences may extend to loss of the aircraft, and the lives of those aboard, the fundamental goal of aircraft lightning protection is to prevent catastrophic accidents, and to enable the aircraft to continue flying safely and be able to land at a suitable airport. 
	FAR's and AC's: Lightning protection requirements have therefore been included in the collection of Fed-eral Aviation Regulations (FAR's) and Advisory Cir-culars (AC's) aimed at ensuring that the above goal is met for all except experimental and certain acro-batic aircraft. These regulations deal with the aircraft as a whole, and more specifically with the fuel system and other flight critical and essential systems. Specific regulations for each category of aircraft and rotorcraft are listed in Table 5.1 an
	Lightning protection requirements are included in the FAR's for Transport Category Aircraft (Part 25), Normal, Utility and Acrobatic Aircraft (Part 23), which are herafter referred to as "General Aviation" aircraft and for both categories of rotorcraft (Parts 27 and 29), though some differences in applicable para-graph numbering and wording exist. Descriptions fol-low. It will be noted that the lightning protection regulations are functional requirements that are com-paratively brief. The intensity of the l
	The lightning environment for design and certifi-cation purposes is p1<esented in FAA Advisory Circu-lars [5.2, 5.3], along with definitions of lightning strike zones and guidance for locating them on specific air-craft. It is also discussed in §5.5. 
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	Table 5.1 -Federal Aviation Regulations Pertaining to Lightning Protection 
	Table 5.1 -Federal Aviation Regulations Pertaining to Lightning Protection 
	Vehicle Type and Regulations Aircraft Rotorcraft 
	General Transport Normal Transport Aviation 
	Airframe 
	Airframe 
	Airframe 
	23.867 
	25.581 
	27.610 
	29.610 

	Fuel system 
	Fuel system 
	23.954 
	25.954 
	27.954 
	29.954 

	Other Systems 
	Other Systems 
	23.1309 
	25.1309 
	27.13090 
	27.1309H 


	5.2.1 
	5.2.1 
	Protection of the Airframe 

	The basic lightning protection regulation for air-frames is the same for all vehicle categories, and ap-pears in the FAR's as: 
	LIGHTNING PROTECTION 
	§ 25.581 lightning protection. 
	(a) 
	(a) 
	The airplane must be protected against eatastrophir: effects fmm lightning. 

	(b) 
	(b) 
	For metallic components, compliance with p:tral-(mph (>\) of this section may be shown by
	-


	(1) 
	(1) 
	llonding the components properly to the airframe; or 

	{2) Designing the components so that n strike will not endanger the airplane. 
	(c) 
	(c) 
	For nonmetallic components, compliance with paragraph (a) of this sect.ion may be shown by
	-


	(1) 
	(1) 
	Designing the components to mini-mize the e!Tect of a strike; or 

	(2) 
	(2) 
	Incorporating acceptrrhle means of diverting the resulting eledrieal r:nrrent. so as not to endanger the airplane. 

	Identical regulations are found in the FAR's deal-ing with General Aviation (Part 23) and Rotorcraft (Parts 27 and 29). These regulations state that com-pliance can be shown either by bonding components to the airframe or by designing components so that a strike will not endanger the airframe. In this con-text the term "bonding" refers to electrical connec-tions among components, sufficient to withstand light-ning currents. 
	At the time this basic regulation was formulated it was widely believed that hazardous lightning effects were limited to the external structure or to compo-nents directly exposed to lightning strikes and that protection from these effects could be achieved by ensuring that they were adequately bonded to the main airframe. Examples were flight control surfaces·, air data probes, empennage tips and other compo
	-

	nents located at extremities of the aircraft where light-ning strikes most frequently occur. Adequate bond-ing would prevent damage to the hinges, fasteners and other means of attaching these components to the air-
	frame. 
	Bonding resistance: Unfortunately, this emphasis on bonding has led some designers to conclude that bond-ing, by itself, will provide adequate lightning protec-tion for an aircraft and that little else need be done. To them, a lightning protected aircraft has meant a 
	"bonded" aircraft. Verification of this "bonded" status has, in turn, been signified by attainment of a specified electrical resistance among the "bonded" components. The industry has adapted various bonding resistance limits for this purpose, among them the US military specification MIL-B-5087B [5.1], which requires that components subject to lightning currents be intercon-nected with a "bonding" resistance not exceeding 2.5 milliohms. This is achieved by allowing metal-to-metal contact among parts and ver
	Criteria like the 2.5 milliohm bonding specifica-tion have taken on an importance all of their own, to the neglect of the real purpose of design, which is to prevent hazardous lightning effects. Whereas electri-cal continuity among metal parts of an aircraft is im-portant, there are many other features of a successful protection design that are of equal or greater impor-tance. 
	Effects within the aircraft: The focus of FAR 25.581 on the bonding and externally mounted components has perhaps led designers to give much less attention to lightning effects occurring within the airframe, ei-ther directly from current flow among internal struc-tural members or indirectly, from changing magnetic and electric fields interacting with electrical systems. These indirect effects have been the cause of several catastrophic accidents, brought about by electrical arcing among fuel tank components
	-
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	tailed discussions of these effects and related protec-tion methods are found in the succeeding chapters. 
	tailed discussions of these effects and related protec-tion methods are found in the succeeding chapters. 
	The emphasis of FAR 25.581 on the external and bonding aspects of lightning protection does not, of course, excuse the designer from actively identifying and addressing all potentially hazardous direct and indirect lightning effects. The first sentence of FAR 
	25.581 
	25.581 
	is the important general requirement: 

	The airframe must be protected against catas-
	trophic effects of lightning. 
	5.2.2 
	5.2.2 
	Protection of the Fuel System 

	The emphasis of FAR 25.581 on the external as-pects of lightning protection, and the occurrence of several catastrophic accidents directly attributed to lightning-related ignition sources within fuel tanks, led to the addition of FAR 25.594, which focuses specific attention on aircraft fuel systems, as follows: 
	§ 25.954 Fuel system lightning protection. 
	Tho fuel system must be designed and ar-mnged to prevent. the ignition of fuel vapor within the system hy
	-

	(a) 
	(a) 
	Direct lightning strikes to areas hav-ing a high probability of stroke attachment; 

	(b) 
	(b) 
	Swept lightning strokes to areas where swept strokes are highly probable; and 

	(c) 
	(c) 
	Coromt and streamering at fuel vent outlets. 

	Identical wording is found in the regulations for General Aviation Aircraft (Part 23) and Rotorcraft (Parts 27 and 29), shown in Table 5.1. Again the em-phasis is on prevention of fuel vapor ignition sources due to the lightning strike attachment to exterior sur-faces of the aircraft, but the first sentence states the important requirement: 
	The fuel system must be designed and ar-
	ranged to prevent the ignition of fuel vapor 
	FAR 25.594 thereby addresses one of the most important potential lightning hazards to an aircraft. Acceptable means of compliance with this regulation are described in a companion Advisory Circular (AC) [5.2]. 
	5.2.3 
	5.2.3 
	Protection of Other Systems 

	No FAR's deal specifically with lightning protec-tion of other systems, such as the flight control, propul-sion, electrical and avionic systems. However, the gen-eral safety regulations for equipment, systems and in-stallations aboard the aircraft, stated in FAR 25.1309, require protection against hazards resulting from any 
	foreseeable operating condition, one of which is a light-ning strike, as follows: 
	§ 25.1309 Equipment systems and installa-tions. 
	(a) 
	(a) 
	The equipment, systems, and installa-tions whose functioning is required by this subchapter, must be d('.signecl to ensure that. they perform their intended funetions under any foreseeahle operating condition. 

	(b) 
	(b) 
	The airplane systems and assoeiat<•d !'OBIJIOBents, eonsidPn'd Sl'('aral·l'fy and in rela-tion to other syste1ns, must h" <lesigncd ~o that
	-


	(1) 
	(1) 
	The occurrence of any failure con-dition wloieh would prenmt the eontinnecl safe tlight and landing of the airplane i~ extremely improlmble, and 

	(2) 
	(2) 
	The occurrence of any other failure conditions which would result in injury to the occupants, or reduce the capability of the airplane or the ability of the crew to cope with adverse opemting conditions is improbable. 

	(c) 
	(c) 
	"'arning information must be pro-vided to alert. the r.rew t.o ltllS!Ife system op-erating conditions, and to enable them to l:tke appropriate rorredi1·e action. Syst·ems, con-trols, and nssociat!•d monitoring and waming means must be designC<l so that. crew erro1·s that would <Tl,:tlo additional haz:trds are improlmhle. 

	(d) 
	(d) 
	Complian<"e with the n•quirements of p:tragraphs (b) and (c) of this section ninst be shown loy analysis, nrul whcm IH'<'<'SS:<ry, loy appropriate groun<l, flight, or flight. simulator tests. The analysis must eonsider-
	-


	( 
	( 
	l) Possible modes of fai lurP, includinI! mal functions and damage from extP.mal sources. 

	(2) 
	(2) 
	The proloabilit.y of multiple failures 

	and nmlelected failures. (:l) The resulting clfcds on the airplane 
	and oc'J'llpauts, considering-the stn~c of 
	llil!ht. and opPr:tl ing conditions, an<! 
	(4) 
	(4) 
	'l'ltc en·,,· waruin~ C'IH's, ('.orrPdin· 

	action re<plired, ami the capability of ddPc:t.-ing f:lnlls. 
	(c) 
	(c) 
	En"h instnll:ttion who;;t•. fundioning is re<ptirecl by this sub<·hapter, and tl:at requin•:; a power supply, is an "ess!'nlial load" on lloe power sn pply. Th<l power SOIIrces and I he ~_rs · twn must be able to supply the followinl! 1""~'~'1' loads in probabll\ operating <:ombinations and for probable durations: 

	( 
	( 
	J) Lo:tds eoHneeted to lite system with 

	the s_rs(P.m fnudioning uorwally. (I!) Essential loads, after failure of any 
	onn pri111P 111on~ r, power ('OJln•rler, or t~JlPrgy slor:q..!t'. ch•.rin•. 
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	(:1) Essential loads afll•r failuee of--
	(:1) Essential loads afll•r failuee of--
	-

	(i) 
	(i) 
	Any one engine on two-or thn•e-

	PIIgitw airplanPs; and 
	(
	(
	ii) Any l wo enginl'S on four-or 

	ntore-engine ajrpl:uws. 
	(4) 
	(4) 
	l~ssential loads for whieh an alter-nair. SOIII'l'"· of power is required Ly this <"haptPr, aftt>r any failnre or Jnalfnn ~t ion in any one JHm·pr snpply sy,tpnJ, distril>ution syste1n, <>I' ot\,er utilization sysf('JJl, 

	(f) 
	(f) 
	In det<'nnining compliance with snh-paragrap! Js (r) (:!·) and (:1) of this Sl'<·tion, the po\rPr loads '""Y he assJJJilP<l to he redJw<·d 

	lllld(lt" a IIHlllitori11g Jli'OCf'dlll'f'. ron.sistf'nt wit It 
	safety in IIH> ];intis of operation anl hot·iz<·•l. Loads not. reqnin•d in controlled llight m·Pd not. l>e cnnsiderPd for tla> two-rnginP-inoppra-tin> condition 011 airpl:uws with fon1· or 111ore 
	l'-llg!Jl('S. 
	(g) 
	(g) 
	In showing l"'"'PiiaJWl\ 'rith para-gt·aphs (a) and (h) of tl1is SP.dion " ·ith rrgard to fl1e PIP<"Iri..al sysiPJll :•nd Ptptiplli!'llt c\Psign and illsiall:d ion, <Til it·al Pll\'il'oJIIIII'Ill:d <'1!11 · ditions nnt'l hn <'onside.red. For <deetrical g.eneral ion, d ist ribul ion, a111l utili ~.at inn equip-""'"t re<plirl'd hy o1· nscd in <'Olll]>lying "·ith tl1is f'11aptPr, l'X<'l'j>l equipment e01·ered l•.r 

	'J'pr·hni•·al StandaJ·cl Orders eontaining l'll-,-i mtlllll'lll :tl lesf pro<:edun·~, I lie nhility t.o prm·idc l'Oill inrro1r:;, safe Sl'rl' i<:L~ undnr for!'· seeable ell\·ironmcntal con1litions may he shown by environnwntal tests, design analysis, or reference to [H'el·ious comparable service ex-perience on other aircraft. 
	Since FAR 25.1309 makes no specific mention of lightning as a "foreseeable operating condition," this regulation has sometimes not been applied with re-spect to lightning protection. The occurrence of light-ning strikes to aircraft is, however, today a widely rec-ognized "operating condition", so the regulation is in-deed applicable. The important language is found in paragraphs (a) through (d) and (g). The requirements of paragraphs (e) and (f) deal more specifically with propulsion system failures. 
	Multiple hazards: FAR 25.1309 introduces the re-quirement for protection against any system failure that would prevent the "continued safe flight and land-ing" of the aircraft and that a failure condition must be made "extremely improbable". Likewise, the oc-currence of other conditions which would "reduce the capability of the airplane or the ability of the crew to cope with adverse operating conditons" must be made improbable. This part of the regulation is very impor-tant vis avis lightning, which is a c
	essential systems such as propulsion, electric power, airframe, flight control and navigation systems, all of which must perform satisfactorily, there may be mul-tiple effects which may increase pilot work load and reduce the ability of the airplane or crew to continue safe flight. 
	The focus of this regulation on protection against multiple environments and hazards is perhaps its most important aspect. 
	Probability of occurrence: The requirements of FAR 25.1309 are discussed further in an Advisory Circu-lar [.5.3) which defines "highly improbable" as no more than once in 1 000 000 000 (lofflight hours. The fig---ure is more frequently expressed as a "10-probability of occurrence," or 10-events per hour. 
	9
	9 
	9 

	Calculation of numerical probabilities of occur-rence of a certain lightning hazard, or of the failure of a specific protection design, has rarely been attemped because of the difficulty of assigning numerical factors to a large number of possible lightning environment. parameters and modes of interaction between lightning and the aircraft. A simple multiplication of probabil-ities, such as lightning current exceeding a tolerance level, or of lightning striking a particularly vulnera-ble location, or of fue
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	Such an approach is misleading and should not be accepted as evidence of compliance with the FAR 25.1309 requirement of adequate protection of flight critical or flight essential systems! 
	General aviation and rotorcraft: The requirements of FAR 25.1309 are not mirrored in the other Federal A vi-ation Requirements which address general aviation air-craft and rotorcraft. FAR 23. 1309, reproduced below, is narrower in scope than FAR 25.1309 and thus does not address "any foreseeable operating conditions" and cannot be considered a lightning protection require-ment. 
	I 23.1309 Equipment,· systems, and installa-tions. 
	(a) 
	(a) 
	Each item of equipment, when per-forming its intended function, may not ad. 1·ersely affect
	-


	(
	(
	1 ) The response, opemtion, or accuracy of any equipment essential to safe operation; or 

	(2) 
	(2) 
	The response, operation, or accuracy of any other equipment unless there is n means to inform the pilot of the elfect. 

	(b) 
	(b) 
	The equipment, systems, and installa
	-
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	tions of a multiengine airplane must be de-signed to pre,·ent hazards to the airplane in the event of a probable malfunction or failme. 
	tions of a multiengine airplane must be de-signed to pre,·ent hazards to the airplane in the event of a probable malfunction or failme. 
	(c) 
	(c) 
	The equipment, systems, nnd installa-tions of a single-engine airplane must be de-signed to minimize hazards to the airplane in the e,·ent of a probable malfunction or failure. 

	5.2.4 
	5.2.4 
	Other FAA Requirements 

	Recognizing the increasing role of electronic con-trols in operation of the aircraft, the FAA initiated a rule-making project to add a FAR dealing specifically with lightning protection of flight critical and flight es-sential electrical and avionic systems and equipment. When adopted, this regulation will require that these systems and equipment continue to perform their in-tended functions; that is, remain operational, following an in-flight lightning strike. The requirement will thus further strengthen a
	Users of this handbook should ascertain the sta-tus of these new regulations and become familiar with their use and applicability. Methodology for compli-ance with these new regulations will be presented in a companion FAA Advisory Circular, which has been published in draft form by SAE Committee AE4L [5.4]. The guidelines in that reference have already been utilized for certification of full authority elec-tronic flight and engine control systems. 
	The steps which may be followed to comply with the new regulation are described in [5.4] and repeated in §5.6 of this handbook. 
	5.3 
	5.3 
	Other Aircraft Lightning Protection Requirements 

	The US Department of Defense (DOD) has pro-mulgated requirements for lightning protection of mil-itary aircraft and rotorcraft. The basic requirements document is DOD Standard 1795 [5.5], which states the functional lightning protection requirements for "aerospace vehicles" purchased by DOD agencies, such as US Air Force, US Army and US Navy. The term "aerospace vehicle" refers to fixed wing aircraft, rotor-craft and missile "systems", as well as to major sys-tems such as engines, external fuel tanks and we
	DOD Standard 1795: DOD Standard 1795 was im-plemented in 1986, following many years of reliance upon MIL-B-5087B [5.1], which focused primarily on electrical bonding and which has been proven to be inadequate for lightning protection. DOD aircraft de
	-

	signed after 1986 are subject to the requirements of DOD STD 1795, which are more comprehensive than those of MIL-B-5087B. 
	Military Standard 1757: The lightning environment for design and verification test purposes of DOD air-craft is defined in US Military Standard 1757 [5.6]. It incorporates the same lightning environment as de-fined in [5.2] and [5.4] for civil aircraft. 
	Certain DOD aircraft are subject to the FAA FAR's as well as to the DOD requirements. These include military transport and cargo aircraft which oc-casionally operate from civil airports and fly extended distances along civilian airways. Often these are air-frames that have previously been certified in accor-dance with the FAA FAR's. Examples include the USAF KC-10A (DC-10), KC-135 (B-707) and RC-12 (Beech King Air, Model 200). 
	Fighters and bombers: Fighter and bomber type air-craft generally do not have to meet the FAA certifica-tion requirements. 
	Foreign aircraft and JAR's: Aircraft of non-US man-ufacture are usually by appropriate agencies of the country of origin, although these aircraft must also meet US FAR's if they are to be operated in the 
	certi£.ed 

	USA. The converse is true for US manu{,;:-ctured air-craft which are to operate in other countries. Compli-ance with the various requirements is facilitated by bi-lateral agreements among nations, and by use of Joint Airworthiness Requirements (JAR's), mutually agreed upon by participating nations. 
	The lightning protection requirements are similar in all sets of regulations, although the applicability and degree of enforcement has varied somewhat. There is a high degree of cooperation among aircraft lightning protection specialists worldwide and further progress in international standardization of lightning protection requirements and standards is likely to occur. 
	5.4 
	5.4 
	Summary of FAA Lightning Protection Requirements 

	The basic requirement is that: 
	the aircraft must be protected against catas-
	trophic effects of lightning, 
	as stated in FAR 25.581 and the companion docu-ments. This applies to the airframe, plus all of the systems and components necessary to allow the air-craft to continue safe flight and landing, as stated in 
	FAR 25.1309. 
	Other existing and proposed regulations focus at-tention on systems of specific importance, including 
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	fuel (FAR 25.954) and other flight essential systems (FAR 25.1309). A forthcoming new regulation and ac-companying advisory circular [5.4] will place further emphasis on protection of electrical and avionic sys-tems. The absence of a regulation pertaining to a specific system does not, of course, mean that such a system does not need to be addressed, since all parts of the aircraft fall under the basic protection require-ment. 
	fuel (FAR 25.954) and other flight essential systems (FAR 25.1309). A forthcoming new regulation and ac-companying advisory circular [5.4] will place further emphasis on protection of electrical and avionic sys-tems. The absence of a regulation pertaining to a specific system does not, of course, mean that such a system does not need to be addressed, since all parts of the aircraft fall under the basic protection require-ment. 
	The FAR's state only the functional requirements, and in the most general and broad terms. Translation of these terms to specific technical design goals is left to the manufacturer of the aircraft or system, with review and approval authority vested in the FAA or its Designated Engineering Representatives (DER's). The lightning environment for protection design and certification purposes is described in §5.5 and the steps necessary to complete the lightning protection and cer-tification tasks are described 
	5.5 
	5.5 
	The Lightning Environment for Design and Verification 

	Before describing the specified lightning environ-ment for aircraft, some discussion is in order as to how it evolved. 
	5.5.1 
	5.5.1 
	Early Lightning Standards 

	The first industry to experience lightning prob-lems, and to establish the need for standardization of a lightning environment for design and test purposes, was the electric utility industry. Shortly after over-head power transmission and distribution lines became widespread, it was apparent that lightning would be a severe problem. Power transformers, generators, mo-tors and switching devices experienced damage from voltage and current surges due to lightning strikes to the power lines. Research programs t
	Shortly thereafter, standards emerged which de-fined lightning surge voltage and current levels to be withstood by power system apparatus. Extensive lab-oratory test facilities were constructed to enable equip-ment to be tested to verify ability to tolerate these standards. As power transmission voltages increased and associated equipment became more sophisticated, improvements were necessary in lightning protection technology and the need for better information on the natural lightning environment continue
	Insulation coordination: This research led to a com-prehensive philosophy, called insulation coordination, dealing with the lightning protection of electric power equipment. It incorporates standardized voltage lev-els to which equipment is designed, standardized lev-els and procedures for proof tests on apparatus and standards on the performance of protective equipment, such as lightning and surge arresters. All equipment associated with electric power transmission and distri-bution facilities is designed,
	Early research on aircraft: Lightning standards for aircraft emerged at a later date. The Lovettsville, Virginia accident described in Chapter 4 prompted re-search into the possible effects of lightning on aircraft and several of the utility laboratories were called upon to provide test facilities and lightning expertise. Dur-ing the next 15 years, several other accidents, involving ignition of fuel vapors, were thought to have resulted from lightning strikes. Additional research and test-ing programs were 
	Original airplane standards: The first airplane light" ning protection design and test standards were pub" lished by the Federal Aviation Agency (FAA) in its Advisory Circular 25-3 [5.7] and by the US Depart-ment of Defense (DOD) in military standard MIL-B5087 [5.1]. Both of these documents appeared in the mid 1950's. AC 25-3, reprinted somewhat later as AC 20-53, dealt exclusively with lightning protection of airplane fuel systems. MIL-B-5087 dealt exclusively with provision of electrical bonding in airpla
	-

	Defined lightning threat: AC 20-53 and MIL-B-5087 
	each defined the lightning threat as a 200 kiloampere 
	(kA) peak current with a unidirectional waveshape, a 
	rate-of-rise of 100 kA/f.LS and a decay time to 50% 
	of peak amplitude of about 50f.Ls. This represented 
	a severe first return stroke in a cloud-to-earth flash. 
	AC 20-53 also defined an intermediate and continuing 
	current component, but MIL-B-5087 included only the 
	return stroke in its defined environment. 
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	Both documents required tests of critical compo-nents, such as fuel tank skins, access panels, filler caps, antenna installations, and other "points of entry" on the aircraft. No attention was given to the effects of currents conducted through interior structures or sys-tems, or to indirect effects of lightning on electrical and avionics systems. These latter effects were not well understood during this period. 
	Both documents required tests of critical compo-nents, such as fuel tank skins, access panels, filler caps, antenna installations, and other "points of entry" on the aircraft. No attention was given to the effects of currents conducted through interior structures or sys-tems, or to indirect effects of lightning on electrical and avionics systems. These latter effects were not well understood during this period. 
	5.5.2 
	5.5.2 
	Experience With Early Aircraft Standards 

	Most of the early aircraft lightning protection de-sign activities were focused on protection against the direct or physical damage effects of lightning, such as deformation of lightweight metallic structures, melting of holes through fuel tank skins, puncture of dielectric surfaces, such as radomes and canopies, and preven-tion of electrical arcing at structural interfaces in fuel tanks. The required testing was carried out by ex-isting utility manufacturer laboratories, such as GE and Westinghouse, and by
	Unidirectional current waves: However, it was not possible to obtain the unidirectional waveshapes spec-ified in AC 20-53 and MIL-B-5087 with the existing capacitor banks, even those available at the largest electrical equipment manufacturers' laboratories. The reason for this is that the specified unidirectional cur-rent requires an overdamped test circuit including an excessive amount of resistance. The resistance usu-ally limits the peak current to amplitudes of 100 kA and below, with most of the energy 
	Oscillatory current waves: Since the specified over-damped waveform could not be readily produced, lab-oratories instead provided a damped sinusoid wave-form. This required less circuit resistance and allowed the specified 200 kA peak current amplitude to be achieved. Unfortunately, the frequency and time dura-tion of the damped sinusoid currents varied among lab-oratories, since the testing equipment had been built for purposes other than the testing of aircraft equip-ment. There being no standardized defi
	Three typical damped sinusoids, all with 200 kA peak amplitudes, are illustrated on Fig. 5.1. As illus-trated in this figure, there is a significant difference in overall time duration and energy associated with each of the illustrated test currents. Clearly, the amount of damage that would be inflicted on a test specimen by current waveform A1 is much less than that inflicted by waveform A2 and greater tha~ that of A3. This situ-ation was a significant shortcoming in the early light-ning test standards, an
	Figure
	Figure
	~~w,Wv~~ , 
	I 
	I 
	. 

	Fig. 5.1 Three typical damped sinusoid test currents prior to SAE standard. 
	Strike zones: An additional shortcoming in the early airplane lightning standards was the complete absence, in MIL-B-5087, or poor definition, in AC 20-53, of lightning strike zones. Strike zones are the means by which the lightning environment is applied to spe-cific airplane surfaces and structures. The original 
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	zone definitions did not distinguish between surfaces which were trailing edges and those which were lead-ing edges or frontal surfaces, even though the duration of lightning attachment to these types of surfaces is significantly different. It is well known, for example, that lightning currents frequently melt holes in trail-ing edges where the flash may hang on for prolonged periods, whereas holes are infrequent in frontal or side 
	zone definitions did not distinguish between surfaces which were trailing edges and those which were lead-ing edges or frontal surfaces, even though the duration of lightning attachment to these types of surfaces is significantly different. It is well known, for example, that lightning currents frequently melt holes in trail-ing edges where the flash may hang on for prolonged periods, whereas holes are infrequent in frontal or side 
	surfaces of an aircraft. 
	Test methods and indirect effects: Finally, the early standards failed to define acceptable test methods, and did not address indirect effects on aircraft electrical and electronic systems. Lightning related accidents continued to occur, even to aircraft protected in ac-cordance with AC 20-53 and MIL-B~5087. 
	5.5.3 
	5.5.3 
	SAE Committee AE-41 (Lightning) 

	Recognizing the above deficiencies, the FAA and DOD in 1972 requested the Society of Automotive En-gineers (SAE) committee on electromagnetic compati-bility (SAE-AE-4) to form a subcommittee to develop improved aircraft lightning protection design and test standards. The new subcommittee included lightning phenomenologists and specialists in aircraft lightning protection design and testing. The committee was des-ignated special task F and later given the permanent designation, AE-41 (lightning). This commit
	A, B, C and 0 current components: The first task ac-complished by the SAE lightning committee was to de-velop a standard lightning environment for design and test purposes, synthesized from the available natural lightning data. The result, which was first published in 1975 as a committee report entitled Lightning Test Waveforms and Techniques for Aerospace Vehicles and Hardware [5.8], included a standard severe lightning flash current waveform comprised of four current com-ponents, designated A, B, C and D 
	Component A represents the first return stroke of a cloud-to-earth flash and component D is a single subsequent stroke. Components B and C represent in-termediate and continuing currents. The electrical pa-rameters comprise a severe version (but not the most severe possible) of each of these important character-istics of cloud-to-earth lightning flashes. Very little 
	data was available in the 1972-1975 time period on cloud-to-cloud or intra-cloud flashes, although these were generally believed to be less intense than the cloud-to-earth variety upon which the new standard was based. 
	Recognizing that the physical damage to aircraft structures, including arcing among structural joints in fuel tanks, was more dependent upon peak current am-plitude and overall time duration than upon the ac-tual waveform of stroke currents, and that generation of a. unidirectional 200 kA first return stroke current was not likely to become feasible, the new specifica-tion allowed for application of either unidirectional or damped sinusoid currents as long as the peak ampli-tude, action integral and overall
	Action integral: The Action Integral, AI, is the time integral of the current squared and represents the abil-ity of the current to deposit energy in a resistive object. The expression for action integral is given by Eq. 5.1. 
	00 
	AI= 1i(t)dt As (5.1) 
	2 
	2

	where 
	i(t) = time varying lightning stroke current-A t = time-s 
	Action integral, multiplied by specimen resistance (assumed constant), gives the energy dissipated in the specimen, as shown in Eq. 5.2. 
	W= AI x R (5.2) where 
	W =energy-joules or watt-seconds R =specimen or structure resistance-ohms 
	Electric field waveforms: The new SAE lightning en-vironment also included several voltage waveforms in-tended to represent the electric field surrounding an aircraft immediately preceding lightning attachment. These waveforms, designated voltage waveforms A, B, C and D, are used in tests to evaluate possibilities of puncture of dielectric (non-conducting) materials such as ra.domes, windshields and canopies. Other tests were designed to evaluate fuel vapor ignition due to corona and streamers occurring nea
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	Figure
	COMPONENT A: Initial stroke 
	Peak amplitude= 200 kA ± 10% Action integral = 2 x ta6 A2·s ± 20% Time duration<;; 500 IJS 
	COMPONENT C: Continuing current Charge transfer = 200 coulombs± 20% Amplitude= 200-BOOA 
	COMPONENT 8: Intermediate current Maximum charge transfer= 10 coulombs Average amplitude= 2 kA ± 10% 
	COMPONENT D : Restrike Peak amplitude= 100 kA ± 10% A B c Action integral = 0 .25 x 106 A2·s ± 20% Time duration .;;: 500 IJS 
	Figure

	.;; 5 x 10·1 sec 0.25 sec.;;: T.;;; 1 sec Time (not to scale) 
	Fig. 5.2 SAE lightning flash current components. 
	SAE "Red book": The SAE committee report [5.8] rapidly became the US standard for aircraft design and certification testing. It quickly became known as the SAE "red book", after the color of its cover. 
	SAE "Blue book": Beginning in 1974, the SAE Com-mittee had begun coordinating its work with similar lightning standardization activities taking place in the UK and Europe. An in-depth review of proposed standards was held at Culham Laboratory at Oxford, UK in 1975, resulting in changes and improvements in some details. 
	Following the US/UK/Europe deliberations of 1975, and a period of industry use and comment, the SAE Committee published in 1978 a slightly revised set of standards in its report entitled: Lightning Test Wavefonns and Techniques for Aerospace Vehicles and Hardware [5.10]. This document superseded [5.8] and was given a blue cover. It soon became known as the "blue book" and continued as the US standard for aircraft protection design and certification testing, of both civil and military aircraft. Foreign certi
	The SAE "red book" and "blue book" defined the lightning environment, strike zones, and test methods, but did not define lightning protection requirements or pass/fail criteria. These were left to individual con-tracts, in the case of military aircraft, and to FAA regulations applicable to civil aircraft. 
	The SAE and corresponding UK/Europe stan-dards of the 1975-1978 era focused mostly on direct ef-fects, as mechanisms of indirect effects and test meth-ods for evaluating them were not yet fully understood 
	or widely agreed upon by specialists. Research, development and standardization activities in these areas have continued in the US and Europe since 1975, with the result that there is today widespread agreement on methods to design and verify protection against indirect effects. Also, research has continued world-wide into other aspects of the natural lightning envi-ronment, such as characteristics of intra-cloud flashes and mechanisms of aircraft lightning interaction. Re-sults of this research have begun 
	-

	5.5.4 
	5.5.4 
	NASA Space Shuttle Lightning Criteria 

	The NASA Space Shuttle program was announced in 1970 and shortly thereafter NASA convened a panel of lightning phenomenologists and test specialists to formulate a standard lightning environment and other requirements for the Space Shuttle program. Concern regarding potential lightning hazards to the Shuttle was high due to the earlier NASA experience with a lightning strike to the Apollo 12 mission during launch, and to other lightning hazards experienced by earlier 
	NASA and DOD vehicles and launch facilities. The result of this activity was publication in 1973 of the Shuttle Lightning Criteria Document, designated JSC 07636 [5.11]. This document presented a lightning en-vironment, vehicle protection requirements, and cer-tain basic design guidelines for use by the Shuttle el-ement contractors in meeting the protection require-ments. 
	All of these deliberations and the publication of JSC 07636 predated, and significantly influenced, the 
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	activities of the SAE committee. Shortly thereafter, a companion document, Shuttle Lightning Verinca-tion Document, designated JSC 20007, was published [5.12]. This document set forth the requirement for verifying the adequacy of protection design. It de-scribed test waveforms and methods for evaluating ad-equacy of protection against direct and indirect effects, and also included certain analysis methods to be used for indirect effects evaluations. Some sections of JSC 20007 had been included in the initia
	activities of the SAE committee. Shortly thereafter, a companion document, Shuttle Lightning Verinca-tion Document, designated JSC 20007, was published [5.12]. This document set forth the requirement for verifying the adequacy of protection design. It de-scribed test waveforms and methods for evaluating ad-equacy of protection against direct and indirect effects, and also included certain analysis methods to be used for indirect effects evaluations. Some sections of JSC 20007 had been included in the initia
	07636. 
	Shuttle lightning environment: The lightning envi-ronment contained in JSC 07636 was also based upon the known cloud-to-earth environment described by Cianos and Pierce inj5.9]. The Shuttle lightning envi-ronment differed somewhat from the later SAE stan-dard in that several additional components were in-cluded in the idealized current waveform. The peak amplitude of the first return stroke (200 kA), total charge transfer and other key aspects were nearly the same. 
	The idealized waveform described in JSC 07636 was intended for purposes of analysis and the intent was never to require that it be duplicated for tests, per-missible test waveforms being described in JSC 20007. It was also described, for ease of analysis, by straight line segments between specified break points. Some have ascribed undue importance to the segments and breakpoints, even to the point of calling for test gener-ators that produce straight line waveforms. Such was never the intent of the idealize
	Because of the immediate need to translate light-
	ning standards into hardware design features, empha-
	sis in the NASA Shuttle Lightning Criteria Document 
	was placed upon specific design guidelines. Less em-
	phasis was placed on test methodology, as this tech-
	nology area had not yet advanced to the point where 
	standardized methods could be described. 
	TCL', and ETDL's: The Shuttle lightning criteria 
	and verification documents were applied in design and 
	verification of the major Shuttle elements (Orbiter, 
	External Tank and Solid Rocket Boosters). These 
	documents placed a major emphasis on protection 
	against indirect effects, and required the establishment 
	of Transient Control Levels (TCL's) and Equipment 
	Transient Design Levels (ETDL's) for flight critical 
	electrical and avionic systems. The TCL/ETDL con-
	cept, described in [5.13] and [5.14] is an attempt to 
	provide a lightning protection philosophy for electronic 
	equipment similar in concept to the insulation coordi-
	nation philosophy used in the electric power industry. 
	This methodology is becoming more widely used 
	in aircraft lightning protection design and certification 
	programs and establishment of TCL's and ETDL's is 
	one of the procedures called for in the forthcoming ad-visory circular on protection of electrical and electronic systems [5.4]. This procedure is the key to successful protection of these systems, and is discussed more fully in Chapter 15. 
	A large amount of testing and analyses were con-ducted during the design phase to establish transient levels expected to occur in inter-connecting wiring during a lightning strike to the vehicles and to ver-ify that flight critical equipment could tolerate this environment. 
	This was the first time that such a comprehensive standard and set of specifications had been developed 
	and applied to a major aerospace program and this standardization activity was largely successful. Ba-sic protection requirements such as electromagnetic 
	shielding of inter-connecting cables, electrical bonding of critical structures, isolation of certain flight critical circuits, separation of critical wiring types, and other features flowed into contractor design and quality con-trol specifications from the Shuttle lightning criteria and verification documents. 
	5.5.5 
	5.5.5 
	Recent Standardization Activities 

	After a period of industry-wide experience in the late 1970's, DOD and FAA formally adopted the SAE lightning criteria in several standards and specifica-tions pertaining to military and civil aircraft. In 1980, DOD issued MIL-STD-1757 [5.6] which embodied the same lightning environment as published earlier in the SAE report Lightning Test Waveforms and Techniques for Aerospace Vehicles and Hardware [5.10]. The doc-ument also discussed tests and test methods. In 1983 MIL-STD-1757 was reissued as revision A 
	[5.2] 
	[5.2] 
	which also embodied the SAE lightning criteria. This advisory circular addresses lightning protection of aircraft fuel systems. 

	MIL-STD-1795: In 1986 DOD issued its new MIL-STD-1795, Military Standard Lightning Protection of Aerospace Vehicles and Hardware [5.5], which defines lightning protection requirements for military aircraft. This document supercedes the brief lightning require-ments contained in MIL-B-5087 referred to earlier. Also, it places equal emphasis on indirect and direct effects protection and incorporates double exponential descriptions of each of the lightning current compo-nents for use in evaluation of indirect 
	In 1985, FAA announced the proposal to estab-
	lish a new regulation requiring lightning protection for 
	flight critical/essential electrical and avionic systems 
	referred to in §5.3. Supporting this new regulation 
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	will be a new advisory circular which will define the lightning environment and methodology to be used to verify compliance with the new regulation. SAE Com-mittee AE-4L was tasked by FAA to draft the new advisory circular. 
	will be a new advisory circular which will define the lightning environment and methodology to be used to verify compliance with the new regulation. SAE Com-mittee AE-4L was tasked by FAA to draft the new advisory circular. 
	SAE "Orange book": The result of this activity has been published in the SAE Committee AE-4L report 
	Recommended Draft Advisory Circular: Protection of Aircraft Electrical/Electronic Systems Against the In-direct Effects of Lightning [5.4]. This document, which is more commonly known as the "orange book", is now in wide use as a de facto standard for certification of flight critical or essential systems aboard transport category aircraft. 
	MIL-STD-1795 and the SAE "orange book" both embody the original SAE lightning current and volt-age components which were derived from the cloud-to-earth lightning environment originally compiled by Cianos and Pierce. Subsequent reviews of this envi-ronment have been conducted by the SAE committee and UK/European standards organizations, and ad-ditional references compiling data obtained after the Cianos and Pierce publication have also become avail-able. One such reference is that compiled by Anderson and E
	The advent of full authority control systems em-ploying sensitive microelectronics began to focus at-tention on other aspects of the lightning environ-ment including the characteristics of intra-cloud and cloud-to-cloud lightning strikes encountered by air-craft. Whereas the amplitude and action integrals of the currents in these strikes was believed to be less than those associated with cloud-to-earth flashes, other aspects, such as peak rates of change of current and multiplicity of pulses, were of concer
	Research programs: For these reasons, several re-search programs were implemented, beginning in 1980, to study the intra-cloud and cloud-to-cloud lightning environment. In these programs, which were spon-sored by NASA, the US Air Force, FAA, and the. French government, aircraft were instrumented with devices capable of sensing and recording electrical pa-rameters of in-flight lightning strikes. The results of these programs, which are reviewed in Chapter 3, have been widely published and several aspects of 
	the most recent aircraft lightning standards, such as MIL-STD-1795 and the SAE "orange book". 
	Multiple burst environment: The most important of these is the "multiple burst" environment, com-prised of a large number of comparatively low ampli-tude current pulses characterized by high rates-of-rise and short duration, and occurring randomly over the lifetime of the flash. Examples of typical intra-cloud lightning flash currents are presented in Chapter 3. 
	5.5.6 
	5.5.6 
	The Standardized Environment 

	The standardized lightning environment defined in [5.2] and [5.4] is in present use for aircraft design and certification purposes. This environment is a com-bination of individual waveforms which have been syn-thesized from the important characteristics of natural lightning flashes described in Chapters 2 and 3 for cer-tification purposes. The waveforms of components A, B, C, and D are derived from cloud-to-ground light-ning discharges. Component H represents additional characteristics of intracloud and cl
	There are five current component waveforms (A, B, C, D and H) that are applied as appropriate to the lightning strike zone(s) in which system is located. To-gether these components constitute the external light-ning current environment. They are defined as follows: 
	Component A -Initial High Peak Current: Com-ponent A has a peak amplitude of 200 kA, an action integral of 2 x 10A·s and a double exponential wave-form. This waveform, represents a first return stroke of 200 000 amperes at a rate-of-rise of 1 x 10A/sat t = 0.5f.1s. It has a peak rate of rise of 1.4 x 10A/s at t = 0+. This waveform is defined mathematically 
	2 
	2 
	11 
	11 

	as 
	i(t) = Io[e-<>t _ E-f1t] (5.2) 
	where 
	Io = 218810 A 
	1
	a= 11354 s
	-

	(3 = 647265 s-
	1 

	t = times 
	The waveform is shown in Fig. 5.3. 
	The constants in Eq. 5.3 are given to multi-digit precision only for dimensional consistency and it should not be inferred that the actual lightning en-vironment is known to that precision, or that tests made to duplicate tha.t environment must duplicate such precision or that such precision has any engineer-ing value. 
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	Component B -Intermediate Current: Component B has an average amplitude of 2 kA and a charge trans-fer of 10 coulombs. For analysis, a double exponential current waveform should be used. This waveform is again described mathematically as 
	Component B -Intermediate Current: Component B has an average amplitude of 2 kA and a charge trans-fer of 10 coulombs. For analysis, a double exponential current waveform should be used. This waveform is again described mathematically as 
	i(t) = [[E-at_ E-;3t] (5.4) 
	0 

	where 
	I 0 = 11300 A 
	a= 700 s-
	1 

	j3 = 2000 s-
	1 

	t = times 
	The waveform is also shown in Fig. 5.3. 
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	Component C -Continuing Current: Component C 
	is a rectangular waveform delivering 200 coulombs of 
	charge at a rate of between 200 A and 800 A, in a time 
	period of between 0.25 sand 1 s. For analysis purposes, 
	a rectangular waveform of 400 A for a period of 0.5 
	second should be utilized. This component transfers a 
	charge of 200 coulombs. The primary purpose of this 
	waveform is charge transfer. The waveform is shown .inFig. 5.4(a). 
	Component D -Restrike Current: Component D 
	has a peak amplitude of 100 kA and an action integral 
	of 0.25 x 10A·s. This waveform represents a restrike 
	6 
	2 

	of 100 000 amperes peak at a rate of rise of 1x 10A/s 
	11 

	at t = 0.25 sand a peak rate of rise of 1.4 x lOll A/s at 
	t = o+. The waveform is again defined mathematically 
	as 
	i(t) = [ [€-at _ €-IH] (5.5) 
	0 
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	Fig. 5.4 Waveforms of current components Band D. 
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	I 0 = 109405 A 
	I 0 = 109405 A 
	1
	a= 22708 s(3 = 1294530 s-t = time s 
	-
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	The current waveform is also shown in Fig. 5.4. 
	Component H -High rate of rise current: Compo-nent H has a peak current of 10 kA and a peak rate of rise of 2 X lOllA/sat t = o+ The waveform is defined
	0 
	mathematically as i(t) = Io [c:-at -€-.Bt] (5.6) where 
	I0 = 10572 A 
	1
	a= 187191 s
	-

	(3 = 19105 s-
	1 

	t = times 
	The current waveform is shown in Fig. 5.6. 
	Application: Current components A, B, C, D and H together comprise the important characteristics of a severe natural lightning flash current although not all of the components may attach everywhere on the air-craft. Components A, B, D and H are described by double exponential expressions to provide the impor-tant waveshape characteristics such as rise and decay times, rate of rise, peak amplitude and charge trans-fer or action integral. Component C is a rectangular current pulse that transfers most of the c
	Table 5.2 Current Components Applicable in Various Zones 
	Zone current Waveforms 
	MUltiple Multiple A B c 0 Stroke Burs t 
	lA 
	lA 
	lA 
	X 
	X 
	TD
	TD
	X 
	X 

	lB 
	lB 
	X 
	X 
	X 
	X 
	X 
	X 

	2A 
	2A 
	TD
	X 
	TD
	X 
	X 
	X 

	2B 
	2B 
	TD
	X 
	X 
	X 
	X 
	X 

	3 
	3 
	X 
	X 
	X 
	X 
	X 
	X 


	A typical cloud-to-ground lightning flash contains more than one restrike, a severe version of which is represented by component D. In fact, flashes con
	-
	-

	taining up to 24 strokes have been recorded. For pro-tection against direct effects, it is adequate to consider only one return stroke or restrike (Component A or D) because this is assumed to occur anywhere within the appropriate strike zone (1B, 2A or 2B). However, for evaluation of indirect effects it is necessary to consider the multiple-stroke nature of an actual lightning flash, because the succession of strokes may induce corre-sponding pulses in data transfer circuits (for example) causing upset or 
	Multiple stroke: The synthesized multiple stroke waveform is defined as an A current component fol-lowed by 23 randomly spaced restrikes of peak ampli-tude of 50 000 amperes each. This waveform is shown in Fig. 5.5. The 23 restrikes occur over a period of 2 sec according to the following constraints. 
	-The minimum time between subsequent strokes is 10 ms. 
	-The maximum time between subsequent strokes is 200 ms. 
	The restrikes have waveform parameters identical to the D current component with the exception that !0 = 54 703 amperes. Because most of an airframe is located within zone 3 as well as one or more of the other zones, the multiple stroke environment is nearly always applicable. However, there may be special cases in zone 2 where the aircraft system or subsystem and its wiring is isolated from the effects of the initial A current component and is therefore not exposed to the A component current or fields. In 
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	Fig. 5.5 Multiple stroke flash. 
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	Multiple burst: The recommended waveform consists of repetitive component H waveforms in 24 sets of 20 pulses each, distributed over a period of up to two seconds, as shown in Fig. 5.6. The minimum time between individual component H pulses within a burst is 10 f.LS and the maximum is 50 JLS. The 24 bursts are distributed over a period of 2 sec according to the following constraints: 
	Multiple burst: The recommended waveform consists of repetitive component H waveforms in 24 sets of 20 pulses each, distributed over a period of up to two seconds, as shown in Fig. 5.6. The minimum time between individual component H pulses within a burst is 10 f.LS and the maximum is 50 JLS. The 24 bursts are distributed over a period of 2 sec according to the following constraints: 
	-The minimum time between subsequent strokes is 10 ms. 
	The maximum time between subsequent strokes is 200 ms. 
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	(a) 
	(a) 
	Overall waveform 

	(b) 
	(b) 
	Pattern of pulses in a burst 

	(c) 
	(c) 
	Waveform of an individual pulse 

	Component H represents a high rate of rise pulse whose amplitude and time duration are much less than those of a return stroke. Such pulses have been found to occur randomly throughout a lightning flash, in-terspersed with the other current components. While not likely to cause physical damage to the aircraft or electronic components, the random and repetitive na-ture of these pulses may cause interference or upset to certain systems. 
	The multiple stroke and multiple burst environ-ments are not intended to be applied to the full vehicle in a test. The multiple stroke and burst internal envi-ronment may be determined by testing using a single component to obtain the transfer function of interest, or to obtain the actual transient response level. The independent responses should then be repeated and spaced as described in Figs. 5.5 and 5.6 for upset as-sessment. It should then be shown by analysis or test that, by virtue of system design, 
	A summary of the parameters of the idealized lightning current waveforms is given in Table 5.3. 
	Zone Application of Current Components: Current components A, B, C, D and H and the multiple-stroke and multiple burst waveforms may be utilized for analyses or test purposes, or for combinations thereof. The appropriate current component(s) for each zone of the aircraft are shown in Table 5.2. When the area of interest includes more than one zone, the protection assessment shall be performed utilizing the zone or zones with the most severe environment. 
	Zoning is used to determine the current path(s) through the aircraft and in locating the particular path(s) which represent(s) the most severe threat to the structure or system under investigation. For most applications, the airframe is located in Zone 3 as well as one or more of the other zones (i.e. Zone lA, 2A, or 2B). The current components from Table 5.5 are then applied together with the multiple stroke and multiple burst environments to assess the potential lightning effects on the aircraft structure
	Test Waveforms: The idealized severe waveforms in Section 1 are appropriate for analysis, but they are sometimes difficult to apply to full scale components or vehicles in a test program. This is because it may become prohibitively costly to develop and operate simulators which can deliver the severe environments, especially to large vehicles such as transport aircraft. Therefore, the approach for testing will frequently in-volve the use of waveforms other than the idealized waveforms of Figs. 5.3 and 5.4. 
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	Severe Stroke Parameter (Component A) I 0 (A} 21!!,810 a(s-1) 11,354 f!(s-1} 647,265 
	Severe Stroke Parameter (Component A) I 0 (A} 21!!,810 a(s-1) 11,354 f!(s-1} 647,265 
	Table 5.3 
	Table 5.3 
	Table 5.3 

	Idealized Waveform Parameters 
	Idealized Waveform Parameters 

	Intermediate current 
	Intermediate current 
	Continuing current 
	Restrike 
	Multiple Stroke half of 
	Multiple Burst 

	(component B) 
	(component B) 
	(Component C) 
	(Component D) 
	(Component D) 
	(Component H) 

	11,300 
	11,300 
	400 
	109,405 
	54,703 
	10,572 

	700 
	700 
	NA 
	22,708 
	22,708 
	187'191 

	2,000 
	2,000 
	NA 
	1,294,530 
	1,294,530 
	19,105,100 


	These equations produce the following characteristics: ipeak 200 kA 4,173 A 400 A 100 kA 50 kA 10 kA 
	(di/dt max} 1.4 x 1oll NA NA (A/s) at t = O+ sec 
	di/dt 1.0 x loll NA NA (A/S} at t = 0.5 us 
	Action 2,0 X 106 NA NA Integral (A2s} 
	5.6 
	5.6 
	Steps in Protection Design and Certification 

	Experience has shown that the most successful lightning protection design and certification programs have occurred when the work is conducted in a logical series of steps. In this case, success means achievement of a satisfactory protection design and compliance with the regulations, all with a minimum impact on over-all weight and cost. The specific steps and order of occurrence may vary somewhat from one program to another, but most programs include the following ba-sic steps. 
	Step a -Determine the lightning strike zones: De-termine the aircraft surfaces, or zones, where lightning strike attachment to the aircraft is probable, and the portions of the airframe through which lightning cur-rents must flow between these attachment points. 
	Step b -Establish the lightning environment: Es-tablish the component(s) of the total lightning flash environment to be expected in each lightning strike zone. These are the currents that must be protected against. 
	Step c -Identify flight critical/essential compo-nents: Identify systems and components that might be vulnerable to interference or damage from either the direct effects (physical damage) or indirect effects (electromagnetic coupling) produced by lightning. 
	Step d -Establish protection criteria: Determine the systems and/or components that need to be protected, based on safety-of-flight, mission reliability or mainte-nance factors. Establish lightning protection pass"fail criteria for those items to be protected. 
	1.4 
	1.4 
	x loll o.7 x 1011 2 x 1oll 

	1.0 
	1.0 
	x 1oll 0.5 X lOll NA 

	at at t = 0.25 us t = 0.25 us 
	X 106 0.0625 X 10NA 
	0.25 
	6 

	Step e -Design lightning protection: Design light-ning protection measures for each of the systems and/or components in need of protection. 
	Step f -Verify protection adequacy: Verify the ade-quacy of the protection designs by similarity with pre-viously proven designs, by simulated lightning tests or by acceptable analysis. ·when analysis is utilized, appropriate margins may be required to account for uncertainties in the analytical techniques. Develop-mental test data may be used for certification when properly documented and coordinated with the certi-fication agency. 
	Variations in the above set of steps in use for de-sign and certification of fuel systems and electrical and avionic systems are presented in [5.2] and [5.4], respec-tively. The steps to be followed for fuel and avionic systems are listed below: 
	Fuel systems (5.2] 
	a. 
	a. 
	Determine the lightning strike zones. 

	b. 
	b. 
	Establish the lightning environment. 

	c. 
	c. 
	Identify possible ignition sources. 

	d. 
	d. 
	Establish protection criteria. 

	e. 
	e. 
	Verify protection adequacy. 

	Electrical and avionics systems [5.4] 
	a. 
	a. 
	Determine the lightnlng strike zones. 

	b. 
	b. 
	Establish the external lightning environment for the zones. 

	c. 
	c. 
	Establish the internal environment. 
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	d. 
	d. 
	d. 
	Identify aircraft flight critical/essential systems, equipment and locations on or within the aircraft. 

	e. 
	e. 
	Establish Transient Control Levels (TCL) and Equipment Transient Design Levels (ETDL). 

	f. 
	f. 
	Verify design adequacy. 

	Further discussion of each of these steps follows. 
	5.6.1 
	5.6.1 
	Step a -Zone Location 

	The lightning strike zones are defined in the advi-sory circulars (5.2] and (5.4] and also in Chapter 3 of this handbook. The first step in a protection design and certification program is location of the zones on specific aircraft. This section addresses some of the questions that have arisen recently concerning establishment of zone locations and boundaries. For example, an aircraft nose and a wing-mounted engine inlet have always been considered to be in Zone 1A (a direct strike zone with low probability
	Rearward extent of Zone 1: In the past, the rearward extent of Zone 1A has been of little interest because most fuselage and engine nacelle structures have had aluminum skins that easily withstand Zone 1A light-ning currents. Replacement of aluminum skins with advanced composites, however, makes this aspect of lightning strike zone location take on much greater im-portance. Analysis shows that for some aircraft, Zone 1A may extend several meters aft of the initial leader attachment point, and some in-flight
	Lateral extent of Zone 1: In earlier FAA zone defini-tions, now superseded by those of (5.2] and (5.4], the Zone 1 regions included all surfaces of the aircraft that are located within 18 inches of the wing tip (measured parallel to the lateral axis of the aircraft) and other projections such as the nose, nacelle leading edges and tail. These earlier FAA definitions described Zone 1 as being 
	"···within 18 inches of· · ·(the) trailing edge 
	of the horizontal and vertical stabilizer, tail 
	cone and any other protuberances" 
	but they did not apply the 18 inch criterion to surfaces behind leading edges. By custom, however, the first 18 inches aft of a leading edge or other forward-projecting object have also been considered to be within Zone 1. 
	Surfaces further aft of Zone 1 areas, including 
	"· · · areas 18 inches laterally to each side of 
	fore-aft lines passing through the Zone 1 for-
	ward projection points of stroke attachment" 
	have traditionally been considered within Zone 2. Since a lightning flash may exist for one second or more, and most aircraft can travel more than their own length in this time, the Zone 2 regions have usually been extended all the way aft along the fuselage or across the wing, as was done for the aircraft in Fig. 5.7. 
	The 18 inch lateral extensions of Zone 1 and 2 account for the typical scatter of lightning attachment points in direct strike areas and the tortuosity of the flash channel as it sweeps along Zone 2 surfaces. In-flight lightning strike experience has tended to confirm this judgment. Thus, in the example of Fig. 5.7, direct strike zones extend inboard 18 inches at the wing tips, and the swept stroke zones across the wings are 36 inches wider than the maximum width of the engine nacelles. The inboard 18 inche
	The significance of either of the lightning strike zones is that skins, structures and other objects lo-cated in these zones must be designed to tolerate the effects of direct or swept lightning strike attachments. In Fig. 5.7, for example, the integral fuel tank skins aft of the nacelles were required to be thick enough to withstand swept lightning strike currents, whereas skins inZone 3 would perhaps not have to be this thick. 
	Swept stroke zones: Over the years, the terms swept stroke and swept stroke Zone have become synony-mous with Zone 2, and the terms direct strike and direct strike zone have meant Zone 1, although this relationship has never been specifically stated in any FAA documents. This usage may be unfortunate, as will become evident. 
	Currents for each zone: The lightning currents to be expected in each zone are found in Table 5.3 and illustrated in Fig. 5.8. The shaded components apply in each zone indicated. 
	In Fig. 5.8 the Zone 1 or 1A areas at the nose and other leading edges were extended aft a distance 
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	of 18 inches in accordance with traditional practice. Dielectric structures such as the radome, of course, were considered as being entirely within Zone 1 even though their length is often longer than 18 inches, but in other cases the 18-inch criterion has been followed. 
	of 18 inches in accordance with traditional practice. Dielectric structures such as the radome, of course, were considered as being entirely within Zone 1 even though their length is often longer than 18 inches, but in other cases the 18-inch criterion has been followed. 
	For conventional aluminum skins, the line of de-marcation between Zone lA and 2A (or between Zone 1 and 2 using the earlier definitions) is of little prac-tical importance, because most aluminum skins can withstand even the first return stroke (SAE current component A) with little damage. 
	Composite structures: If the skin or structure aft of a leading edge attachment point is made of advanced composites, or other poorly conducting materials, the rearward extent of Zone lA becomes of critical im-portance. Many carbon fiber composites can tolerate the effects produced by the Zone 2A currents without requiring additional protection, but the return (com-ponent A) designated for Zone 1 in the SAE criteria can deliver eight times more energy than the re-strike current (component D) included in the
	Most protective measures add weight and increase cost. Thus, a decision regarding whether to apply pro-
	ZONE 1 ~ZONE 2 
	CJ 

	ZONE 3 
	D 

	tection or not, (or even whether or not a composite should be utilized in the first place), may depend di-rectly on the designation of the lightning strike zones, and especially on a realistic determination of the rear-ward extent of Zone lA. 
	The significance of the A and B designation can be seen in the currents specified forZones lA and lB. Due to the short hang--on time for an initial strike to a Zone lA surface, only current components A and B, are applied, but all of the current components will be exp.erienced by trailing edge surfaces in Zone l B. 
	Arrival time of return stroke: Study of a number of instances of structural damage produced by in-flight lightning strikes indicates that in some cases the re-turn stroke may not arrive until the lightning channel has swept considerably farther than 18 inches aft of the nose or other initial attachment point. This is because a finite period must elapse between the time the lightning leader initially attaches to a leading edge extremity and when the leader has reached its desti-nation and the return stroke i
	During this period the aircraft will have moved a certain distance and the leader channel will have been drawn aft alongside the structure, reattaching period-ically to spots in its path. This situation is illustrated in Fig. 5.9 
	Fig. 5. 7 Strike zones as determined from definitions given in FAA 20-53. (Now out of date.) 
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	Fig. 5.8 Lightning current components required for each zone. 
	(a) 
	(a) 
	Lightning current environment 

	(b) 
	(b) 
	Low probability of hang-on 

	(c) 
	(c) 
	High probability of hang-on -Shaded areas represent the components required. -The dip at the end of Component C signifies only that Component D 

	may be applied separately from Component C. 
	As shown in Fig. 5.9, while flying at a velocity Assuming that the ·leader channel may sweep aft iac the aircraft travels a distance d during the time t and reattach to a spot, this same distance defines how )Ver which the leader is continuing its propagation to far aft the Zone lA region should extend. earth. This time depends on the leader velocity v1 and the aircraft's altitude h. Thus, the distance traveled is related to the other parameters by: 
	d = h Vac 
	(5.7) 
	VI 
	The time at which the leader reaches the earth may be assumed to be the same as when the return stroke reaches the aircraft because, once initiated, the return stroke travels back up the channel much faster (about one third the speed of light) than the leader propagates toward ground. 
	Figure
	A typical lightning leader travels at about 1.5 x n 10meters per second [5.16]. If this leader were to strike the nose of an aircraft traveling 134 m/s (300 miles per hour) at an altitude of 3 kilometers ( 10 000 ft), the aircraft would have moved about 
	5 
	~ 

	Figure
	Fig. 5.9 Leader and return stroke attachment process. 
	d = (134 m/s)(3000 m) = .m (.) 
	2
	7 
	5
	8

	h = altitude above ground
	1.5 
	1.5 
	x 10m/s 
	5 


	t = time for leader to reach ground by the time the return stroke arrived back at the air-d = distance traveled between attachment of craft. leader and arrival of returen stroke 
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	The foregoing analyses are based on a cloud-to--ground lightning flash situation. A similar mechanism would probably exist for cloud-to-cloud discharges, but less is known about them than about cloud-to-ground discharges. Since cloud-to-ground flashes are generally believed to present the most serious envi-ronment, the analyses in this section will continue to represent the cloud-to-ground case. 
	The foregoing analyses are based on a cloud-to--ground lightning flash situation. A similar mechanism would probably exist for cloud-to-cloud discharges, but less is known about them than about cloud-to-ground discharges. Since cloud-to-ground flashes are generally believed to present the most serious envi-ronment, the analyses in this section will continue to represent the cloud-to-ground case. 
	Leader velocity: The velocity of a typical cloud-to-ground lightning leader has been determined by high speed photography and reported by many researchers as being about 1 or 1.5 x 10m/s. Schonland, Malan and Collens [5.1 7), for example, reported in 1935 that the average velocities of 24 stepped leaders of negative polarity ranged from 1 x 10to 13 x 10m/s. Orville and Berger [5.18] measured a mean velocity of 2.5 x 10m/s for an upward-progressing positive leader from a tower on Monte San Salvatore in 1965.
	5 
	5 
	5 
	5 

	1.5 
	1.5 
	x 10m/s and more recently Fieux et al [5.20] have estimated leader velocities of the order of 0.2 x 10to 1 x 10m/s. Elsewhere in the literature one finds the values of 1 x 10or 1.5 x 10m/s quoted most widely. It is appropriate, therefore, to utilize velocities in this range for analyses of aircraft distance traveled in Eq. 5.7. 
	5 
	5 
	5 
	5 
	5 


	Distance traveled vs. flight conditions: From Fig. 
	5.9 
	5.9 
	it is evident that the distance d which the aircraft travels between the time of leader attachment and re-turn stroke arrival is dependent on the aircraft velocity and altitude, in addition to the leader velocity. Fig. 

	5.10 
	5.10 
	shows the distances that may be traveled under the ranges of altitude and velocities throughout which most aircraft operate, as determined from Eq. 5.7. 
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	Fig. 5.10 Distance traveled prior to arrival of return stroke. Leader velocity = 1.5 x 10m/s. 
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	From Fig. 5.10 it may be seen that a turbojet aircraft cruising at 225 m/s (500 mph) airspeed at an altitude of 9 km (29 500 ft) would travel 13.5 m dur-ing the time it would take a lightning leader travel-ing 1.5 x 10m/s to reach the earth and initiate the return stroke. This is more than the entire length of some small jet aircraft, and implies that surfaces along the entire length of such an aircraft may, at times, be exposed to the first return stroke of a lightning flash. Since the first return stroke 
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	On the other hand, a propeller driven aircraft 
	whose flight envelope extends only to a speed of 135 
	m/s (300 mph) and an altitude of 3 km (10 000 ft) 
	would travel only 2.7 m before return-stroke arrival 
	at these conditions. Aircraft surfaces aft of this dis-
	tance would experience only the subsequent strokes, 
	Component D, intermediate and continuing currents 
	characteristic of Zone 2A. 
	Application considerations: Since many of today's general aviation, as well as transport and military air-craft are being designed to operate at high altitudes and speeds, a large portion of their surfaces aft of ini-tial leader attachment points would, by the results of Figs. 5.9 and 5.10, be considered as within Zone lA. This possibility was first recognized when the first "all composite" aircraft was being designed and was de-scribed in [5.21]. The significance of this has been aca-demic for conventional
	Skins and structures made of advanced compos-ites, however, are likely to suffer much greater damage from the first return stroke (Component A) defined for Zone lA as compared with the subsequent stroke (Component D) defined for Zone 2A due to the higher action integral involved (2.0 x 10A·s as compared with 0.25 x 10A·s). 
	6 
	2 
	6 
	2

	External protection is often required for compos-ites in Zone l A, whereas it often is not needed for com-posites that only need to be designed to withstand the Zone 2A environment. Since some external protective measures entail weight and cost penalties, it is impor-tant to consider probability factors in establishing the rearward extent of Zone lA on particular aircraft. In particular, there are several factors that combine to reduce the probability of experiencing a Zone lA type stroke at the altitude an
	107 

	Most strikes occur at lqwer altitudes: Experience shows that most lightning strikes occur when the air-craft is flying between 1.5 km (5000 ft) and 6 km (20 000 ft), as discussed in Chapter 3. This means also that the aircraft velocity is sometimes less than cruise, with the result that strikes in the upper and right-hand regions of Figs. 5.10 are less probable. 
	Most strikes occur at lqwer altitudes: Experience shows that most lightning strikes occur when the air-craft is flying between 1.5 km (5000 ft) and 6 km (20 000 ft), as discussed in Chapter 3. This means also that the aircraft velocity is sometimes less than cruise, with the result that strikes in the upper and right-hand regions of Figs. 5.10 are less probable. 
	Most severe strikes occur at lower altitudes: Most strikes, though not all, that have inflicted severe dam-age to aircraft have also occurred at altitudes of 6 km or less, and many of these have been at altitudes below 3 km. In most of the cases of severe damage or loss of the aircraft the strike occurred at 3 km or below. These, of course, are the return strokes associated with the Zone lA environment. In a few cases, severe dam-age has occurred at cruise altitudes of between 10 and 12 km. 
	It is logical that the most severe return strokes occur closest to the earth because these strokes re-sult from discharge of the leader system. An aircraft attached to the lower "trunk" of a leader thus expe-riences more of the leader charge flow than does an aircraft in a leader closer to the cloud charge center, in which case most of the leader charge is below the aircraft. 
	Strikes at high altitudes may not be cloud-to-ground: The foregoing analysis is based on leader propagation between a cloud and the ground. It is probable that many of the strikes occurring at cruise altitudes above 6 km do not involve the ground, but propagate instead between upper level charge centers in or among the clouds. Less is known about the for-mation of these intracloud flashes, but it is probable that their leader propagation times are shorter than those of cloud-to-ground flashes originating at
	Methodology for zone location: With the forego-ing factors in mind, the following procedures can be used to locate the lightning strike zones on a specific aircraft. 
	1. 
	1. 
	All aircraft extremities such as the nose, wing and empennage tips, tail cone, wing-mounted na-celles and other significant projections should be considered within a direct strike zone because they are probable initial leader attachment points. Those that are forward extremities or leading edges should be considered in Zone lA, and ex
	-


	tremities that are trailing edges should be in Zone lB, in accordance with the zone definitions. 
	In-flight experience and laboratory tests of scale models of aircraft have shown that large, flat sur-faces of some aircraft can also receive initial leader attachments. Examples are the top and bottom surfaces of wide-body transport aircraft and the upper surfaces of large, high wing, aircraft. These attachments are more likely to result from a prop-agating leader approaching the aircraft than from an aircraft triggered strike, and they are akin to the lightning strikes that are known to attach now and the
	In such a case, the rearward extension of Zone lA would begin from these "flat surface" attach-ments, rather than from an extremity or leading edge. The possibility of Zone lA strikes to flat surfaces a significant distance aft of (or inboard from) an extremity has been acknowledged only recently and is explained by the compression of leader striking distance with aircraft geometry. One way of identifying susceptible surfaces in-cludes rolling over the surface an imaginary sphere whose radius is the strikin
	2. 
	2. 
	Since all aircraft fly at some time at altitudes be-low 6 km (20 000 ft), the minimum rearward ex-tension of lA zones on a particular aircraft should be determined from Fig. 5.10 or Eq. 5.7. The highest velocity a.t which the aircraft operates for an appreciable time within this altitude should be used. If the aircraft never reaches 6 km, then its normal cruise altitude should be used instead. The leader velocity should be taken as 1.5 x 10m/s. 
	5 


	For most of today's aircraft, the above procedure will result in a rearward extension of Zone lA of 4 -6 m (13 -20 ft). 
	3. 
	3. 
	For some aircraft that cruise extensively at higher altitudes and speeds a further extension of zone lA may be appropriate, especially if the proba-bility of a flight hazard due to a strike to an un-protected surface is high. Since the probability of severe strokes at the higher altitudes is lower, such further extension of Zone lA may not oth-erwise be necessary. In other words, if the flight safety criticality of the surface is high, it should be considered as in.Zone lA and protected accord-ingly. If not
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	with the Zone 2A lightning environment, which may require less protection. 
	with the Zone 2A lightning environment, which may require less protection. 
	4. 
	4. 
	Since nearly all aircraft can travel more than their entire length in the one or two second lifetime of a lightning flash, the remainder of the sur-faces aft of Zone lA should be considered within Zone 2A. Trailing surfaces should be considered in Zone lB or 2B, depending on whether they were reached by an initial strike (Zone lB) or a swept stroke (Zone 2B), in accordance with the defini-tions. Surfaces 0.5 m (18 in) to either side of those surfaces actually in the line of flight should also be considered 

	5. 
	5. 
	Surfaces of the vehicle for which there is a low possibility of direct contact with the lightning arc channel and that are not within any of the above zones, but which lie between them, should be con-

	Key 
	Zone lA ~ 
	Zone 18 
	-

	Zone ZA 1mwmmmm1 
	Zone 2B~ 
	Zone 3 
	c=J 
	sidered as within zone 3. Structures which lie be-tween other zones are also within zone 3. Zone 3 areas may conduct all of the lightning currents that enter or exit from zoneslA orlB. 
	Using the above guidelines, the lightning strike zones on the transport aircraft of Fig. 5.7 would be as shown on Fig. 5.11. In each case, the Zone lA regions are extended aft at least 6m (20 ft) from the initial leader attachment point at the nose and wing~ mounted inlets. Surfaces further aft are in Zone 2A, and trailing edges behind Zone 2A are in zone 2B. 
	Overlapping zones: It must be remembered that sur-faces within Zone lA are also in Zone 2A, as in some cases the first return stroke may occur near the initial leader attachment point, as at a nose or engine in-let cowl, with subsequent strokes occurring within the rest of the Zone lA areas. Protection designs should be based on the worst case zones. 
	Strike zones showing rearward extension of Zone lA. 
	Fig.5.11 

	109 

	Rotorcraft zones: Due to the fact that rotorcraft may be airborne with little or zero airspeed, the swept stroke phenomenon may not be applicable, and there-fore attachment points at leading edges, frontal sur-faces or any lower extremities may receive all compo-nents of the flash and be within Zone lB. An example oflightning strike zones on a typical rotorcraft is shown in Fig. 5.12. 
	Rotorcraft zones: Due to the fact that rotorcraft may be airborne with little or zero airspeed, the swept stroke phenomenon may not be applicable, and there-fore attachment points at leading edges, frontal sur-faces or any lower extremities may receive all compo-nents of the flash and be within Zone lB. An example oflightning strike zones on a typical rotorcraft is shown in Fig. 5.12. 
	The zones on a typical twin turboprop aircraft are pictured on Fig. 5.13. 
	Once the lightning strike zones have been estab-lished they should be documented on a three-view drawing of the aircraft or rotorcraft, with boundaries identified by appropriate station numbers or other no-tation. It is usually appropriate for the applicant to re-view the zone drawings with cognizant FAA certifying engineers or Designated Engineering Representatives (DER's) to obtain concurrence, as the zones form the basis for certification of the designs that follow. 
	5.6.2 
	5.6.2 
	Step b -Establish the Lightning Environment 

	The external lightning environment is a conse-quence of the interaction of the lightning flash with the exterior of the aircraft. The environment is rep-resented by the lightning current components at the aircraft surface. Application of the various current components to the strike zones is given in Table 5.3. These are the currents that must be protected against. 
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	Fig. 5.12 Strike zones for helicopters. 
	Lightning current densities into skins and through the airframe are based on this environment. The in-ternal lightning environment, which is produced by the external environment, is a result of current flow through the airframe and the penetration of electro-magnetic fields. The fields and structural I R poten-tials give rise to indirect effects. 
	5.6.3 
	5.6.3 
	Step c -Identify Flight Critical/ Essential Systems and Components 

	Identify the aircraft systems and/or components that may be susceptible to direct and indirect effects of lightning, and whose proper operation is critical or essential to the safe flight of the aircraft. 
	Determine if any of these structures and systems could be damaged or upset by direct or indirect light-ning effects. 
	Zone 3 c=J 
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	Fig. 5.13 Strike zones for a light twin turboprop aircraft. 
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	5.6.4 
	5.6.4 
	5.6.4 
	Step d -Establish Protection Criteria 

	In this step, the specific criteria for each of the structures and systems in need of protection should be decided upon. For direct effects, this will include definition of the degree of physical damage that can be tolerated by flight critical/essential structures, andes-tablishment of ignition free criteria for the fuel tanks. Further discussion of these topics is found in Chapters 6 and 7. For indirect effects protection, this will usu-ally include establishment of Transient Control Lev-els (TCL's) for in
	Open circuit voltage and short circuit current: In most cases, these levels will be defined in terms of the c) and the short circuit current (isc) appearing at wiring/equipment interlaces. The 0 c and isc will be related by the source impedances (i.e., loop impedance) of interconnecting wiring, and there may be different levels determined for different circuit functions or operating voltages. The relation-ship between transient control, equipment transient design and susceptibility levels is illustrated in 
	e
	open circuit voltage ( e
	0 

	r-J-.., equipment transient 1 1 1 susceptibility levels 
	I I 
	I 
	I 
	I .

	1----1 equ1pment transient
	T I 1design level (ETDL) margin transient control _l__ levels (TCL) H-1 actual transient -t-levels 
	Interconnecting Electrical/ Wiring Electronic Equipment 
	Fig. 5.14 Relationships between transient levels. 
	Since equipment transient design levels are typi-cally represented by these standardized requirements, their use greatly simplifies protection evaluation. Nor-mally, the transient control and design levels will be established by the airframe manufacturer or system in-tegrator, who will compare the penalties of vehicle or interconnecting wiring protection with those of equip-ment hardening to establish the most efficient levels. 
	Chapter 15 describes industry standards utilized for definition of ETDL's and TCL's. Further discussions of indirect effects protection are presented in Chapters 
	8 through 18. 
	5.6.5 
	5.6.5 
	Design Protection 

	In this step, specific design additions, changes or modifications are made to the flight critical/essential structures, systems and components to enable them to meet the protection criteria established in Step d. For direct effects, this will involve a large number of design techniques, ranging from solution of the basic structural material and manufacturing techniques to the addition of treatments or devices to improve elec-trical conductivity, arc or spark suppression, finishes, sealants and gaskets, appl
	Protection against indirect effects involves appli-cation of electromagnetic shielding, provision of low impedance grounding surfaces, incorporation of surge suppressors and proper design of input and output cir-cuits of electronic equipment. Further discussion of these methods is found in Chapters 8 though 17. 
	5.6.6 
	5.6.6 
	Step f-Verify Protection Adequacy 

	Verification of protection can be accomplished by analysis, similarity to previously proven designs or by test. Any of the three methods can be used, but simi-larity and analysis are normally considered first. Tests do need to be made, but they cannot be performed un-til hardware has been designed, built and made avail-able for testing. 
	Analysis: Typical analyses used for verification of di-rect effects protection methods include calculation of conductor temperature rises due to current, based on conductor material, cross-sectional area and action in-tegral of the lightning current, or calculation of mag-netic forces effects which are dependent upon current amplitude and geometrical factors. These analyses are based on fundamental physical laws which can be de-scribed in mathematical terms. 
	Other analyses include comparison of present de-signs with earlier designs for which an empirical data base exists. In this case, extensions or extrapolations are utilized to relate the existing empirical data bases to the designs of interest. 
	Analysis can rarely be utilized to determine the behaviour of lightning currents in complex structures or components with multiple interfaces and current paths, especially when these interfaces have not been 
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	designed to conduct electric currents. Therefore, test-ing must be used to evaluate lightning direct effects and verify protection design of such complex struc-tures. 
	designed to conduct electric currents. Therefore, test-ing must be used to evaluate lightning direct effects and verify protection design of such complex struc-tures. 
	Similarity: Verification of direct effects protection by similarity means that current-carrying structures and joints must be shown to have equal or greater cross-sectional areas and interface surface areas than the designs to which they are similar, and that other de-sign features are also sufficiently similar so as not to respond differently to other lightning effects such as shock waves and magnetic forces. 
	Demonstration of similarity includes comparisons of detailed design drawings, parts lists and installation details, combined with such analyses as are necessary to show that dissimilarities do not result in unforeseen hazards. 
	Examples of designs that can be verified by simi-larity are: 
	-Skins. 
	-Hinges and bearings. 
	-Landing gear. 
	-Flight control surfaces. 
	-Windshields. 
	-Joints, interfaces and couplings. 
	Test: Many subsystems or components will be veri-fied by test. The environment will be determined by its physical location on the system and the lightning strike zones that are applicable. More than one zone may apply, that is, all components must conduct the light-ning current away from the attachment point in addi-tion to withstanding the thermal, blast and magnetic force effects of direct lightning attachment. Thus all subsystems or components must withstand the Zone 3 environment in addition to the othe
	Lightning direct effects are usually limited to the 
	near vicinity of the attachment point. In most struc-
	tures, the current will diffuse radially away from the 
	attachment point and as the current density decreases, 
	the physical damage also decreases. This indicates 
	that the specimen size for test can be small compared 
	to the size of the total structure or component. 
	Methods for conducting direct effects verification 
	tests are described in Chapter 6. 
	Verification of indirect effects protection: Indi-rect effects protection designs are usually verified by demonstrating that the induced transients appearing 
	at the Line Replacable Unit (LRU) harness interfaces are less than the established TCL's, and that the equipment can tolerate the ETDL's at their interfaces. 
	Verification can again be accomplished by test, analysis or similarity to previously verified systems and equipment, or by combination of these methods. Further discussion of these methods is presented in Chapters 8 through 18. Appropriate margins will be required to account for uncertainties. 
	5.
	5.
	7 Certification plans 

	Experience has shown, particularly on aircraft employing major amounts of advanced composites or full authority electronic control systems that prepara-tion and the submittal of a certification plan early in the program is desirable. FAA concurrence with this certification plan should also be obtained. This plan is beneficial to both the applicant and the FAA because it identifies and defines an acceptable resolution of the critical issues early in the certification process. As the process proceeds, analysi
	Description of the system: There should be a de-scription of the system, covering such things as its installation configuration, any unusual or unique fea-tures, the operational aspects being addressed, zone locations, lightning environment, protection design level(s) and approaches. 
	Description of the protection: There should be a de-scription of the method of protection and the methods to be used to verify the effectiveness of the protection. Typically, the verification method includes a combina-tion of analytical procedures and tests. If analytical procedures are used, the methodology for verification of these procedures should be described. 
	Pass/Fail Criteria: The pass/fail criteria should be identified and will apply to testing and analysis of lightning protection of fuel systems and electri-cal/electronic equipment and systems. The pass/ fail criteria for an electronic system, for example, might include the following: 
	A. 
	A. 
	The equipment transient design level (ETDL). 

	B. 
	B. 
	The transient control level (TCL). 

	C. 
	C. 
	The margin between ETDL and TCL. 

	D. 
	D. 
	Interference with analog or digital data due to the 

	112 

	transients associated with multiple strokes and the multiple burst aspect of the external environ--ment should not endanger safety of flight. 
	transients associated with multiple strokes and the multiple burst aspect of the external environ--ment should not endanger safety of flight. 
	E. 
	E. 
	Flight safety should not be endangered by direct attachment of the lightning channel to exposed system components. Coverings, such as on fair-ings, skins and cowls, should normally prevent di-rect attachment of the lightning channel to un-derlying system components. However, if a direct lightning strike attachment to a system compo-nent can occur, a complete evaluation of both di-rect and indirect effects will be necessary. 

	Upset effects on system performance and flight safety should consider parameters such as time dura-tion of upset, the effects of upset on the operation of the system, and the time of occurrence during the var-ious flight modes of the aircraft. 
	5.8 
	5.8 
	Test Plans 

	When tests are to be a part of the certification process, plans for each test should be prepared which describe or include the following: purpose of the test; production or test article to be utilized; article config-uration; test drawing, as required; method of installa-tion that simulates the production installation; appli-cable lightning zone(s); lightning simulation method; test voltage or current waveforms to be used; diag-nostic methods, pass/fail criteria, and the appropriate schedule(s) and location
	Some of the procedural steps that should be taken include the following: 
	A. 
	A. 
	Obtain FAA concurrence that the test plan is ad-equate. 

	B. 
	B. 
	Obtain FAA concurrence on details of part confor-mity of the test article and installation conformity of the test setup. 

	Part conformity and installation conformity should be judged from the viewpoint of similarity to the production parts and installation. Development parts and simulated installations are acceptable provided they can be shown to adequately repre-sent the electrical and mechanical features of the production parts and installation for the specific lightning tests. Adequacy should be justified by the applicant and receive concurrence from the FAA. 
	Exploratory lightning tests are often conducted early in the development cycle, a process both recognized and encouraged. These development data may be considered for certification purposes 
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	provided the development parts and simulated in-stallations meet the criteria stated above. If it is contemplated that results from development test results will become candidates for certifica-tion data, then adequate advance notice of this approach should be given to the FAA for review and acceptance. 
	C. 
	C. 
	Schedule FAA witnessing of the test(s). 

	D. 
	D. 
	Conduct testing. 

	E. 
	E. 
	Submit a final test report describing all results. 

	F 
	F 
	. Obtain FAA approval of the report. 
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	Chapter 6 
	Chapter 6 
	DffiECT EFFECTS PROTECTION 
	According to legend, protection of aircraft struc-tures was important even to the ancient Greeks. 
	It was not easy, however, to escape from Crete, since Minos kept all his ships under military guard, and now offered a large re-ward for his apprehension. But Daedalus made a pair of wings for himself, and an-other for Icarus, the quill feathers of which were threaded together, but .the smaller ones held in place by wax. Having tied on Icarus' pair for him, he said with tears in his eyes: "My son, be warned! Neither soar too high, lest the sun melt the wax; nor sweep too low, lest the feathers be wetted by 
	As they sped away from the island in a north-easterly direction, flapping their wings, the fishermen, shepherds, and ploughmen who gazed upward mistook them for gods. 
	They had left Naxos, Delos, and Paras behind them on the left hand, and were leav-ing Lebynthos and Colymne behind on the right, when Icarus disobeyed his father's in-structions and began soaring towards the sun, rejoicing in the lift of his great sweeping 
	·wings. Presently, when Daedalus looked over his shoulder, he could no longer see Icarus; but scattered feathers floated on the waves below. The hea{ of the sun had melted the wax, and Icarus had fallen into the sea and drowned. Daedalus circled around, until the corpse rose to the surface, and then carried it to the nearby island now called Icaria, where he buried it. 
	Robert Graves, The Greek Myths I (Balti-
	more: Penguin Books, 1955):312-13. 
	6.1 
	6.1 
	Introduction 

	The materials from which an aircraft is made and the methods used to hold these materials together, forming the aircraft structure, are factors as important in protecting a modern aircraft from hazardous natu-ral environments as they were for the mythical Icarus. Conventional aluminum airframes of riveted construc-tion have, by virtue of their excellent electrical conduc
	-
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	tivity, rarely suffered critical structural damage from 
	lightning strikes; and these structures have provided 
	excellent protection for vulnerable systems, as well as 
	for personnel, carried within. There are some impor-
	tant lightning problems that must be considered, such 
	as protection of fuel systems and protection of avionic 
	systems from indirect effects, but such protection has 
	seldom had much of an impact on the basic aircraft 
	structure. 
	If,_;_t the day of all-metal aircraft is ending. Air-
	craft are being constructed using fiber-reinforced plas-
	tics which have desirable high strength and light 
	weight, but these materials have much less electrical 
	conductivity than aluminum. Some of these materials 
	are being joined together with adhesives, which have 
	essentially no conductivity. Whereas the designer of 
	the all-metal structure needs to add little, ifanything, 
	to the design of the structure to achieve adequate light-
	ning protection, the designers of nonmetallic struc-
	tures must pay particular attention to the lightning 
	environment, taking positive measures to provide con-
	ductive paths to ensure safety of flight. 
	.. -·-----· 
	-

	This chapter reviews some basic lightning effects on metal structures, including metal objects com-mon to all types of aircraft, objects such as bond-ing jumpers, hinges and light fixtures. It then re-views lightning effects on non-metallic materials such as fiberglass, aramid fiber and carbon fiber composites and concludes by discussing direct effects test tech-niques and practices appropriate for all categories of aircraft. The discussions will emphasize performance as it relates to the electrical effects
	6.2 
	6.2 
	Direct Effects on Metal Structures 

	The direct effects of lightning on metal structures were described in Chapter 4 and include the following: 
	1. 
	1. 
	Melting or burning at attachment points. 

	2. 
	2. 
	Resistive temperature rise. 

	3. 
	3. 
	Magnetic force effects. 

	4. 
	4. 
	Acoustic shock waves. 

	5. 
	5. 
	Arcing and sparking at bonds, hinges, and joints. 

	6. 
	6. 
	Ignition of vapors within fuel tanks. 

	This section will focus on protection against these ba
	-


	sic effects since they pertain to aircraft of all types. Later sections will focus on the special problems pre-sented by composite materials. Ignition of fuel vapors, though, is such an important subject that it is treated separately in Chapter 7. 
	sic effects since they pertain to aircraft of all types. Later sections will focus on the special problems pre-sented by composite materials. Ignition of fuel vapors, though, is such an important subject that it is treated separately in Chapter 7. 
	6.2.1 
	6.2.1 
	Protection Against Melt-through 

	For conventional aluminum aircraft, melting at attachment points is mostly of concern as it relates to ignition of fuel vapors in integral fuel tanks, a sub-ject treated at length in Chapter 7. This section on basic lightning effects will, arbitrarily, consider only the damage that lightning may produce on the skins of metal aircraft, such as the size of holes that might be melted. Whether· melting of holes, or the creation of hot spots, might ignite fuel vapors, will be discussed in Chapter 7. Discussions 
	In most cases, the designer need be concerned only with prevention of holes in integral fuel tank skins, since small holes in other metal skins do not usually present a safety hazard. This section describes the factors that influence hole formation and methods that can be used to prevent melt-through of metal skins. 
	Important factors: Lightning usually produces very little damage where it attaches to a metal object, since relatively little energy is released at the attachment point. The energy released at that point is the prod-uct of the lightning current and the cathode or anode voltage drop at the end of the lightning channel, or the arc root. This drop is a few tens of volts, thus a 400 ampere continuing current releases power at the rate of 12 k W if the cathode (or anode) drop is 30 volts. 
	The lightning channel is an electrical arc, and it can be very hot (30 000°C), but only the root of the arc contacts the metal surface. Also, the arc is in air and any energy released is free to escape into the air. 
	Lightning current can produce spectacular dam-age when forced through a confined arc, a situation not normally encountered with aircraft. An exception to this general statement is covered in §6.2.2. 
	Assuming that the lightning channel is not con-fined, the damage produced at the point where light-ning attaches to a metal object is largely controlled by how long the lightning channel remains attached to a particular point. If the channel sweeps swiftly across an unpainted aluminum skin, for example, the effect might be only to produce minor pitting of the surface. Usually, however, the channel is not completely free to move. Paint films on a metal surface in Zones lA or 2A will tend to keep the channel 
	metal skins to be melted at these spots. Fig. 6.1 shows an example of small pit marks left by a lightning flasn· sweeping across a metal surface. 
	At trailing edges, in Zones lB or 2B, the chan-nel may remain attached for longer periods, melting away larger amounts of metal. This is usually not hazardous, and it is neither practical nor necessary to protect against holes in trailing edges. 
	Protection should be provided against any holes that would endanger safety of flight , but as a general rule holes may be permitted to occur anywhere on the aircraft as long as safety of flight is not impaired. The conditions under which safety of flight might be en-dangered from hole formation are: 
	1. 
	1. 
	When the hole is melted through the skin of a fuel tank or some other enclosure containing flammable materials. 

	2. 
	2. 
	When the hole causes depressurization of a pres-surized enclosure. 

	3. 
	3. 
	When the hole sufficiently degrades the mechani-cal strength of a flight-critical component to cause failure. 

	There have been reports of holes melted in pres-surized fuselages by swept strokes, but the holes are far too small (less than O.fcm dia)toeause depres=--surization problems. Since trailing edge areas are not pressurized, the larger holes melted by longer duration currents hanging on to trailing edges have not posed a depressurization problem, although the possibility of this event should be considered in any design. that involves pressurization in trailing edge sections. 
	Melting and charge transfer: The relationship be-tween lightning and the size of hole burned has been extensively studied. Basically, the studies have shown that the volume of metal melted away at a lightning attachment point is closely related to the charge car-ried into the point by the lightning flash and to the type of metal and its thickness. Most of the charge is delivered by intermediate and continuing current com-ponents of the flash. The volume of metal and the size of the hole are,· of course, rel
	Hole size vs charge transfer: Quantitative relation-ships between electric arcs and typical aircraft skin metals were reported in 1949 by Hagenguth [6.1) who made laboratory measurements of the amount of con-tinuing current necessary to melt holes of various sizes in various metals. He found a nearly linear relation-ship to exist between the amount of charge (Q) de-livered to an arc attachment spot and the amount of 
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	metal melted away from it. He found that the size of a hole melted in a metal sheet of a given thickness could be approximated by the following two empirical equations: 
	metal melted away from it. He found that the size of a hole melted in a metal sheet of a given thickness could be approximated by the following two empirical equations: 
	9
	A = 0.93Q C · for 0 < t < 0.8 mm (6.1) 
	0

	A = 0.81Q ci.for 0.8 < t < 4 mm (6.2) where A= area of hole melted (square millimeters) Q = charge (coulombs) delivered to the point 
	54 

	by the arc t = thickness of metal.sheets (centimeters). 
	Hagenguth also reported that "the type of metal ap-pears to have very little influence," but later investi-gations have contradicted this statement. Results of his laboratory tests are presented in Fig. 6.2. 
	Melt-through thresholds: Brick [6.2] and Oh and Schneider [6.3] made tests to determine the mini-mum amounts of charge and current required to melt through aluminum and titanium skins ofvarious thick-nesses, and thus the minimum lightning conditions that might produce ignition in integral fuel tanks. They also showed that the effects depended heavily on current amplitude as well as charge. Whereas Ha-genguth had shown that over 22 C, when delivered by a current of 200 A, were necessary to melt through 2 mm 
	Figure
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	Fig. 6.1 Burn marks left on metal surface by simulated lightning flash. 
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