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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
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+
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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 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.






























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)

FIN CURRENT

= BOOM CURRENT

RECORDER TRIGGER DISCRETE

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.

" < <& & ¢ & s @
OOOOOOODUOUOUUODDDOO¢
Y - & <&

% &
e < ¢’\ @

o [
e P gy
\} 34
<.¥L“-§'(©
AR
¢ ¢

i

N~

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

85






















































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-

___________ " t
;_ windshield heat -; power g?enerator
controller unit bus
| )( | -»-.l":“a
Ce X P>
~‘L, ' c/B U
{ 1 to
suppresion generator
electrically degu}::es : relay ; A
- ( a) heated
windshield L J L
etttk = r to
| windshield heat | power generator
controller unit bus
| X | 1 ™
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| 1 ! generator
electrically | relay ; 4
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windshield L J L
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i windshield heat i power | generator
y controller unit bus
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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
S B I 1500 634.18
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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> 8000 : 10 000 198.16
g 6000 11000  169.66
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Fig. 7.28 Sparkover voltages and altitude pressures.
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ELECTRONICS
END
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FUEL
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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.
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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.
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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
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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
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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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Ho.192 Slow
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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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I Gy
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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






The degree to which the MAGFLD program can Mm e s sy s N N NN
. calculate the magnetic field in the space surrounding | s -
the aircraft fuselage, while interesting, may not be of -:3\:" -~ ~ \\‘\ SN N NS
great use for aircraft studies, since it is usually only = — o \ < O \ NN NN
the field intensity at the surface of the structure that ! N
is of interest. The program, however, is capable of ':'\' —~ ™~ \‘\ SN \ SN
calculating the field distribution in and around these ’l—~*\\ \ N \“‘\ \\7:,\ NN
simple geometries with sufficient accuracy for many 1o b Y\
purposes. Li”"\\ ~ Y NN\ ‘\. \ \\ NN
\‘\ 1 \ kY
Redistribution: The filamentary method can be used } \'\\ NN \\\\ oA \ A
to calculate redistribution effects by connecting in se- i_'/',:' e NN N \ NN W
ries with each of the inductors of Fig. 10.13 a resistor 2™ . Y i \
of the appropriate value. In the matrix operations of | < sam Y \ \ ‘a\‘ \ \?
Eqgs. 10.20 through 10.40 the values of L and M must i S A SN
. , i ~de, \
be replaced by R+ jwl and jwM and the matrix oper- o5 | = el b f\ \,I \
ations carried out with complex number routines, but > 3a/m \ \ \ / \ h
the process isa otherwise as indicated. Standard circuit 1\"1” N .“ L S S
analysis routines, such as SPICE, SCEPTRE, NET- b ‘3\ SR | / 1 ',l |
IT and ECAP can also be used to evaluate the current f<omm | I | /
in each filament. Fourier transform techniques could | E e -)‘\ Yol Voo
then be used to evaluate the response as a function | | { AR ==
. L . i ST AN T S I RS G
of time. Some of the circuit routines can, of course, L «L LS
evaluate the response directly as a function of time. L e B S R B S T
~TERAT B
Fig. 10.18 Recessed bays.
. Moy et tm N SN N N N NN WA/
~— BN e
- — \‘:tvq N N e w;\“l”‘“
L_‘_h S 09 | AN
e T N
] S N 2an @
I’““""*N\\\.\\\\\\\ w L e
&,
la’\*\\ \\\ ~ \'%'\ NN on 8 27Am
\ B
1 \.\\\.\\ N \\7_\ \ N ° nor @
.‘ 20N/
N N%\ N \ NONAN A o |- Y
I‘"" et \.\ \‘\. \ \\\‘\ \ \‘ N LIV
i ot \. A\ i wis @
I 30A/m /\\. \ \‘ \\\' \ \‘ \\ \ 195A/m.
S \
\\\ “\ \ \ \\\ \- \ \\- o4 was @
Le Pt k
08 - \ . \ \ \\\ \ \ \% \mwm
e 04, * 494 9.6A
l—- —=0, A0 /\. R . X 02 | SRR §
~o \ \ \ AR e o
~. 1 \ . - 4 4BA/m 1N7A/m
. P e \( -/ ‘O! \ 1
AN L Voo 1\ Y \‘\ 62 |-
Fo~r, ¢ o \{‘ L ’ ,' 1Q . . e
%, v ‘\ \ E P
ey N ! ! } © | o1 734 @
~moa A A "
[PV A SR AU ‘ o
g "“—_“’—"‘“a‘,'s—"“‘“i—‘_—[——tm’ om ; L ! !
WIA/m i H l v 4 ° o1 02 03 04 05
“TaNTERNAL T L smoa/m .
EXTERNAL Fig. 10.19 Current distribution and magnetic field
) ) ) strength at the surface
. Fig. 10.17 Field with equal current distribution. (one quadrant only shown).
























960

T/s

()
-1420 :

.8

P

A/m2

(c)
-18.8

A/ m2

(e)
-7.8

1 us

-840

-7.2
0

A/m2

640

——mgraansere2ltl0 d

T/S

(b)

(d)

us

............

(£)
-1040

0 us

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

293

(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.




1.04 T
. 1

T/s

-1.22 >
0

1.06 us
()

A/ Sec.

-56 i
(o) 0 1.06 us
[

Dal? &

m ud -y
Sy
=]
1.11 .
(b) 0 1.06 us
240 r
0 \ A
()]
gt 1
<
-960 "
(@ 0 1.06 us

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. 11.32(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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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.
(a) Parallel strips

(¢} Circular cylinders of magnetic field nside a cavity.

(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)

341

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
R
ES
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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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ferrite
core

turns to scope
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to

generator scope
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connectors wire
(b) on insulating
box internal to
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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Fig. 14.6 Resistively coupled voltage.
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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.
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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












. Cockpit

H Cargo Bay
1.18 uH 1 :C 1.18 uH €

— 78 20— 500 ey 100§ Va

’ 2 350

o Il Av/\v/\vﬂvﬂ\m ; ]
AL S w11

o 150
0 5 us 0 5 us

(b) (c)

amperes
volts

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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Fig 15.34 Leakage through apertures.
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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)
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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,

463







to High Power Electrical Transients,” 735D4289, 17.34 Determination of Upset and Damage Circuit

Corporate Research and Development, General Thresholds, PREMPT Program TN-25, the Boe-
Electric Company, Schenectady, New York (De- ing Company, Seattle, Washington (September
cember 1973). 15, 1975).

465




































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.
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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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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






















































