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LIGHTNING EFFECTS ON GENERAL AVIATION AIRCRAFT

J. Anderson Plumer

President

Lightning Technologies, Inc.
560 Hubbard Avenue
Pittsfield, Massachusetts 01201

BIOGRAPHY
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Electric High Voltage Laboratory, conducting studies of
dielectric breakdown phenomena and lightning effects on
aircraft fuel, structural and electrical systems. He was
instrumental in the development of new laboratory methods
for the study of lightning effects on aircraft and has
contributed to industry groups working toward education
and standardization of lightning protection methods and
techniques. Mr. Plumer is co-author of the book Lightning

Protection

T Aireraft and was named the recipient of the

Admiral Luis de Florez Flight Safety Award in 1978 for his

work in this area.

ABSTRACT

The availability of IFR avionics and im-
proved pilot training has increased the

exposure of business and general aviation

aircraft to adverse weather conditions,
including lightning strikes; sometimes
with hazardous results. With the coop-
eration of FLIGHT OPERATIONS magazine, a
lightning strike reporting project has
peen implemented to identify potential
problem areas and alert designers of
future aircraft. 1Initial findings from
his expanding data base are presented,
>gether with implications for design.

Mt

ot

LiTRODUCTION

The highly competitive marketplace and
increasing cost of energy is motivating
manufacturers of general aviation air-
craft to achieve greater efficiency and
economy through application of advanced
technologies in the design of new air-
craft,

Some of the new technology structural
materials and manufacturing techniques
now on the drawing board mav be more
vulnerable to electrical hazards than
conventional structures due to their
reduced electrical conductivity. Among
these are the use of advanced composite
materials in place of aluminum, and ad-
hesive bonding in place of mechanical
fasteners. Some of these new materials

are already in use, albeit mostly in non-

critical applications, but other air-

craft now on the drawing board plan to
utilize composites and adhesives much

more extensively.

Inhibiting some applications of these new

technologies, however are potential

problems posed by environmental effects
such as lightning. Just as the entire
structure must safely accept and tolerate
the mechanical loads imposed by flight,
it must also conduct electric currents
produced by the lightning and on-board
systems, and conduct these through it-
self without degradation of mechanical
integrity and without hazardous side-
effects such as electrical sparking. The
electrical and electronics systems con-
tained within these structures must also
be designed to tolerate the increased
electromagnetic fields which may pene-
trate nonmetallic structures.

Since an aircraft has little effect on
the magnitude of lightning current it
may receive, the structure of small,
general aviation aircraft must be capa-
ble of conducting just as many amperes
of lightning current as must that of
jumbo jet. As a result, the densit; of
current in the skins, ribs and spars of
a small aircraft can be much higher that
the density of current flowing through
the larger aircraft. Since the electri-
cal energy that must be tolerated within
a given volume of structure is propor-
tional to the square of the current den-
sity, the task of protecting the smaller
aircraft from structural damage, internal
sparking, and related effects is funda-
mentally more challenging than protec-
tion of larger aircraft which have more
massive structures into which lightning
currents can spread.

At first glance, protection for these
small aircraft seems to imply the addi-
tion of protective diverters, coatings,
shields, bonds and other measures whose
weight and cost would negate the advan-
tages provided by the new-technology




structures and electronics. This need
not be the case, however, if innovative
protective measures are developed and
applied only where needed; but to avoid
pitfalls this course requires that more
definitive information be obtained on
the location of the lightning strike
zones on small aircraft and the magni-
tude of damage that the higher current
concentrations can cause.

Until recently, no system has been in
place for obtaining information from

the in-flight strikes that presently
occur. In many cases the damage is
simply repaired and valuable information,
which is important to designers of air-
craft now on the drawing board, has been
lost. In an effort to fill this gap,
FLIGHT OPERATIONS magazine and Lightning
Technologies, Inc. have begun a pilot
reporting project utilizing a tear-out
questionnaire published periodically

in the magazine. Thanks to the coopera-
tion of reader-pilots, the lightning
reporting project has begun to produce
information of significance to those who
operate small aircraft as well as those
engaged in aircraft design.

The object of this project is to provide
the information necessary to design of
effective and efficient lightning pro-
tection for small aircraft, and to help
pilots avoid it whenever possible. The
lightning strike questionnaire was first
printed in the November 1977 issue'! and
next in July 1978%. These questionnaires
produced 40 responses, most of which
described recent strikes. A few readers
also provided data on lightning strikes
experienced several years before; a
testimony, perhaps, to the lasting im-
pressions left by these experiences.
Some of the more important findings thus
far, and the implications they have for
protection design, are presented in the
tollowing paragraphs.

CONDITIONS WHEN STRUCK

While torty reports is too small a sample
upon which to base conclusions, it is of
interest to chart some of the iniormation
in formats from wirich conclusions can
later be drawn as the data expands.
Figure 1, for example, shows the flight
altitudes at which the first 40 aircraft
were struck.

As shown in Figure 1, strikes occurred
at virtually all flight altitudes, with
the highest percentage happenin% between
5,000 and 15,000 feet. 45,000 feet was
the highest altitude at which a strike
was encountered, as reported by a Lear
Jet operator after a flight from Panama
to Miami. The lightning strike occurred
while the aircraft was penetrating the
top of a cumulonimbus (CB) cloud over
Cuba. Air Traffic Control would not
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FIGURE 1 - FLIGHT ALTITUDES WHERE
AIRCRAFT WERE STRUCK.

allow a deviation, and the strike caused
the left engine to flame out and burned
out both ADF receivers.




80 LS
FLIGHT CONDITION ] PRECIPITATION

1

None Rain Sleet/ Hatl

Snow

TURBULENCE CL0uDS

0
# None light Moderate Heavy

FIGURE 2 - FLIGHT AND WEATHER CONDITIONS WHEN STRIKES OCCURRED.

All of the strikes reported above 24,000 The precipitation and cloud conditions
feet were experienced by jet-powered air- revealed here are similar to those ex-
craft, whereas most of those at 24,000 perienced by commercial aircraft, but at
feet and below involved piston or turbo- first glance the comparisons indicate a
prop aircraft that commonly operate at marked difference in the flight condition
these lower altitudes. The wide range and degree of turbulence experienced.
of altitudes, of course, indicates that The higher percentage of strikes re- |
aircraft are never bevond reach of light- ported to business aircraft in level |
ning strikes. Slizht probably reflects the fact that
most of these aircraft cruise at lower
The other conditions within which the altitudes than their big brothers, where
pilots found themselves when the reported lightning strikes are more common. Like-
strikes occurred are summarized on Fig- wise, the higher percentages of mcderate
ures 2 and 3. Figure 2 shows the flight and feavy turbulence noted by the busi-
and weather conditions, with a comparison ness aircraft operators simply acknow-
' to the commercial aircraft experience ledge the unfortunate fact that smaller
| determined from a related project’. Most aircraft bounce further than larger ones
i strikes happened wnile the aircraft was in choppy air.
' in level flight, witkin a cloud, and ex-
! periencing some form of precipitation and The data of Figures 1, 2 and 3 indicate
{ light turbulence. ~figure 3 shows that that an aircraft flying at between 5,000
the outside air temperature was also and 15,000 feet, within a cloud (not
i close to the freezing point. necessarily a CB) and experiencing som
| i R 1 O T %
5 - e
| ‘; 4 Percent it W s e 4
| ¥ of o — o= - —
[ e Strikes 50% ‘
I N at
| { p tach
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l FIGURE 3 - OUTSIDE AIR TEMPERATURE (°F) WHEN STRIKES OCCURRED.
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form of precipitation and turbulence is
most likely to receive a lightning
strike. To avoid all of these condi-
tions would greatly reduce the proba-
bility of a strike, but such a practice
would also relegate many aircraft to a
life in a hangar. Instead, the data (as
it develops) should be interpreted to
alert pilots of the conditions within
which a lightning strike is most likely.

Indeed, quite a few of the reported in-
cidents occurred when least expected.
Most of the pilots were either completely
unaware of any thunderstorm activity in
their vicinity or circumnavigating known
areas of activity when the strikes oc-
curred. One, for example, reported that
the nearest thunderstorm (as defined

by radar returns) was 150 miles behind.
He was in solid stratus clouds at 37,000
feet and beginning to encounter turbu-
lence when the strike occurred. Several
others reported circumnavigating storm
echoes by 30 miles when they were zapped.
Only two reports were received of air-
craft passing close to or penetrating a
line of thunderstorms, and in these

cases the aircraft were near terminal
areas and being vectored from the ground.

Electrical charge accumulations suffi-
cient to support a lightning flash
nearly always originate in CB-type
clouds, but charge from such a cloud can
be carried a hundred or more miles down-
wind by its anvil blow-off. Precipita-
tion such as sleet and hail can also be
carried away in this manner, and since
ice particles are invisible to most
radars, such an area may be encountered
unexpectedly. The resulting lightning,
hail and turbulence can be quite a sur-
prise.

EFFECTS ON THE AIRCRAFT

A wide variety of effects on the aircraft
were reported, in seemingly random combi-
nations. While none of these resulted in
loss of the plane or harm to those inside,
a few of the effects might, in another
combination or under different circum-
stances, have developed more serious con-
sequences. Those of greatest concern
included engine flame-outs, loss of elec-
tric power, and damage to electronic
equipment.

Engine Flame-Outs

Of the eleven strikes to turbojet air-
craft reported thus far, four resulted in
flameout of one engine and a fifth caused
both engines to quit. It was possible to
re-light the engine in flight in all but
two of these instances, in which restarts
were not possible until after the air-
craft had landed. The aircraft that lost
both engines was struck at 31,500 feet
and in spite of repeated attempts, the
engines would not start again until the
aircraft had descended to 13,000 feet.
One instance of a turbo-prop engine flam-
ing out has also been reported, with an
in-flight re-start being obtained shortly
afterwards.

The high percentage of biz-jet flameouts
that result when lightning strikes occur
has prompted some operators to ask for
more information on this subject, and
whether anything can be done to prevent
these flameouts.

Study of these incident reports and dis-
cussions with the operators involved re-
veals that the engine flameouts are prob-
ably caused by the disruption of inlet
air which results when the hot lightning
channel is swept in front of an engine as
illustrated in Figure 4.

FIGURE 4 - HOW A LIGHTNING STRIKE CAUSES ENGINE FLAMEOUTS.
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Lightning flashes, of course, initially
attach to extremities such as the nose
or wing tips, but since the aircraft is
moving, the lightning channel will be-
come elongated and reattach to other
spots aft of the initial attachment
point as illustrated in the insert.
Items mounted on the fuselage, including
the engines, may thus be exposed to the
lightning channel even if they are not
struck in the first place.

A typical lightning channel is a long,
tortuous column of luminous, electri-
cally conductive air. It may be a foot
or more in diameter, and at its center,
temperatures as high as 30,000°K and
pressures of many atmospheres may be
reached. It is not hard to imagine how
this unruly visitor can disrupt the
orderly flow of air into a small jet
engine, sufficient to cause a compressor
stall or flameout. Whereas the light-
ning channel may pass very close to the
engine inlet, it is not possible for
this electrical conductor to be ingested
because the lightning channel will sim-
ply reattach to the inlet cowling which
is itself conductive. The tell-tale
burn marks found on engine inlets after
several of the reported strikes confirm
this. The reasons that lightning-related
engine flameouts do not occur to trans-
port category aircraft with fuselage-
mounted engines are (1) that the flash
has died before being swept the longer
distance back to the engine intakes, and
(2) that the intakes themselves are
larger and a flash might not disrupt suf-
ficient air to stall the engine.

Some operators have asked whether the en-
gine flameouts might be due to a light-
ning related disruption of electric power
or to some other indirect effect of the
lightning strike. Since no damage to
engine electronics or fuel pumps has been
reported it appears that such effects are
not the cause. Also, while loss of elec-
tric power was indeed reported in a num-
ber of incidents, they don't happen to

be the ones that involved engine flame-
outs. The difficulty in obtaining in-
flight re-starts after these flameouts
may be the result of flooding, since pre-
cipitation was also reported in four out
of the five incidents. Rain was reported
in two of the three cases of re-start
difficulty.

As for protection against flameouts, there
is no protective device or design change
presently known that would improve the
situation, although these incident reports
have prompted researchers to begin dis-
cussions of how the effect might be simu-
lated in the laboratory - a first step
toward learning more about the intensities
of temperature and overpressure required
to disrupt these engines, and the extent
to which they are related to engine power
settings. Fortunately, some comfort can
be derived from the fact that in most
cases only one engine flames out. This is
logical because the lightning flash usu-
ally sweeps along only one side of the
fuselage. In the case where both engines
flamed out, the strike must have swept
along both sides at once. In this case
the lightning strike must have entered one
side of fuselage and exited from the other
side, as shown in Figure 5.

FIGURE 5 - POSSIBLE CAUSE OF DUAL ENGINE FLAMEOUTS.
® The strike enters one side
and exits from the other.
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Therefore, at least until more is learned
about the flameout problem, the best ad-
vice for operators of small aircraft is:

e Be aware that lightning may cause
flameouts (to turbo-props as well
as turbo-jet aircraft)

e Avoid areas of heavy precipitation,
and

e Be familiar with in-flight
re-start procedures

Power Qutages

Loss of alternator and/or inverter power
was reported in 8 of the 40 strike inci-
dents. In most cases this was temporary
and power was restored after circuit
breakers were re-set. The particular
causes of each power outage are unknown,
since determination of these would re-
quire inspection of the aircraft or elec-
trical circuits involved. It is probable,
however, that the lightning strikes in-
duce overvoltage 'spikes' in the electri-
cal wiring, of sufficient magnitude to
spark across the insulation of terminal
boards, lamp sockets and other devices,
causing short circuits. The circuit
breakers pop and clear these faults, but
not before the lightning surges have also
passed into electronic equipment power
supplies, sometimes causing them to burn
out. Types of equipment reported to have
suffered damage and the number of inci-
dents of each are listed in Table I.

TABLE I - Equipment Damaged by
EggﬁtnxngStrlﬁes

Autopilot Pitch Controls (1)
Radar Set (1)
VOR (L)
ELS (1)
ADF (4)
VHF Comm Set (3)
DME (2)
Tail Light (L)
DC Generators (1)
Encoding Altimeter (1)
Telephone and Telegraph Set (1)
Windshield Heater (L)

The outages listed in Table I are in
addition to the temporary upset or inter-
ference with NAV-aids and communication
vear caused by static electricity prior
to the lightning strike. While the lat-
ter interference can by annoying, it
rarelvy persists long enough to become a

azard. Permanent loss of electronics
however, especially if widespread, could
leprive a pilot of flight instruments
ind JAV-aids critical to successful

fligzht around nazardous weather.

Many of the voltage surges mentioned
above are coupled into the aircraft's
wiring by the magnecic fields that accom-
pany every lightning strike, but some
surges have been injected directly into
the aircraft by strikes to navigation

and position lights. If a strike lands
near a light, a globe may break and allow
some of the lighting current to enter

the lamp power wires. 1If this happens
some of the wires may also be damaged.
All lamps should therefore be inspected
after a strike occurs and if a lamp has
been damaged, the insulation on the wir-
ing and other components between the lamp
and the load center should also be inspec-
ted for damage. If other lamps are
powered from the same circuit breakers,
the wiring out to these lamps should also
be inspected, even if the lamps them-
selves were not damaged.

At present, there exist almost no devices
that can be purchased and conveniently
installed on an existing aircraft to pro-
tect electronics against lightning-
induced surges. Surge protection, in-
stead, is easiest to incorporate during
design and manufacture of new aircraft.
Incorporation of it has begun, and will
evolve as understanding of the problem
improves. Eventually, industry-wide
standards will define protection levels
and establish responsibilities of the
electronics manufacturer as well as the
aircraft builder.

Meanwhile, rules of thumb for operators to
follow now should include:

® Be sure that all electrical and
electronic equipment is operative
before taking off, so that backup
units are available if the No. 1
unit fails due to a strike

e Carefully inspect the aircraft
for damaged wiring or components
after a strike and have necessary
repairs made before flying
again

IMPLICATIONS FOR PROTECTION DESIGN

In addition to the data reviewed above,
information on the location of lightning
attachment zones on small aircraft is

also beginning to surface. Design engi- E
neers must know the location of these

zones in order to provide skins of ade-

quate thickness to protect fuel tanks,

and to add protection for non-metallic
structures.

The severity of lightning currents which
must be protected against at particular
locations on an aircraft depends on the
lightning etrike azone of the location of
concern. Three basic zones have been
defined" as follows:
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Zone 1: Surfaces where there is Zone lA: Initial attachment point with
Righ probability of initial lightning Tow probability of flash hang-on, such
flash attachment (entry or exit), as the forward and middle portion of a
wing-tip tank.
Zone 2: Surfaces of the vehicle across
which there is a high probability of a Zone 1B: Initial attachment point with
lightning flash being swept by the air- high probability of flash hang-on, such
flow from a Zone 1 point of initial flash as the aft end (trailing edge) of a tip
atctachment, tank.
Zone 3: Zone 3 includes all of the vehi- Zone 2A: A swept stroke zone with low
cle areas other than those covered by probability of flash hang-on, such as
Zone 1 and Zone 2 regions. In Zone 3 the wing surfaces and nacelle tank skins
there is a low probability of any attach- behind a propeller.
ment of the direct lightning flash arc.
Zone 3 areas may carry substantial amounts Examples of these zones are on Figure 6.
of electrical current but only by direct
i conduction between some pair or direct or The forward end of the wing-tip tank is
swept stroke attachment points, in Zone lA. Due to the forward motion s
of the aircraft, however, and the need
and further divides Zones 1 and 2 into A for the lightning leader to continue to
and B regions depending on the probability the ground before the return stroke oc-
that the flash will hang on for any pro- curs, arcs initially striking the forward
tracted period of time. An A-type region tip will be swept aft and it is quite
is one in which there is low probability possible that, in some cases at least, |
that the arc will remain attached and a the high-amplitude return stroke current |
B-type region is one in which there is a will not appear until the arc has re-
high probability that the arc will remain attached several feet aft of the forward
attached. Some examples of zones are as tip. Thus the center surface of the tank
follows: must also be assumed to be in Zone lA.

If the flash is still alive when the
trailing edge passes by, the arc will
hang on to this location until the flash
dies naturally, placing the aft tip in
Zone 2B.

.
AR 24
i PRRRRRE 2B

R R T ey

Fuselage

iy

-
o«

18"

b g i

wﬁ' I ST T T

FIGURE 6 - LIGHTNING STRIKE ZONES ON A TYP1CAL GENERAL AVIATION AIRCRAFT.
e The 18" extensions of Zone 2A on either side of the propelier
diameter account for lateral variations in the arc path Aft
of the propeller.
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For years the airlines and manufacturers REFERENCES
of commercial aircraft have recorded the
location of the holes and burned marks 1. J.A. Plumer, "Lightning Protection:
left by lightning strikes, for use in How You Can Help, FLIGHT OPERATIONS, Nov.
establishing the liphtningstrike zones on 1977, p. 29.
these aircraft But to date, no such
data base exists for business and general 2. J.A. Plumer, "Lightning Strike
aviation aircraft. Most desipners have Feedback: More Pilot Reports Needed",
therefore adopted the zones established FLIGHT OPERATIONS, July 1978, p. 42.
for commercial aircraft, but initial
data irom this project indicates there 3. J.A. Plumer and B.I. Hourihan, ''Data
may be some differences. For example, from the Airlines Lightning Strike Re-
Zone lA (defined as "a direct strike porting Project', General Electric R&D
zone with low probability of flash hang- Report GPR-75-004, March 1975.
on'') includes only the nose area of a
transport aircraft fuselage, but several 4. Report of SAE Committee AE4L, "Light- .
ot the reports from this project show ning Test Waveforms and Techniques for
evidence of direct strikes arriving well Aerospace Vehicles and Hardware'', June
att of the nose. This fact is undoubt- 1978.
edly due to the shorter length of these - | 4
iircraft. Even though the leader may
‘nwitially attach to the nose of the air-
crqrt, the airera’t may have flown ahead
neariy tte entire length before the

ticr reaches the earth and the damaging

turn gtroke te tnitiated - thus allow- J

¢ return stroke to arrive nearly

mywnere on the small atreraft fuselage.
[his result suggest that the entire
tuselage of most business and general
viation aircraft should be considered
within Zone lA for protection design

YO0Ses

‘ortunately perhaps, lightning is an

e¢lusive phenomena which doesn't stay

d long enough to be conveniently

ed. Over the years a lot has been

wed about lightning from patient

ts to photograph it, and from

weasurements of the electric currents
deposits in tall structures such as

1e Empire State Building. Lightning

irrents can be reproduced with large

i 1 banks in the laboratory for

effects these currents have

3 ividual airplane parts. But the
{ inswers to other important questions,
luding the engine effects and strike -

discussed above, would require man-
1de liphtning tests of a complete air-
craft in its own habitat - a practial 1

SIDLItY

e best answers to these questions will
come instead from nature's own tests -
is reported by the pilots who chance to '
he first hand witnesses. However insig- E
nificant they may seem, the burn marks,
circuit-breaker pops and other effects
\ can help warn of future problem areas
and pay dividends in improved safety.
[hanks, therefore, are due the pilots
who take the time to report these events.
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A NEW APPROACH TO LIGHTNING POSITIONING AND TRACKING

1.0 INTRODUCTION

Crossed-loop direction-finding methods have been routinely used in
multistation applications for over 30 years to locate the positions of lightning
flashes. Such methods were developed during World War II and operate at
VLF frequencies. The methods are especially effective in the surveillance
of thunderstorms at distances of 500 to 3000 km. This is because the VLF
signals from lightning are large and they also propagate well, so that strong
pulses are received even from distant flashes. Furthermore, for ranges
beyond 500 km,site and polarization errors are not a severe problem. Within
500 km, however, bearing errors,due to horizontally polarized fields, are
very troublesome in routine VLF sferics DF systems. Ionospheric reflections
cause polarization changes of the signal at distances of 100 to 500 km. Within
some 200 km, major horizontal fields are generated by radiation from
horizontally orientated lightning channels, and also by subsequent pick-up and
reradiation of these fields by horizontal conductors such as fences and buried
cables. Figure 1 illustrates some recent Japanese data relating the bearing
error to range for conventional VLF crossed-loop techniques. It is seen that
within 100 miles VLF detection results in errors greater than 25? thus making

location of close lightning difficult.

The initial part of an incoming VLF atmospheric is more dominantly
vertically polarized than are the succeeding stages as one would expect. The
first portion of the ground pulse, since it originates in the lightning channel
section most likely to be vertically orientated, contains the minimum
horizontally polarized contribution. Thus, ''gating'' techniques that operate
only on the first part of the atmospheric, much reduce polarization troubles.
Such gating methods were incorporated in the original British design of a sferics

(1)

locator, ‘primarily with the objective of operating on the groundwave only, and of

ignoring skywave contributions.

-15-
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A similar gating approach was suggested by l.atham and Uman in
1971, and alsc by Noggle et al . )and the USAF(")in 1973, whereby only
the initial part of a ground pulse is examined. In order to understand

this much more accurate location approach we need to also understand

the physical process of a lightning ground stroke.
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2.0 THE LIGHTNING PROCESS IN A CLOUD-TO-GROUND DISCHARGE

A cloud-to-ground lightning discharge is made up of one or more
intermittent partial discharges. The total discharge, whose time duration
is of the order of 0.5 seconds, is called a flash; each component discharge,
whose luminous phase is measured in tenths of milliseconds, is called a
stroke. There are usually three or four strokes per flash, the strokes being
separated by tens of milliseconds. Often lightning as observed by the eye
appears to flicker. In these cases the eye distinguishes the individual
strokes which make up a flash. Each lightning stroke begins with a weakly
luminous predischarge, the leader process, which propagates from cloud-
to-ground and which is followed immediately by a very luminous return stroke

which propagates from ground-ta-cloud.

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

generation of the field takes place exponentially.

2.1 Stepped Leader

The usual cloud-to-ground discharge probably begins as a local dis-

charge between the p-charge region in the cloud base and the N-charge region

above it (Figure 2). This discharge frees electrons in the N-region previously
immobilized by attachment to water or ice particles. The free electrons
overrun the p-region, neutralizing its small positive charge, and then continue
their trip toward ground, which takes about 20 msec. The vehicle for moving
the negative charge to earth is the stepped leader which moves from cloud-
to-ground in rapid luminous steps about 50 m long, as shown in Figure 2.

Each leader step occurs in less than a microsecond, and the time between

steps is about 50 W sec.

2.2 Return Stroke

When the stepped leader is near ground, its relatively large negative

-17-
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Fig. 2 Stepped leader initiation; a) cloud charge prior to p-N discharge, b) stepped

leader moving downward in 50 m steps. e
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C v ¢ o0 ¥ 4 00 7 v ¢ Vs 27 s s
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Fig. 3 Return stroke initiation; a) start of upward moving sparks to meet leader;
b & c) return stroke propagation from ground to cloud.
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charge induces large amounts of positive charge on the earth beneath it and
especially on objects projecting above the earth's surface (Figure 3). Since
opposite charges attract each other, the large positive charge attempts to

join the large negative charge, and in doing so initiates upward-going dis-
charges. One of these upward-going discharges contacts the downward-moving
leader and thereby determines the lightning strike point. When the leader is
attached to ground, negative charges at the bottom of the channel move violently
to ground causing large currents to flow at ground and causing the channel near
ground to become very luminous. The channel luminosity propagates con-
tinuously up the channel and to the channel branches at a velocity somewhere
between 1/2 and 1/10 the speed of light. The trip between ground and cloud
takes about 100 u sec. When the leader initially touches ground, electrons flow
to ground from the channel base and as the return stroke moves upward, large
_numbers of electrons flow at greater and greater heights. Electrons at all
points in the channel always move downward, even though the region of high

current and high luminosity moves upward.

It is the return stroke that produces the bright visible channel. The eye
is not fast enough to resolve the propagation of the return stroke, or the stepped
leader preceding it, and it seems as if all points on the channel become bright

simultaneously.

After the first return stroke is complete, more charge may be made
available to the top of the ionized channel and a dart leader will then pass down
this branchless channel to ground, once more depositing negative charge. A
second return stroke then passes up the channel. The process may continue

several times in a fraction of a second.

2.3 Intracloud Discharge

Intracloud discharges have a duration of the order of 0.2 seconds, causing
a continuous low luminosity in the cloud. It is thought that during this time a
propagating leader bridges the gap between the two main charge centers.

Superposed on the continuous luminosity are relatively bright luminous pulses

-19-
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which are probably relatively weak return strokes that occur when the
pPropagating leader contacts a pocket of charge of upposite polarity to that
of the leader. Direction finding on such waveforms can not be achieved by

broadband magnetic field techniques.

2.4 Magnetic Field Waveform ’

A significant characteristic is the rate of rise of the current waveform.
It has been generally assumed in the recent past that the lightning current
waveform reaches a peak in some 1 to 3 usec. More recent information by

(a)

Llewellyn ™ in 1977 indicates that the current risetime may be much less

b than 1 U sec. Figure 4 shows some risetimes for a selection of close and

distant storms. For some storms the average time to peak value was found
to be of the order of 1/4 usec or less. A series of consecutive return stroke

P waveforms is shown in Figure 5.

In order to understand the waveform, Figure 6 illustrates the approx-
imate time table of a return stroke in a lightning flash. This was photographed
(s)

by Malan™ | and the time sequence shown is from the upward-moving bright

luminosity.

0 microseconds

Fig. 6  Time-table of the return stroke of a lightning flash. The bright luminos-
ity starts at the ground and moves upwards.

It is seen from Figure 6 that a receiver bandwidth capable of monitoring
time periods of | usec or faster (1 MHz or broader) would, in this case, be

able to detect signatures from the base of the return stroke, whereas a lower

| -22-
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frequency would monitor possible signatures from higher branches and bends
leading to the large errors shown in Figure 1. This principle of gating a
broadband receiver to detect only the base of the return stroke forms one of

the basic ideas behind the lightning position and tracking system.
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3.0  LIGHTNING POSITION AND TRACKING SYSTEM (LPATS)

The recent advancements in monitoring and understanding the magnetic
field characteristics from lightning that have just been discussid have led
to the capability of accurately detecting and tracking lightning at close ranges
(1-400 km). The Lightning Positiion and Tracking System (LPATS) relies on
being able to detect the cloud to ground discharge by its unique broadband
magnetic field waveform. Once detected this waveform is sampled for the part
of the return stroke that is within 100 feet of the ground. It is well known that
this part of the discharge is almost always vertical and carries the greatest
energy, implying that we have a vertical omni-directional radiating antenna
and a powerful transmitter. LPATS detects the characteristics of the return
stroke, sampling several parts of the waveform, and in particular it samples

the peak value which occurs during the first 100 feet or so.

For ideal monitoring three receiving stations are set up at points
comparable to the vertices of an equilateral triangle, with base line about
I /4 of the distance to be covered. Each station has a pair of orthogonal loop
antennas and a receiver., The station will need virtually no maintenance and
1s casy to set up. The data collected will be transmitted via telepnone line
(or VHF/UHF link) to a central station which monitors the signals and computes
the desired information. The results can be displayed in map form on a video

terminal, displayed on a printer or input to a computer.

The units perform well in locating lightning from 0 to 400 or more
kilometers because lightning energy is enormous. When a signal above a
threshold level is detected its characteristics are transmitted within milliseconds
to the master station. Analysis is performed on the data arriving on the three
incoming lines and triangulation calculations show the point of the strike. This
is repeated for each return stroke. If the characteristics are such that it is
not a return stroke, the lightning signals received must be from an intracloud

discharyge, and pertinent cloud stroke information can be recorded.




e ———————

The advantages of LPATS are its low cost,ease of installation and
maintainance, and its accuracy. LPATS also has the ability to allow many
parameters to be monitored such as lightning intensity, speed and direction
of movement, and display information on a video screen map or incorporate

it into any computer system,
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4.0 SYSTEM DESCRIPTION

4.1 Single Discharge Directional Location

INS antenna loop

» 2 /
direction -B cos @

of lightning Wy 7 /
@ /
B

EW antenna

toup 1J,/lr,"!:’a sin

Two Orthogonal Loop Antennas

Two orthogonal loop antennas and their related broadband receivers
(lIkHz to 100 MHz) monitor the magnetic field from a lightning stroke. When
the stroke is vertical, close to the ground, the signal received in the North-
South antenna is proportional to B cos ¥; whereas the East-West received
signal is proportional to B sin ¥. The microcomputer determines the part
of the signal from the region close to the ground and computes the angle to
the discharge by simple trigonometry. The information sent to the computer
includes the waveform characteristics, such as time-to-peak and half peak,

as well as peak value.

4.2 Distance Computation

Three such sites send similar information on the discharge to the
computer, which immediately calculates the angle from each site and determines
the point of contact by triangulation. As a result, the distance of the discharge

from the centir of interest is known along with the azimuth angle.
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4.3  Anpular and Distance Accuracy

Tests on the angular accuracy from a single station to a lightning
strike have been carried out over Central Florida during the last year.
Monitoring of close lightning (8 miles) was carried out by video photography,
and distant storms were monitored by high resolution infrared satellite cloud

photography.

The angular data from the single station LPATS agreed to the angular
resolution of the video system which is about ! 1°. Monitoring of the distant
cells indicated that similar accuracies existed. Using simple triangulation
? trigonometry, this 1° error can be extrapolated to two dimensional errors
in a three station system. These errors have been calculated by a computer
for a 10 mile baseline using two of the three stations and are shown in
i Figure 7. These errors will satistically itnprove as the storm progresses
and more data becomes available.

4.4 Differentiation between Intracloud and Ground Strokes and Probable 1
Tornado Detection

In the software,intracloud and ground strokes can be easily differen-
tiated by their waveform characteristics, since the values for signal peak
amplitude and rise and decay times differ significantly. Actual recordings
B of return stroke magnetic waveforms were shown in Figures 4 and 5. Tornado
monitoring is also possible by monitoring bursts of HF signatures as reported

by Taylorm. This burst information can be displayed on the video terminal.

4.5 Determination of Stormi Parameters

We have shown that LPATS is capable of almost instantaneous recording

of lightning flash position. With competent software development it is possible
[ to generate programs to supply storm location, direction of movemert, in-
' tensity, and other relevant facts. The exact calculation and information display
‘ can, of course, be modified to suite the user's needs, but the following
; } techniques have been incorporated in present systems.
= 3
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LIGHTNING LOCATING ERRORS (MILES) 1

YIMILES )

Fig. 7 LPATS Locating Errors for a System on a 10 Mile Baseline.
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4.0 Single and Multiple Storm Cell Resolution

The computer has in its memory the exact strike positions for the last
several minutes. Software can be written to accept each cluster of points,
over a particular distance and time, which will correspond to a cell. The
center of gravity of each cluster can be computed as the storm center., By
these means, all the existing cells can be monitored and separately identified.
The information from ecach antenna location is recceived and processed within
milliscconds such that the individual return strokes in a flash can be monitored
for greater accuracy. The likelihood of two differcut discharges occurring
within a few milliseconds is very remote. Such discharges would probably be
triggered from the same cell and the different strokes will probably be more
than 100 msec apart. Once the return stroke has hit the ground the signal
moves at the velocity of light or 180 miles per millisecond, which again
tllustrates the rare chance of two discharges interfering with location

accuracies.

4.7 Storm Intensity

Because information from storms is fed into the microcomputer memory
within milliseconds and because the compuater has already defined the different
cells, there should be no problem in resolving the intensity of each one of
several storms. This intensity could be defined as either electric current in-
tensity or flash rate, or both., The recorded intensity of the signal from each
site allows the current in the discharpges to be moritored with reasonable
accuracy, and the number of discharges per cell occurring within each minute
can be counted to determine the flash rate. This data can be displayed in number

code on a display.

4.8 Speed anc Direction of Stormi Movement

Monitoriryg the change in position of the center of gravity of each storm
cell and relating it to the corresponding time interval, will identify the speed

and direction o, movement. This information could be illustrated on a display

rhae
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with arrows and numbers, or it could be fed into an existing computer in
any desired way. The experience of each user will define his ideal re-

quirements which could be changed by simple software modifications.

4.9 Auto, Calibrate and Self Check Capability

The remote systems have the capability of self checking the analogue
to digital converter at the system voltage levels and also the receiver and
attenuator sections for fault diagnostic purposes. The system is also designed
to allow processor and memory checks to be carried out at the remote sites
under direction from the central processor. Any faults uncovered by these

means are listed at the CPU,

An update capability allows a user to update from the CPU the remote
system's internal waveform analysis selector, attenuator settings, delay time

requirements and cloud or ground stroke information,

4.10 Electric Field Monitoring

The LPATS computer is capable of receiving data from field mills placed
at selected sites so that warning of an impending first stroke from a

thundercloud can be displayed on the terminal.
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Fig. 8 LPATS Receiver, Display, Disc & Tape Recorders & Teletype.
‘
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g Fig. 9 Typical LPATS Antenna,
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Fig. 10 Typical Display of Storm Moving Towards Melbourne Airport.

Fig. 11 System Auto Check Capability,
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5.0 RESULTS

The LPATS system is shown in Figure 8. A basic system would
incorporate the video terminal and the 19" x 8' electronic unit. The
photograph shows these two with the addition of magnetic tape recorders,
disc recording and teleprinter output. The crossed-loop antennas are

shown in Figure 9.

A video display showing a storm approaching Melbourne airport at
lo mph is shown in Figure 10. The strike positions are shown along with
storm intensity. During non-active days, an auto check is possible in order
to investigate the correct functioning of each system. Such a display is shown

in Figure 11,

A single station system is being developed where accurate angles to
the discharge are recorded, and distance is obtained from the relationship
between electrostatic and magnetic fields radiated from the lightning

discharge.

Figure 12 shows data from cach of three remote sites for several return
strokes in four different flashes. It 1s interesting to note the retura stroke
risetimes that vary from 0.2 to |.8 4 sec. The discrepancy between first and
subsequent return stroke angles 1s probably due to low level branching in the
first return stroke. More accaracy 1s, therefore, achieved by using the
subsequent data for positional intormation. This risetime information is
cxtremely useful research data for understanding the basic problems in surpe

protection and lightning protection,




STN. TIME NS (V) EW (V) AZ (DEG) TTP (US) TTP/2 (US)
01 06 17 18 -6.84-01 -1,03+00 +1,23+02 +3.00-01 +4.40+00
-9.00-01 -1l.66+00 +1,18+02 +4.00-01 +3.60+00
-7.43-01 -1.35+00 +1,18+02 +3.00-01 +9.20+00
02 -3,71-01 -5,87-01 +1.22+02 +2.00-01 +5. 00+00
-4,30-01 -5.87-01 +1,26+02 +3,.00-01 +3. 60400
-4,10-01 -5.,47-01 +1.26+02 +2.00-01 +1.08+01
03 -5.47-01 -1,36+00 +1. 11402 +2.00-01 +4.80+00
0l Co 18 12 -9.58-01 -1,70+00 +1, 19+02 +7.00-01 +4.40+00
-7.82-01 -1,23+400 +1,22+02 +2.00-01 +4.00+00
] 02 -4.10-01 -5,08-01 +1,28+02 +2.00-01  +4.80+00
? 03 -5.28-01 -1,78+00 +1.06+02 +5.00-01 +4,.00+00
0l 04 34 59 -3.13400 -8.61-01 +1.64+02 +8.00-01 +2. 80400
-4,28400 -1.19+00 +1.64+02 +1. 10400  +3,60+00 5
‘ -2.73+400 -7.82-01 tl. 04+02 +7.00-01 +2.80+00 |
02 -9, -0l -1,17400 +1,28+402 +8.00-01 +3. 26100
-3,22400 -3.40400  +1.33+02 +1.00+00  +3.060+400
-0.45-01 -6.45-01 +1.334+02 +8. 00-01 +3.20+00
o 0l 02 12 -4.89-01 -1.42+00  +41,08+02 +4.00-01 +3.20+00
-5.08-01 -1.25+400 tl. 12402 +2.00-01 +3.60+00
02 -2.34-01 -7.04-01 +1.08+02 +2.00-01 +3.20+00
05 -3.32-01 <1.36+00 +1.03+02 +1.80+00 +1.12+401
-4.10-01 -1.3640) +1.06+02 +2.00-01 +3.60+00

i | Fig. 12 Typical teleprinter output of individual return stroke characteristics
as monitored from three sites for four different strokes. January
| 23; 1979.
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DESIGN, DEVELOPMENT AND FABRICATION OF DEVICES FCR
THE PROTECTION OF ELECTRONIC EQUIPMENT AGAINST LIGHTNING

Jean-Pierre Simi

Les Cables de Lyon
Telecommunications Department - H. F. Division
65 Rue Jean Jaures
95871 Bezons, France

BIOGRAPHY

J. P. Sim1 1s Product Engineer for design and application
of devices for the protection of electronic equipments,
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his MPC degree and a General Chemistry certificate. In
1965, he joined the French School of Radioelectricity,
Electronic and Informatic and received his E.F.R. degree in ]
1968. He began overlevel studies through cables in 1967 |
and was responsible during é years (1971 to 1976 for the
experiments with the French Department of Defense
‘S.T.T.A.) in the Nuclear Experiment Center of the Pacific.
Since 1975 his job has been involved in the design and
application of protection devices against lightning (espe-
cially for French Civil Aviation - S.T.N.A.) and the EMP
thigh and low altitude) for the French D.O.D.

INTRODUCTION PREAMBLE
Recently, the problem of electronic Any equipment 1s generally quite satis-
equipment protection has become more and factory when used in a laboratory.

more i1mportant.
If you encounter some problems during

The main reasons are: normal use, 1t 1s because the environ-
ment 1n which it is now used is no

Increasing density of electronics. This longer the same.

is due to ever increasing chip density,

allowing greater packing of elementary So, when you have to solve any equiment

components. protection problem, ;you have to consider

this environment, afd in particular:
Normal circuit operating voltages have
dropped from hundreds of volts to e The building or shelter in which the
several volts so that ratio of over to equipment 1s used
normal voltage has been increased per-

haps by one hundred. e The earth and ground connections

At the same time, electronic equipment e The praximity of other materials,
became more and more sophisticated, re- which can represent a further source
quiring more and more elements and of disturbance

connecting cables.

e Power lines to the equipment
Finally, we must consider that we re- P Cogoe)

quire more and more confidence in elec- Long signal lines to the equipment.
tronic systems. So they must remain - 9 9 it
quite reliable even when surges occur. We will deal rapidly here with the last

three points, but with emphasis on the
power and signal protection devices, and
1n those emphasize coaxial protection
devices.

For these reasons it seems to be normal
that 1i1gntniny, EMP and other overlevels
of protection are becoming a fundamental
concern of modern engineering.
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THE TECHNICAL BUILDIRG

The best technical building you can
imagine is in fact a Faraday's Cage,
connected to a good ground reference.

However, you know that you can never get
1t for several reasons.

So everything you do which makes your
technical building look like a shielded
room will be in the right direction.

For example, you will have to:

e Weld all the reinforcing bar cross-
ing points when the wall are built.

e Install under the future building a
good earth reference, made of an
iron network which will be extended
further than the building limits

e Connect all the building metallic :
pireces and all the equipment to this
ground reference

From the point of view of lightning pro-
tection, such an insulated building or
an assembly of buildings grouped togeth-
er will be considered as a single unit
and referenced to the same ground. We
will call this an "insulated unit" as
compared with other external buildings
which, due to the strength of the surges
expected will be dynamically referenced
to a d:fferent level when a surge occurs
on one of them.

when you consider such an "insulated
unit" you have only two ways of entrance
of the surges. These are:

e Horizontal lines (power and signal
lines

e Vertical lines (antenna feeders for
example).

-

he object of the protection devices we
will speak about 1s to limit to a non-
destructive value the surge levels which
will reach the equipment installed in
the unit.

Note that the resulting levels will come
from:

The lightning current on wires (we elim-
1nate the strong lightning currents di-
rectly fall-ing on the equipment, which
are supposed to follow first the
lightning down conductor)

The circulation current due to the dif-
ferent potentials taken at the same time
by the ditterent "insulated units".

Further, when the devices are installed,
you may have to further protect some ex-
tra sensetive equipment by putting pro-
tective devices directly on the
individual circuit cards.

The protection devices described here
must only be put on the external connec-
tions of the equipment with the other
units (signal and power lines) and on
the antenna feeders.

DEVICES FOR THE PROTECTION OF POWER
LINES

Devices for the protection of power
lines must be studied regarding two main
characteristics:

e the normal operating level (HV, MV,
LV)

® the distributed power in the line

The protection of high and medium
voltage power lines

Generally they are distributed in delta
configuration, three wires. The only
protection which gives results consists
in applying the appropriate voltage ar-
resters. So, we can get the arrangement
shown in figure 1.

Regarding the power in the line, and in
order to avoid upstream effects, you
must choose an arrester which is spe-
cially developed for power applications.
In fact it generally combines a spark
gap and a series VDR which warrant the
arc extinction. You can see also that
the resulting surge 1s high all the
same, so it will be necessary to provide
further protection (generally this
protection is made on the low voltage
line, where the sensitive equipment is
connected). Figure 2 is a example of
such a protection device (HV 6kV and MV
900V) .

Protection of the low voltage lines

Low voltage lines can be distributed in
delta or wye configuration.

For protection here, you can use low

voltage arresters. They will conduct
the main energy of the overvoltage to
ground.

An example of such a device is shown in
figure 3. We can call it "primary pro-
tection", because it is generally not
efficient enough regarding the sensitive
equipment connected downstream; because
of its delay of response, road surges
will remain.
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So you have to complete 1t with a rapid
response component. It may be obtained,
tor example, trom a TransZorb (R) and a
AC power filter. 1f you want a good
efticiency of the arrester plus
TransZorb association you have to in-
troduce a delay between the two compo-
nents. In the example in figqure 4 this
delay 1s obtained by using a 100
uHenrys 15 amperes inductor.

In figure 5 you can see the dynamic re-
sponse of such a protection regarding a

R

220 kV pulse.

The effects ' with a resistive load of 12
ohms are shown on:

e the arrestor alone
e the arrester and the TransZorb (R}
e the complete device.

In figure 6 you can see two devices.
. one-wire 3KvA low voltage pro-
tion.

a
tec
a three-wire 9 kVA LV protection.

£ you need decoupling protection, you
an avoid common mode surges by using a
transformer. Such a arrangement 1s
shown :n figure You can see that
there 1s no need for the inductance
because of the self-impedance of the
transformer itself.

* ) e

DEVICES FOR THE PROTECTION OF SIGNAL
LINES

Because of the small cross-section of
the elerentary wires 1n such a cable, we
can expect only limited power surges on
1t. That 1s why such protection devices
will be built from smaller simple com-
ponents, which can be placed on print-ed
circuit cards.

Basic diagrams are built with arresters
srall 200 V spark gaps , selfs (some
hundred rmicrohenrys) and transient surge
jevices for example Translorbs (R) of
the IN 56 A JANTX series:'. There

¢ other components such as fuses
and resistors resistors must be put in
crder to quarantee arc extinction i1n the
spark cap when the device 1s 1nstalled
to protect a line which has for example
a perrtanent DC voltage with respect to

f ~ourse, the final circuits must take
\nto account the signal 1tself and in
act:

¢ 1ts polarity (which can be positive,
negqative or both

e '35 peak leve]l (DC, AC or both DC
i AC
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® whether or not you have to transmit
DC levels

® the highest frequency that you have
to transmit (or the rise time of
digital signals)

The series devices we have built are
identified both through a color and a '
number. The color may be:

yellow for positive signals
red for negative signals
blue for bipolar aignals
green for AC signals only

The number can be from;

01 to 49 for low frequency devices
50 to 99 for low capacitance devices.

Because of the gap chosen (CASR type
from Claude) you can conduct to ground a
5 KA/30 us current.

The residual surge level is i1dentified
by the TransZorb (R) number, as you can
see in figure 8.

It shows a 2kV - 3/20 us surge through a
"Red 04" device (which 1s mounted with a
IN5653A JANTX TransZorb (R) ).

Figure 9 shows two other examplies of

such devices ‘a "Yellow 02" and a "Blue
Ngn

Note: to remain efficient, you have to
put such devices on each wire of signal
cables. So you rapidly need an signifi-
cant quantity of them. Figures 1l and
11 show examples of such i1nstallations,
taken i1n Berlin-Tegel airport, where
about seven thousand were i1nstalled for
lygthning protection.

DEVICES FOR THE PROTECTION OF COAXIAL
LINES

On a coaxial line you will generally
find:

e video signals (from low frequencies
to some 1(C megaHertz'

e high frequency signals (antennas and
so on).

For the protection of video signals you
can realize protection devices derived
from low frequency signal protections
described previously.

For high frequency protection devices
you must use the technique of tuned
lines, which will provide very efficient
stati1c protections.
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Protection of a TV video signal
The diagram of such a protection 1is
shown 1n fiqure 12 (top). You can see
that 1t 1s a decoupling system. The
coaxial transformer used here i1s a 75/75
ohms 1mpedance device. Its pass band
covers 20 Hz to 9MHz at less than 2
decibles (fiqure 12 bottom).

It 1s protected upstream by sparkgaps
you can see that the external coaxial
line which 1s supposed to be the means
of entrance of the lightning current 1is
now insulated from the shelter and from
the equipment). Downstream you can see
a coaxial TransZorb (R) TPD series (ref-
erence G770210 followed by A for 5 volts
and B for 24 volts

Such protection 1s very efficient and
you can see a test result i1n figure 13.

Note: When you have put such a decou-
pling device at each end of a long line
(coaxial here’) you must not let 1t with-
out dc reference to the ground because
1t will collect all the ground circula-
tion currents and you will get some dis-
turbances. In figure 14 we have shown
two gqround connections which avoid this,
and allow, 1n addition, primary protec-
tion against lightning effects, because
only a small part of the lightning
current will reach the protection (be-
cause of the greater dc 1mpedance of the
protection. seen from the external
cable, largely insulated).

Devices for the protection of high
frequency coaxial lines

when the signal 1s high frequency (or
very high or ultra high, or more) you
have to use the tuned lines technique.
It consits 1n making use of the proper-
ties of the quarter-wavelength lines.

Fror this technique you will be able to
realize two kinds of protection devices,
which are: see figure 15)

e Decoupling devices. It introduces
on the line a high series impedance
for dc current (or generally for low
trequency current, regarding the
high frequency normal signal in the
line'. See fiqure 15B.

® Tee of protection. It presents a low
impedance path to the ground for the
dc currents (or more generally for
the low frequencies, but not effect-
ing the high frequency normal signal
in the coaxial line
15A

See fiqure

e The combination gives a very good
and compact protection device. See
figure 15C.

Of course, such protection devices must
be built and tuned regarding:

e the i1mpedance of the coaxial line to
be protected

e the bandwidth of the high frequency
signal

e the VSWR and the 1i1nsertion loss
permitted

e the protection required for light-
ning frequencies

Figure 16 shows 12 examples of the main
technical data of some of the devices
built since 1972.

You can see in fiqures 17 and 18 such
devices as used in a frequency trans-
mitter station which 1s equipped with
these coaxial protection devices on each
feeder. (Berlin 1976).

CONCLUSION

In order to realize efficient protection
of any electronic equipment, you must:

e consider i1ts total environment

e take account of all its lines, in-
cluding power, signal and antenna
lines

® install the specific protection de-
vice on each wire which is directly
connected to the equipment

e do not forget any wire.

when you have done this, and except for
the strong lightning surges which could
directly hit the equipment itself, you

can consider 1ts protection against all
main surges ensured.
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A few months ago | was asked to supply some lightning information to the
U.S. Attorney's Office in San Francisco for their use in defending the
United States and the National Park Service in the upcoming court case,

Brady v. U. S. Some aspects of the case are quite interesting.

Mr. Brady was killed by lightning in August 1975 while ascending a stairway
up the side of Moro Rock, a popular tourist attraction in Sequoia National
Park. As you can see in this slide the rock formation does look rather
attractive for lightning. THe Brady heirs allege that as guests of the

Park they were not properly warned of the lightning danger on Moro Rock.

At the time of the lightning stroke there were 25 people at various places
along the walkway from the parking lot to the top of Moro Rock. Brady was
about half way to the top under a slight rock overhang when he was kiiled.
The coroner's report indicated only small burn marks on the forehead and
left foot but massive internal heart damage. One man at the summit suffered
a scull fracture and is permanently disabled--his clothing was entirely
hlown off. Six others suffered minor injuries. Let me show you a picture -
taken at the summit of Moro Rock just before the fatal lightning stroke.
Ignorance is bliss, as these smiling faces indicate. | once measured an
electric field of 80,000 V m~! atop a mountain peak in Yellowstone Park and
| can assure you that the electric field at the time these pictures were
taken was at least that high. Of course, these kids were very foolish to
stand there like lightning rods, waiting for disaster. You can see how the

lines of force are concentrated around their heads from the way their hair
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stands up. And yet, the man who was killed was halfway down the side under

a rock ledge.

The U.S. Attorney's Office asked me if the probability of lightning striking
a certain location could be determined, in this case, Moro Rock. Thunder-
storms are uncommon in California with an average of 4 to 6 storms per year
over most of the state and increasing to three times that number in the

High Sierras. Moro Rock at 6725 ft. can expect about 12 storms annually.

Using a formula derived by Pierce (E0S, 1968 Vol. 49) | calculated that a

100 meter square area on top of Moro Rock could expect to be hit by lightning
once in five years. There are many higher ridges and peaks in the park which
have a higher probability of being hit by lightning, however, they do not
have the concentration of tourists that Moro Rock can expect on a summer
afternoon. | made fair-weather electric field measurements on top of Moro
Rock and at the parking area at the base of the rock in order to determine
the field enhancement at the summit and found a 7 percent higher field on

top of the rock formation. The difference is not as large as one might
expect and indicates that lightning is only slightly more likely to hit

the top of the rock than in the forested terrain around the base.

It is doubtful that any reasonable measures, other than staying in his car,
could have prevented Mr. Brady's death. My concern, however, is for the many
! lightning-caused deaths and injuries that occur annually in the U.S., rather
than the outcome of these particular court preceedings. As you probably
know, lightning is the leading cause of weather-related fatalities in the U.S.A.,
exceeding flash floods, tornadoes and hurricanes. Why? | think part of

the reason lies in the general attitude that lightning fatalities are '"'an
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act of God'" and that 150 to 300 people will be killed each year regardless

of any action taken.

In an attempt to reduce lightning fatalities we need to recognize the

fact that the electric field is a physical quantity for which we have

no sense organ and thus people who seek shelter from the rain will stand

’ on top of a rock in extremely high fields and not realize the danger they

are exposed to. | have often thought that if it always rained where lightning

was striking the ground, not many people would be killed.

For the most part, lightning protection for individuals in this country
F consists of a set of safety rules published in National Weather Service
brochures and occasionally in the newspapers following a fatal accident.
While this workshop is more concerned with lightning technology and the
protection of instruments and vehicles, | can't think of a better place

than before this group to empahsize the need for a reliable, relatively

low cost, lightning warning device which might save the lives of people

‘i such as the tourists on Moro Rock, the two little leagers killed last
2

summer near my home in Colorado, or the young lady killed on Cocoa Beach

a few years ago during the International Thunderstorm Research Project.

Certainly there are research institutions and scientific companies represented
here that are capable of designing and marketing successful lightning warning
devices that could be used at beaches, golf courses, national parks, etc.

across the country.
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his report was referenced in Jo Anderson Plumer's paper "A New
Standard For Lightning Qualitication Testing of Aircraft", page
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Users of this document should ascertain that they are
in possesion of the latest version.

This version supersedes SAE Special Task F Report
"Lightning Test “aveforms and Techniques for Aero-
space Vehicles and Hardware" dated May 5, 1976.

Information concerning the status of this document,
and additional coples of it, may be obtained from the
Society of Automotive Engineers, Inc., 400 Common-
wealth Drive, Warrendale, Pa. 15096.
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1.0 TTTRODUCTION

This document presents test waveforms and tech-
niques for sinulated lightning testing of aerospace
vehicles and hardware., The waveforms presented are
based on the best available knowledge of the natural
lightning enviromnent coupled with a practical con-
sideration of state-of-the-art laboratory techniques.
This document does not include design criteria nor
does it specify which items should or should not be
tasted,

Tests and associated procedures described here-
in are divided into two general catepories:

o Qualification tests
o Fngineering tests

Acceptable levels of damage and/or pass-fail
criteria for the qualification tests must be provided
br the cognizant regulatory authority for each parti-
cular case.

The engineering tests provide important data
that may be necessary to achieve a qualifiable design.

The tern Acerospace Vehicle covers a wide variety
of svstens, including fixed wing aircraft, helicop-
ters, nissiles, and spacecraft. In addition, natural
liphtning 18 a complex and variable phenomenon and
its interaction with different types of vehicles may

o e s

be manifested in nany different ways. It is there-
fore difficult to address every possible situation in
detail. liowever, the test waveforms described herein
represent the significant aspects of the natural en-
vironnent and are therefore independent of vehicle
type or configuration. The recommended test techni-
ques have also been kept general to cover as many
test situations as possible. Some unique situations
may not fit into the general guidelines; in such in-
stances, application of the waveform components must
be tailored to the specific situation.

The test waveforms and techniques described
herein for qualification tests simulate t'ie effects
of a severe lightning strike to an aerospace vehicle.
Where it has been shown that test conditions can af-
fect results of the test, a specific approach is re-
cormended as a guideline to new laboratories and for
consistency of results between laboratories.

It is not intended that every waveform and test
described herein be applied to every system requiring
lightning verification tests. The document is written
so that specific aspects of the enviroment can be
called out for each specific program as dictated by
the vehicle design, performance, and mission con-
straints.




2,0 LICHTHING STRIKLE PHENOMENA

2.1 MNatural Lightning Strike Electrical Characteristics

Lightning flashes are of two fundamentally diff-
erent forms, cloud-to-ground flashes and inter/intra-
cloud flashes. DNecause of the difficulty of inter-
cepting and measuring inter/intracloud flashes the
great bulk of the statistical data on the character-
istics of lightning refer to cloud-to-ground flashes.
Aerospace vehicles intercept both inter/intracloud
and cloud-to-ground lightning flashes as shown in
Fipure 2-1. There is evidence that the inter/intra-
cloud flashes lack the high peak currents of cloud-
to-pround flashes. Therefore, the use of cloud-to-
sround lightning strike characteristics as design
criteria for lightning protection seems conservative.

There can be discharges from either a positive
or a negative charge center in the cloud. A nega-
tive discharge is characterized by several inter-
nittent strokes and continuing currents as shown in
Figure 2-2(A). A positive discharge, which occurs
only a small but significant percentage of the time,
is showm in Figure 2-2(B). It is characterized by
botli higher average current and longer duration in a
sinple stroke and must be recognized because of its
rreater energy content. The following discussion
describes the more common negative flashes.

2.1.1 Prestrike Phase

The lightning flash 1s typically originated by
a step leader which develops from the cloud toward
the ground or towards another charge center. As a
lightning step leader approaches an extremity of the
vehicle, hiph electrical filelds are produced at the
surface of the vehicle. These electric fields give
rise to other electrical streamers which propagate
avav fron the venicle until one of them contacts the
approachiin~ lightning step leader as shown on Figure
2-1, Propasation of the step leader will continue
fron otlier vehicle extremities until one of the
tranches of the step leader reaches the ground or an-
other charge center. The average velocity of propa-
raticn of the step leader 1s about one meter per nic-
rosecond and the average charge in the whole atep
leacer channel {s about 5 coulombs.

<.1.2 ilign Peak Current Phase

“he high peak current associated with lightning
occurs after the astep leader reaches the ground and
fort., what is calleua the return stroke of the light-
nin- flashi., Tihis return stroke occurs when the
;e in the leader channel i{s suddenly able to flow
tnte the low {mpedance ground and neutralize the
“iarpe attracted {nto the region prior to the step
.cauer's contact with the ground. Typically, the
<o peaill current pliase is called the return atrgke
! ds in the range of 10 to 30 kA (amperes x 107).

‘uer currents are possible though less probable.

veak current of 100 kA represents a very savere
49"roke, one that 13 exceeded only about 0,5 percent
“f the time. ‘Mlille 200 K\ may be considered a pract-
izal =max!rom value of lightning current, it should be
= ohantfzed that in rare cases a larper current can oc=
cur. ‘eliahle neasurements are few, but there is
cirewitantial evidence that peak currents can exceed
A0 iy The current in the return stroke has a fast
rate of clange, typically about 10 to 20 kA per micro=-

5

STEPPED LEADER CHANNEL
APPROACHING VEHICLE

‘0

LEADER CHANNEL
PASSING THROUGH VEHICLE

0 X

RETURN STROKE
PASSING BACK
TOWARD CLOUD

Fig. 2-1 Lightning flash striking an aircrafe,

second and aexceeding, in rare cases, 100 kA per micro-
second. Typically the current decays to half its peak
anplitude in 20 to 40 psec. No correlation has been
showm to exist hetween peak current and rate of rise.

2.1.3 Continuing Current

The total charge transported by the lightning
return stroke is relatively small, a few coulombs.
Most of the charge is transported in two phases of
the lightning flash following the first return atroke.
These are an intermediate phase in which currents of
a few thousand anperes flow for times of a few milli-
seconds and a continuing current phase in which cur-
rents of the order of 200-400 anmperes flow for times
varying from about a tenth of a mecond to one second.
The maximum charge transferred in the intermediate
phase 18 about 10 coulombs and the naxinum charge
transported during the total continuing current nhase
ia about 200 coulombs.
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2.1.4 Restrike Phase

In a typical lightning flash there will be sev-
eral high current strokes following the first return
stroke. These occur at intervals of several tens of
milliseconds as different charge pockets in the cloud
are tapped and their charge fed into the lightning
channel. Typically the peak amplitude of the re-
strikes is about one half that of the initial high
current peak, but the rate of current rise is often
greater than that of the first return stroke. The
continuing current often links these various success-
ive return strokes, or restrikes.

2.2 Aerospace Vehicle Lightning Strike Phenomena

2.2.1 1Initial Attachment

Initially the lightning flash will enter and exit
the aircraft at two or more attachment points. There
will always be at least one entrance point and one exit
point. It is not possible for the vehicle to store the
electrical energy of the lightning flash in the capaci-
tive field of the vehicle and so avoid an exit point.
Typically these initial attachment points are at the
extrenities of the vehicle. These include the nose,
wing tips, elevator and stabilizer tips, protruding
antennas, and engine pods or propeller blades. Light-
ning can also attach to the leading edge of swept wings
and sone control surfaces.

2.2 Swept Stroke Phenomenon

2
-

The lightning channel is somewhat stationary in
space while it is transferring electrical charge.
Wien a vehicle is involved it becomes part of the
channel. However, due to the speed of the vehicle
and the length of time that the lightning channel ex-
ists, the vehicle can move relative to the lightning
channel. "%hen a forward extremity, such as a nose
or wing nounted engine pods are involved, the surface

moves through the lightning channel. Thus the light-
ning channel appears to sweep back over the surface
as 1llustrsted in Figure 2-3. This ie known as the
svept stroke phenomenon. As the sweeping action oc-
curs, the type of surface can cause the lightning
channel attach point to dwell at various surface lo-
cations for different periods of time, resulting in

a slkipping action which produces a series of dis-
crete attachment points along the sweeping path.

The amount of damage produced at any point on
the aircraft by a swept-stroke depends upon the type
of material, the arc dwell time at that point, and
the lightning currents which flow during the attach-
ment. Both high peak current restrikes with inter-
mediate current components and continuing currents
may be experienced. Restrikes typically produce re-
attachment of the arc at a new point.

When the lightning arc has been swept back to
one of the trailing edges it may remain attached at
that point for the remaining duration of the light-
ning flash. An initial exit point, 1if it occurs at
a trailing edga, of course, would not be subjected
to any swept stroke action.

The significance of the swept stroke phenomenon
is that portions of the vehicle that would not be
targets for the initial entry and exit point of a
lightning flash may also be involved in the light-
ning flash process as the flash is swept backwards
across the vehicle.

2.2.3 Lightning Attachment Zones
g

Aircraft surfaces can then be divided into three
zones, with each zone having different lightning at-
tachment and/or transfer characteristics. These are
defined as follows:

Zone 1: Surfaces of the vehicle for which there
is a high probability of initial lightning flash
attachment (entry or exit).

Figure 2-3 Swept stroke phenomenon.
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“one 2: Surfaces of the vehicle across vhich
thare is a high probability of a lightning flash
being swept by the airflow from a Zone 1 point
of initial flash attachment.

Cone J: Zone 3 includes all of the vehicle
areas other than those covered by Z“one 1 and
“one 2 rerions. In Zone 3 there is a low probh-
ability of any attachment of the direct light-
ning flash arc., Zone 3 areas nay carry sub-
stantial amounts of electrical current but only
b Jdirect conduction between some pair of dir-
ect or swept stroke attachment points.

“ones 1 and 2 nay be further divided into A and
3 rerions depending on the probability that the flash
will hang on for any protracted period of time. An A
tvne region is one in which there 1s low probability
that the arc will remain attached and a B type region
is one in which there is a high probability that the
arc will renain attached., Some examples of zones are
as follows: .

Cone 1lA: Initial attachment point with low prob-
ability of flash hang-on, such as a leading edge.

“one 1B: Initial attachment point with high prob-
ability of flash hang-on, such as a trailing edge.

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

Jone 20: A swept stroke zone with high proba-
bilitv of flash hang-on, such as a wing inboard

trailing edge.

2.3 Aerospace Vehicle Lightning Fffects Phenomena

The lightning effects to which aerospace vehi-
cles are exposed and the effects which should be re~
produced through laboratory testing with simulated
lightning waveforms can be divided into DIRECT EP-
FI'CTS and LUDIRECT ZFFLCTS. The direct effects of
lightning are the burning, eroding, blasting, aad
structural deformation caused by lightning arc at-
taclirent, as well as the high-pressure shock waves
and nagnetic forces produced by the associated high
currents, he indirect effects are predominatlv
those reasultine from the interaction of the electro-
marnetic fields accompanving lichtnine with electical
apparatus in the aircraft. Hazardous indirect effects
could in principle be produced by a lightning flash
that did not directly contact the aircraft and hence
wvas not capable of producing the direct effects of
burning and Llasting. However, it is currently be~-
l{eved that most indirect effects of importance will
be associated with a direct lightning flash. In some
casea hoth direct and indirect effects nmay occur to
tiie sane conponent of the aircraft. An exanple would
be a lightning flash to an antenna which physically
darapres the antenna and also sends danmaginpg voltages
into tlie transtuitter or receiver connected to that

—

2.3.1 Direct I'ffectsg

The nature of the particular direct effects as-
sociated with any lightning flash depends upon the
structural component involved and the particular
phase of the lightning current transfer discussed
earlier,

2.3.1.1 Burning and Froding

The continuing current phase of a lightning
stroke can cause severe burning and eroding damage
to vehicle structures. The rost severe damage oc-
curs when the lightning channel dwells or hangs on
at one point on the vehicle for the entire period of
the lightning flash, such as in Zone 1B, This can
result in holes of up to a few centinmeters in dia-
meter on the aircraft skin.

2.3.1.2 Vaporization Pressure

‘he hiph peak current phase of the lightning
flash transfers a large amount of energy in a short
period of time, a few tens of microseconds. This
energy transfer can result in a fast thermal vaporiza-
tion of material. If this occurs in a confined area
such as a radome, a high pressurc mayv be created
which may be of sufficient magnitude to cause
structural damage. The vaporization of metal and
other materials and the heating of the air inside
the radome, create the high internal pressure that
leads to structural failure. In some instantces
intire radomes have heen hlowm from the aircraft,

2.3.1.3 llagnetic Force

During the high pealk current phase of the light=-
ning flash the flow of current through sharp bends
or corners of the aircraft structure can cause ex-
tensive magnetic flux interaction. In certain cases,
the resultant nagnetic forces can twist, rip, dis-
tort, and tear structures away from rivets, screws,
and other fasteners. These nagnetic forces are pro-
portional to the square of the rnagnetic field inten-
sity and thus are proportional to the square of the
lightning current. The damage produced is related
both to the magnetic force and to the response tine
of the systen.

2.3.1.4 Fire and Xxplosion

Fuel vapors and other combustibles mav be {, -
nited in several ways by a lightning flash. During
the prestrike phase high ~lectrical stresses around
the vehicle produce streamers from the aircraft ex-
tremities. The design and location of fuel vents
determine their susceptibility to streamer condi- 1
tions. If streamers occur from a fuel vent in which
flammable fuel-air mixtures are present, ignition
may occur. If this ignition {8 not arrested, fliames
can propagate into the fuel tank area and cause a
major fuel explosion.

o4 antenna., In this docunent the phvaical damage to the

F antenna will he ({facussed as a direct cffect and the

4 yltagea or currents coupled from the antenna into

£ t'ie comminicationa equipment will Le treated as an

g ‘ndirect effect,

é.
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The flow of lightning current through vehicle
structures can cause sparking at poorly bonded struc-
ture interfaces or joints. If such sparking occura
wherc combustibles such as fuel vapors are located,
{pnition may occur.

Lightning attaching to an integral tank skin
may puncture, burn holes in the tank, or heat the
inside surface sufficiently to ignite any flammable
vapors present.

2.3.1.5 Acoustic Shock

The air channel through which the lightning
flash propagates is nearly instantanreously heated
to a very higli temperature. Vhen the resulting shock
wave inpinpes upon a surface it may produce a de-
structive overpressure and cause mechanical damage.

2.3.2 1Indirect Effects

Damage or upset of electrical equipment by cur=-
rents or voltapes is defined as an indirect effect.
In this document such damage or upset i{s defined as
an indirect effect even though such currents or volt-
ages nay arise as a result of a direct lightning
flasgh attachment to a plece of external electrical
hardware. .n example would be a wing-tip navigation
light, If lightning shatters the protective glass
covering or burns through the metallic housing and
contacts the filament of the bulb, current can be
injected into the electrical vires running from the
bulb to the power supply bus. This current mav burn
or vaporize the wires, The associated voltage surge
nav cause breakdown of insulation or damage to other
electrical equiprent.

Fven {f the lightning flash does not contact vir-
inp {irectlv, {t will set up changing electromagnetic
f4elds around the vehicle, The netallic structure
of the wehicle loes not provide a perfect Faraday
‘age clectronagnetic shield and therefore some elec-
tromagretic flelds can enter the vehicle, either by

diffusion through metallic skins or direct penetra~
tion through apertures such as skin joints and win-
dows or other nonmetallic sectiona, If the fields
are changing with respect to time and link eclectri-
cal ~ircuits inside the vehicle, they will induce
transient voltages and currents into theae circuits.
These voltages may be hazardous to avionic and elec-
trical equipment, as well as a source of fuel igni-
tion,

Voltages and currents may also be produced by
the flow of lightning current through the resistance
of the aircraft structure.

2.3.3 Effects on Personnel

One of the noat troublesone effects on personnel
is flash blindness. This often occurs to flight crew
member (s) who nay be looking out of the vehicle in
the direction of the lightning flash. The resulting
flash blindness nay persist for periods of 30 seconds
or more, rendering the crew member temporarily unable
to use his eyes for flight or instrument-readingp
purposes.

Personnel inside vehicles may also be subjected
to hazardous effects from lipghtning strikes. Serious
electrical shock may be caused by currents and volt-
ages, conducted via control cables or wiring leadinp
to the cockpit from control surfaces or other hard-
ware struck by lightning. Shock can also be induced
by the intense thunderstorm electromagnetic fields.

The shock varies from mild to serious; suf€i-
cient to cause numbness of hands or feet and sonme
disorientation or confusifon. This can be quite haz-
ardous in high-performance aircraft, particularly
under the thunderstorm conditions during which light-
ning striles generally occur.

Tests to evaluate these personnel effects are
not included in this document.
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Dielectric Tests.

1.0 STUMARD LTICHTNTNG PARAMITER STUTLATION

.1 TMurpose

Complete natural lightning flashes canrot be du-
plicated {n the laboratory. !lst of the voltage and
current characteristics of lightning, however, can he
duplicated separately Ly laboratory generators. These
characteristics are of two broad categories: The
VOLTAGES sroduced during the lightning flash and the
CURRENTS that flow (n the completed lightning channel.
“{th a few exceptions, it is not necessary to simu-
Iate hWigh=voltace and high=current characteristics
torether,

The high=voltage characteristics of lightning
determine attaclhment points, breakdown paths, and
streaner effects, whercas the current characteristics
deternine Jdirect and indirect effects,

In wost cases, lightning voltages are sinulated
bv high-impedance voltage penerators operating into
high={npedance loads, while lightning currents are
sinulated Ly lou-impedance current penerators operat-
ing into low-impedance loads.

The waveforns described in this section are ide-
alized. Definitions relating to actual waveshapes
are covered in ANSI and IELCE Standard Techniques for
ANSI ©68.1 (1968) and IEEL No. 4.
These specifications are equivalent and are in turn
equivalent to I'igh Voltage Test Techniques, ILC 60-2
(1973). The lefinitions in these documents should
be used to deternine the front time, duration and
rate of rise of actual waveforms.

Severe lightning flash voltage and current wave-
forms, as described in Paragraph 3.2 have been de-
veloped for purposes of qualification testinp: wave-
forns in Paragraph 3.3 are for N&D or screening test
purposes and are lesipgnated enpineering testa.

VOLTAGE

4

7

]

3.2 Vaveform Nescriptions for Qualification Tests

3.2.1 Voltage Waveforms

The basic voltage waveform to which vehicles are
subjected 18 one that rises until breakdown occurs
either by puncture of solid insulation or flashover
through the air or across an insulating surface. The
path that the flashover takes, either puncture or sur-
face flashover, depends on the rate of rise of the
voltage as shown in Figure 3-1,

uring some types of testing it 1s necessary to
determine the critical voltage amplitude at which
breakdown occurs. This critical voltage level de-
pends upon both the rate of rise of voltage and the
rate of voltage decay. Two examples are (1) deter-
nining the strength of the insulation used on electri-
cal wiring and (2) determining the points from which
electrical streanmers occur on a vehicle as a lightning
flash approaches.

Although the exact voltage waveform produced by
natural lightning is not known, flight service data
and conservative test philosophy justify the defini-
tion of fast rising voltage waveforms for the tests
just described. Voltage testing for qualification
purposea thus calls for two different standard volt-
age waveforms, These are shown in Figure 3-2 and are
described in the following sections. The qualifica-
tion tests in which these vaveforms are applied are
prasented in the teet matrix of Table 1. The ocbiec-
tives of each test, the teet setup, mesasuremert =ni3
data rejuirements are described in Section 4.0.

Voltare waveforms that would
occur if puncture or flash-
over did not occur

A fast rate of voltage rise

4 :;—______—————‘——lends to puncture at V2

A slover rate of voltage rise

_______——————‘—““’1ends to flashover at Vi

Time lap curve for
puncture of solid insulation

i{me lap curve for flash-
over through air

TIME

Vieare =1 Tnfluence of

rate of rise on flashover nath
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3.2.1.1 Voltage Yaveform A - Rasic Lightning
Waveforn

This waveform rises at a rate of 1000 kV per
nicrosecond (+50%) until {ts increase is interrupted
by puncture of, or flashover across, the object under
test, At that time the voltage collapses to zero.
The rate of voltage collapse or the decay time of the
voltage {f breakduwn does not occur (open circuit
voltage of the lightning voltage generator) is not
specified. Voltage waveform A {s shown in Figure

3-2.

3.2.1.2 Yoltage Waveform B - Full Wave

Waveform B 1s a 1.2 x 50 microsecond waveform
which {s the electrical industry standard for impulse
dilelectric tests. It rises to crest in 1.2 (+20%)
nicroseconds and decays to half of crest amplitude
in 50 (+207) nicroseconds. Time to crest and decay
tine refer to the open circuit voltage of the light-
ning voltage generator, and assune that the wave-
forn {s not linited by puncture or flashover of the
object under test., This waveform is shown on Fig-
ure 3=2,

3.2.2 Current Yaveforms

It 1s difficult to reproduce a severe lightning
flash by laboratory simulation because of inherent
facility linitations. Accordingly, for determining
the effects of lightning currents and for laboratory
qualification testing of vehicle hardware, an ideal-
ized representation of the components of a severe
lightning flash incorporating the important aspects
of both positive and negative flashes has been de-
fined and {s shown on Figure 3-3.

For qualification testing, there are four com—
ponents, A, B, C, and D, used for determination of
direct effects and test waveform [ used for deter-
mination of indirect effects. Components A, B, C,
and D eacli sinulate a different characteristic of the
current in a natural lightning flash and are shown on
Figure 3-3. They are applied individually or as a
composite of two or nmore components together in one
test. There are very few cases in which all four com-
ponents must he applied {n one test on the same test
ohbject, Rise time or rate of change of current has
little effect on physical damage, and accordingly has
not been specified in these components. Current wave-
form L, also shown on Figure 3-3, {s intended to deter-
nine indirect effects. When evaluating indirect ef-
fects, rate of change of current is important and is
speciflicd.,

The tests in which these waveforms are applied
are presented in Table 1. The objectives of each test
along with setup, measurcment, and data requirements
are described in Section 4.0.

3.2.2.1 Component A - Initial Iligh Peak Current

This component simulates the first return stroke
and 1s characterized by a peak amplitude of 202 kA
(t}g!) and an action integral (Ji“dt) of 2 x 10
anp‘-seconds (#20%) with a total time duration not
exceeding 500 microseconds.

The actual waveshape of this component is pur-
posely left undefined, because in laboratory simula-
tion the waveshape is strongly influenced by the type
of surge generator used and the characteristics of
the device under test, Natural lightning currents
are unidirectional, but for laboratory simulation
this conponent may be either unidirectional or os-
cillatory.

3.2.2.2 Component B -~ Intermediate Current

This component simulates the intermediate phase
of a lightning flash in which currents of several
thousand amperes flow for times on the order of sev-
eral milliseconds. It is characterized by a current
surge with an average current of 2 kA (+10%) flowing
for a naximum duration of 5 milliseconds and a maxi-
num charge transfer of 10 coulombs. The waveform
should be unidirectional, e.g. rectangular, exponen-
tial or linearly decaying.

3.2.2.3 Component C - Continuing Current

Component C simulates the continuing current that
flows during the lightning flash and transfers nost
of the electrical charge. This component must trans-
fer a charge of 200 coulombs (+207) in a time of be-
tween 0,25 and 1 second. Thie implies current ampli-
tudes of between 200 and 800 amperes. The waveform
ghould be unidirectional, e.g. rectangular, exponen-
tial or linearly decaying.

3.2.2.4 Conponent D - Restrike Current

Component D simulates a subsequent Ligh peal.
current. It is characterized by a peak amplitulc
100 kAq(:}O!) and an action integral of 0,25 x °
anpere~-gecond (+207).

‘
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3.2,2.5 Current Vaveform I - Fast Nate of Rise
Stroke ‘‘est for Full-Size llardware

Current wvaveform E simulates a full-scale fast
rate of rise stroke for testing vehicle hardware
which at full scale would be 200 1A at 100 kA/ps.

The peal. anplitude of the derivative of this waveforn
muat be at least 25 K\ per nicrosecond for at least

Uy vdcrosecond, as showm in Tipure 3-3. Current
awveforn U olas o nindmun anplitude of 50 I\, An amp-
Litude of 50 KA is used to enable testing of typical
aircraft conponents with conventional laboratory lipght-
ning current generators, The action {ntegral, fall
tine, and the rate of fall are not specified. If de-

. sired and feasible, components A or D may be applied

with a 25 k\ per nicrosecond rate of rise for at least
0.5 microsecond and the direct and indirect effects
evaluation conducted simultanecously,

3.3 "aveform Descriptions for Lngineering Tests

3.3.1 Purpose

Lishtning voltage and current waveforms describ-
ed {n the following paragraphs have been developed
for enginecering design and analysis.

The tests in which these waveforms are applied
are presented in Table 2. The objectives of each test,
along sicth setup, measurement and data requirements
are described in Section 4.0,

3.3.2 voltage ""aveforms

“uring tests on nodel vehicles to determine pos-
sible attachment points the length of pap used be-
tieen the electrode simulating the approaching leader
and the vehicle depends upon the model scale factor.
During such tests it is desirable to allow the stream—
ers from the nodel sufficient time to develop.
Accoriingly, for model tests it is necessary to stand-
ardize tlie time at vhich breakdown occurs, even though
the rate of rise of voltage {3 Jifferent for different
tests,

It has been determined in laboratory testing that
the results of attachment point testing are influenced
b the voltage waveform, Fast rising waveforms (on
the order of a few nicroseconds) produce a relatively
few nunler of attach points, usually to the apparent
Wil fleld renions on the model and all such attach

- points arc classifled as Zone 1, Tast rising wave-

forms 'iave heen used for practically all aircraft

model attach points teasts in the !l.5., Slow front wave-
forms (on the order of hundreds of nicroseconds) pro-
duce a greater spread of attach points, possibly in-
cluding attachments to low field regiona. Therefore
the test data nmust be analyzed Ly appropriate statis-
tical methods in defining Zone 1 regions.

Two high voltage waveforms are described in the
following paragraphs and shown on Figure 3-4. The
first 1is a fast waveform which is to be used for what

. will be termed "fast front model teats." The second

waveform 18 a slow riaing wavefornm which will Le em~
ployed for "slow front model tests."

3.3.2.1 Voltage Waveform C ~ Fast Front lodel Tests

This is a chopped voltage waveforn in which flash-
over of the gap between the model under test and the
test electrodes occurs at 2 microseconds (+507).

The amplitude of the voltage at time of flashover
and the rate of rise of voltage prior to breakdown
are not specified. The waveform is shown on Figure
3.4,

3.3.2.2 Voltage "laveforn 1) - Slow Front liodel Tests

The slow fronted waveform has a rise time between
50 and 250 nicroseconds so as to allow time for stream-
ers from the model to develop. Tt should give a higher
strike rate to thi« low probability regions than other-
wise night hav sxpected.

3.3.3 Current Ua ~ic

Current wa: couponents ¥ and G, shown on
Figure 3-5, are . 'ended to determine indirect effects
on very large hard.are and full size vehicles. These
waveforms are specified at reduced amplitudes to over-
come inherent full vehicle test circuit linitations
and also to allow testing at non-destructive levels to
be made on operational vehicles at non-destructive
levels. Scaling will depend on the nature of the coup= |
ling process as detailed in the following paragraphs, |

3.3.3.1 Test Vaveform F - Reduced Anplitude
Unidirectional Wavefomn

Component F simulates, at a low current level,
both the rise time and decay time of the return «tro’:
current peak of the lightning flash, It has a rise
tine of 2 microseconds (#207), a decay tine to .alf
amplitude of 50 nicroseconds (:20:) and a nininum
anplitude of 250 amperes. Indirect effects measure-
ments nade with this component must be extrapolated
to the full lightning current anplitude of 200 KA.
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1.3.3.2 Tcst Vaveforms G, and G, - Damped Oscillatory
Vaveforms

Fast rate of rise current waveforms and higher
amplitude vaveforms may often be usefully employed for
indirect cffects testing. Tor indirect effects de-
pendent upon resistive or diffusion flux effects (i.e.
not aperture coupling) a low frequency oscillatory
current - waveform Gy, in which the period (1/f) {s
long conpared with t%e diffusion time, should be used.
This requires a frequency, f, of 2.5 kilohertz or
lower (i.e. the duration of each half-cycle is equal
to or greater than 200 sis). Where resistive or diff-
usion effects are measured, the scaling should be in
terms of the peak current, with full scale being 200 kA,

For indirect effects dependent upon aperture
coupling the high frequency current, waveform G
should be used. The maximum frequency of waveform G
should be no higher than approximately 300 Khz or 1/30
of the lowest natural resonant frequency of the air-
craft/return circuit, whichever is lower, !lMhere aper-
ture-coupled effects are measured the scaling should
be in terms of rate-of-rise (di/dt), with full scale
being 100 ki/us.

Then testing composite structures with waveform
C,, resistive and diffusion flux induced voltages may
occur as wvell as aperture coupled voltages, and re-
sults should be scaled both to 200 kA and to 100 kA/ps.




WW

VOLTAGR VOLTAGE
UAVEFOR!H WAVEFORM
A R
C !
g : S | Flashover |
ClRe/
Sl e ' |
2 Q A\ I | o
Z S | 50% of crest amplitude
& O
) ¢ S !
8§ Q
HIENS | I ‘
S |
> |
I | I
| I |
0 0 1.2 ps + 202 50 ps + 20%

Time (Not to Scale)
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for qualification testing.
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for qualification testing.
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Table 1
Application of Waveforms for Qualification Tests
Voltage Test Technique
Test Zone Waveforms Current Waveforms/Components Para. No,
A R D A B c D 4
Full size hardware
attachment point 1A,B X X 4,1.1
Direct effects -
structural 1A X X £.1.2, 6.1.2.2.y
" 1B X X X X .02, R 1.2.2.9
" 2A SN X 6.1.2, $.1.2.2.%
" 2B X X X 4,1,2, 6,1.2,2.4
) 3 X X 4,1,2, 4.1.2.2.5 .
Direct effects -
combustible vapor Same current components as for structural tests 4.1.3
3 ignition
Direct effects - |
streamers X 4,1.4 |
P Indirect effects - |
external electrical 3 |
b hardware X 4.1.5
ote 1, I se average current of 2 kA + 1% for a duell time less than

v milliseconds measured in Test 4.2.2 up to a maximum of S
=illiseconds

wee 2. U"se averape currenr of 400 anp for dwell time in excess of 5
naec as determined hv engineerine tests,
wote 3 Indirect effects shoud also he measured with current components

\, 7, 0, D as appropriate to the test zone

Note 4, The appropriate fraction of component "C"
expected for the location and surface finish.

Table 2

Application of Waveforms for Engineering Tests

P Voltage Test Technique
‘ : Test Zone Waveforms Current Waveforms/Components Para. No.
¢ C D € E F Gy Gy
Model aircraft
: liphtning attachment
K point test
| : Fast front X 4.2.1
! Slow front X 4,2.1
Full size hardware 1
attachment test 2A X X 4,2,2 H
o Indirect effects -
complete Xoer X ¥ X 4.2.3

’W‘W‘)‘S\l” E bl RIS T




4.0 TEST TECIINIQUES

The simulated lightning waveforms and components
to he used for qualification testing are presented in
Table 1. This table gives the current components that
will flow through an aircraft structure or specimen in
each zone, In some cases, however, not all of the
current components specified in the table will contri-
bute significantly to the failure mechanism. There~
fore, in principle, the non-contributing conponent(s)
can be omitted from the test. If components are to
be omitted from a test for this reason, the proposed
test plan should be agreed upon with the cognizant
repulatory authority,

Table 2 presents waveforms suggested for engin~
eering tests. The objective of each qualification or
enginecering test, setup and measurement details and
data requirenents are deacribed in the following para-
praphs,

4.1 Qualification Tests

4.1.1 Tull Size !lardware Attachnent Point Tests -
one 1

4.,1,1.1 Objective

This attachment point test will be conducted on
full size structures that include dielectric surfaces
to deternine the detailed attachment points on the ex-
ternal surface, and {f the surface is nonmetallic, the
path taken by the lightning arc in reaching a netallic
structure.

4,1,1.2 Waveforms

Test voltage waveform A should be applied between

the electrode and the grounded test object. In the case
of test objects having particularly vulnerable or flight-

critical components it may be advisable to repeat the
tests using waveform D as a confirmatorv test.

4.1.1.3 Zest Setup

The test object should be a full-scale produc-
tion line hardware conponent or a representative pro-
totype, since ninor changes from design samples or
prototypes may change the lightning test results.

11 conducting objects within or on nonnetallic hard-
sare tlat are uornally connected to the vehicle when
installed in the aircraft should bLe electrically con-
necte! to ground (the return:side of the lightning
generator). OSurrounding external metallic vehicle
structure should be simulated and attached to the
test object to make the entire test object look as
-uch like the actual vehicle region under test as
sogsible,

The test electrode to which test voltage is ap-
plied should be positioned so that its tip is 1 neter
avay ‘ron the nearest surface of the teat object.
Irensions ~f the test electrode are not critical.
“enerally, rodel tests or fleld experience will have
{nldicated that lightning flashes can approach the ob-
ject under teat from several different directions. If
iy thin teats should be repeated with the high voltage
electrode oriented to create strokes to the object from
thene different directions.

If the teat object is so small that a l-meter
gap permits strokes to miss the test object, or if a
l-meter gap is inappropriate for other reasons,
shorter or longer gaps may Le used. :fultiple flash-
overs should be applied from each electrode position.
Tests may he commenced with either positive or nega-
tive polarity. 1If test clectrode positions are found
fron which the simulated lightning flashovers do not
contact the test pilece, or do not puncture it {f it
is nonmetallic, the tests from these sane electrode
positions should be repecated using the opposite
polarity.

4.1.1.4 leasurements and Data Requirements

Heasurements that should be taken during these
tests include the following:

a. Test Voltage and Anplitude laveform. The
voltage applied to the gap should be measured. Pioto-
graphs of the voltage waveforn should be talen to es-
tablish that vaveform A i{s in fact being applied,
Voltage measurernients should he rmade of each test volt-
age wavefornm applied since breakdown paths, and lience
the test voltage, may change. Particurlar attention
should be given to assuring that the gap flashes over
on the wavefront. If a flashover occurs on the wave
tail, the test should be repeated with the generator
set to provide a higher voltage or the test electrode
positioned closer to the test object so as to produce
flashover on the wavefront,

b. Attachment Points and/or Breakdown Paths
The voltage generators used for these tests are high
inpedance devices. The test current may be nuch less
than natural lightning currents. Consequently, they
will produce nuch less damage to the test object than
a natural lightning flash, even though the brealdown
will follow the path a full-gscale lightning stroke
current would follow. Occasionally a diligent search
will be required to find the attachment point on net-
ala or the breakdown path through nonmetallic surfaces.
These attachment points or breakdown paths should be
looked for after each test and marked, when found,
with nmasking tape or crayon narkings to prevent con-
fusion with further test results.

4.1,2 Direct Lffects - Structural

4.,1.2.1 Objective

These tests deternine the direct effects which
lightning currents may produce in structures.

4,1.2,2 tYaveforns

Simulated lightning current waveform components
should be applied, depending on the vehicle zone of
the test object, as follows:
4,1,2,2.1 Zone 1A

Naveform components A and B should be applied.

" T
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§,1.2.2.2 Zona 1B

Yaveform components A, B, C, and D should he
applied in that order, bhut not necessarily as omne
continuous discharge.

4,1,2.2.3 Zone 2\

Although Zone 2A is a swept stroke zone, static
tests can be conducted once the attachment points and
dwell times have been determined. Current components
n, B, and € should be appiied in that order as appro-
priate to the following discussion.

High peak current restrikes typically produce
ro-attachrnent of the arc at a new point. Therefore,
current component D i{s applied first. The dwell time
for components B and C in Zone 2A may be determined
fron swept stroke tests as described i{n Paragraph 4.2.2
or, alternatively, a worst case dwell time of 50 milli-
seconds may be assumed without conducting swept stroke
tests. The tining mechanism of the generator produc-
ing conponent B should be set to allow current to flow
into the test object (at any single point) for the
naximun dwell tine at that point as determined from
the dwell point tests. If the neasured dwell time is
greater than 5 milliseconds or if a 50 millisecond
dvell time has been assumed, the component B current
should be reduced to 400 amperes (component C) for
the dwell time in excess of 5 milliseconds. If the
neasured dwell time is less than 5 milliseconds, com-
ponent B should be applied for the length of time
neasured, down to a minimum of 1 millisecond.

4,1.2.2.4 Zone 238

Current components 3, C and D should he applied
in that order.

4,1.2.2,5 lone 3
Current components A and C should be applied in

that order to test objects in Zone 3. The test cur=-
rents should be conducted into and out of the test ob=-

‘Ject in a nanner similar to the way lightning currents

would be conducted through the aircraft.,

4,1.2.3 Test Setup

%.1.2.3.1 Test !lectrode and Gap

The test currents are delivered from a test elec-
trode positioned adjacent to the test object, The test

_ object 1s connected to the return side of the gener-

ator(s) so that test current can flow through the ob-
Sect in a reallstic nanner,

CAUTIO.H: There may be interactions between the arc
and current carrying conductors. Care rust he takean
to assure that these interactions do not influence the
test results,

The elertrade naterial should be a good electri-
cal conductor with ability to resist the erosion pro-
duced hy the test currents involved. Yellow brass,
ateel, tungsten and carbon are suitable electrode na-
terials., The ghape of the electrode is usually a
rourrled rod firmly affixed to the generator output
terrinal and spaced at a fixed distance above the sur-
face of the test object,

The polarity of components A and D can be efther
positive or negative., The polarity of the generators
used to produce components B and C should be set so
that the electrode is negative with respect to the
teat object, because greater damage is generally pro-
duced when the test object is at positive polarity
with respect to the test electrode.

4.1.2.4 ‘'leasurements and Data Requirenents

'easurements for these tests include test current
anplitude(s) and waveform(s). Tnitial stroke, restrike
and intermediate current components may be measured
with noninductive resistive shunts, current transform-
ers, or Rogowski coils. Continuing currents may be
measured with resistive shunts. The output of each of
these devices should be measured and recorded.

NOTE: Indirect effects measurements are fre-
quently required for external electrical hardware,
as gpecified in Paragraph 4.1.6. If desired, some of
these neasurements can be made during the direct
effects tests.

Since the condition of the test object or other
parts of the test circuit may affect the test cur-
rent (s) applied, measurements of these parameters
should be made during each test applied, and the de-
tails of the test setup recorded for each test.

4,1,3 Direct Iffects - Combustible Vapor Ignition Via
Skin or Component Puncture, Hot Spots or Arcing

4.1.3.1 ghjeckive

The objective of these tests is to ascertain the
possibility of combustible vapor ignition as a result
of skin or component puncture, hot spot formation, or
arcing in or near fuel systems or other regions where
combustible vapors may exist.

CAUTION: These tests sinulate the possible direct ef-
ects which may cause ignition. Ignition of combust-
ible vapors may also be caused by lightning indirect
effects such as induced voltages in fuel probe wiring,
etc,

If a blunt electrode is used with a very srmall
gap, the gas pressure and shock wave effects in the
confined area may cause more physical damage than
would otherwise be produced. The electrode should
be rounded to allow relief of the pressure formed by
the discharge.

For multiple conponent tests, the test electrode
should be placed as far from the test object surface
as the driving voltage of the intermediate component
B or continuing current component C will allow. A\ gap
gpacing of at least 50 mm is desirable but a lesser
gap of at least 10 mm is required which will result
in more conservative data. When components B or C are
preceded by the high peak current component A, the high
driving voltage of this generator initiates the arc and
subsequent components B aud/or C follow the established
arc even though driven by a nuch lower voltage.
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4.1.3.2 Waveforms

The same test current waveforms should be ap-
plicd as are specified for structural damage tests
in Paragraph 4.1.2.2.

4.1.3.3 Test Setup

Test satup requirements are the same as those
described in Paragraph 4.1.2.3 for structural damage
tests, with the following additional considerations:

1f a conplete fuel tank is not available or im-
practical for test, a sample of the tank skin or other
specimen representative of the actual structural con-
figuration (including joints, fasteners and substruc~
tures, attachment hardware, as well as internal fuel
tank fixtures) should be installed on a light-tight
opening or chamber. Photography is the preferred
technique for detecting sparking. If photography can
be employed, the chamber should be fitted with an
array of mirrors to make any sparks visible to the
camera, However, for regions where possible apark-
ing activity cannot be made visible to the camera,
ignition tests may be used by placing an ignitable
fuel-air mixture inside the tank. This can be a mix~
ture of propane and air (e.g., for propane: a 1.2
stoichiometric nixture) or vaporized samples of the
appropriate fuel nixed with air. Verificetion of the
combustibility of the mixture should be obtained by
ignition with a spark or corona ignition source in-
troduced into the test chamber immediately after each
lightning test in which no ignition occurred. If
the combustible nixture was not ignitable by this
artificial source, the lightning test must be consid-
ered invalid and repeated with a new mixture until
either the lightning test or artificial ignition
source ignites the fuel.

4.1.,3.4 leasurements and Data Requirements

The same test current measurements should be
nade as are specified for structural damage tests in
Paragraph 4.1,2.4,

The presence of an ignition source should be de-
termined by photography of possible sparking. For
this purpose a camera is placed in the test chamber
and the shutter left open during the test. TIxperience
indicates that ASA 3IN00 speed film exposed at f4.7 is
satisfactory., All light to the chamber interior nust
be excluded, Any light indications on the film due
to internal sparking after test should be taken as an
indication of sparling sufficient to ignite a combust-
ible mixture.

CAUTION: This method of determining the possibility
of sparking should be utilized only if certainty ex-
ists that all locations where sparking might exist
are visible to the camera.

‘fore specialized instrumentation may be added 1if
additional information such as skin surface tempera-
tures, pressurc riscs, or flame front propagation vel-
ocities are desired.

4,1,4 Direct Iffects - Streamers

4.1.4.1 Objective

Electrical streamers initiated by a high voltage
field represent a possible ignition source for combust-
ible vapors. The objective of this test is to deter-
mine if such etreamers may be produced in regions
vhere such vapors exist.

4,1.4.2 Vaveforms

Test voltage waveform B should be applied for
this test. The crest voltage should be sufficient to
produce streamering, but not sufficient to cause flash-
over in the high-voltage gap. Generally, this will
require that the averapge electric field gradient
between the electrodes be at least 5 kV/em,

4.1.4.3 Test Setup

The test object should be mounted in a fixture
representative of the surrounding region of the air-
frame and be subjected to the high~voltage waveform.
The voltage may be applied either by (1) grounding
the test object and arranging the high-voltage test
electrode sufficiently close to the test object to
create the required field at the test voltage level
applied or (2) connecting the test object to the high-
voltage output of the generator and arranging the test
object in proximity to a ground plane or other ground
electrode that is connected to the ground or low side
of the generator. In either case the low voltage side
of the generator should be grounded. [Iither arrange-
ment can provide the necessary electric field at the
test object aperture. The teat object should be at
positive polarity with respect to ground, since this
polarity usually provides the most profuse streamering.

4.1.4.4 Measurements and Data Requirements

Measurements should include test voltage wave:
form and amplitude, and degree and location of stream—
ering. The presence of streamering at locations where
combustible vapors are known to exist is considered an
ignition source. The presence of streamering can best
be determined with photography of the test object while
in a darkened area. If the presence of streamers is
questionable, the test should be run with a combustible
mixture actually present in the test object to determine
if ignition occurs, but care should be taken to ensure
that the test arrangement simulates relevant operational
(i.e., in-flight) characteristics.

4.1,5 Direct Effects - Ixternal Electrical Hardware

4,1.5.1 Objective

The object of this test is to determine the
armount of physical damage which may be experienced
by externally mounted electrical components, such as
pitot tubes, antennas, navigation lights, etc. when
directly struck by lightning.
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‘navigation lights.

4,1.5.2 VWaveforms, Test Setup, and !easurements
and Data Requirements

Same as for structures test as described in
Paragraph 4.1.2.

4.1.6

4.1.6.1 Objective

The objective of this test is to determine the
magnitude of indirect effects that occur when light-
ning strikes externally mounted electrical hardware,
such as antennas, electrically heated pitot tubes,or
For such hardware the indirect
effects include conducted currents and surge voltages,
and induced voltages. These currents and voltages may
then be conducted via electrical circuits to other sy-
stems in the vehicle. Therefore, during the direct
effects tests of electrical hardware mounted within
Zones 1 or 2, measurements should be made of the volt-
age appearing at all electrical circuit terminals of
the conponent. In addition, a fast rate of rise test
should be conducted for evaluation of magnetically
induced effects.

Indirect Effects - Ixternal Ilectrical Hardware

4.1,6,2 ‘laveforms

Current components A through D used for evalua-
tion of direct effects are also used for evaluation
of indirect effects, particularly those relating to
the diffusion or flow of current through resistance,
The specific waveforms to be used are the sane as
those specified in Paragraph 4.1.2. In addition, the
fast rate of change current waveform F should be ap-
plied for evaluation of magnetically induced effects.

Indirect aeffects measured as a result of this
waveforn nust be extrapolated as follows. Induced
voltapes dependent upon resistive or diffusion flux
sliould be extrapolated linearly to a peak current of
200 kA,

Induced voltages dependent upon aperture coupling
should be extrapolated linearly to a peak rate-of-rise
of 100 kA/ps.

4.1.6.3 Test Setup

“he test object should be nounted on a shielded
.test chamber so that access to its electrical connec-
tor(s) can be obtained in an area relatively free from
extraneous electromagnetic fields. This is necessary
to prevent electronagnetic interference originating
.in the lightning test circuit from interfering with
neasurenent of voltages induced in the test object
itself. The test object should be fastened to the
test chamber in a manner similar to the way it is
nounted on the aircraft, since normal bonding imped-
ances may contribute to the voltages induced in cir-
cuits, Tf the shielded enclosure is large enough,
the neasurement/recording equipment may be contained
within i{t. 1If not, a suitable shielded instrument
cable nay bLe used t» transfer the induced voltage sig-
nal from the shielded enclosure to the equipment. In
this case, the equipment should be located so as not
to experience interference.

The test electrode should be positioned so as to
inject simulated lightning current into the test ob-
ject at the probable attachment point(s) expected from
natural lightning. For tests run concurrently with
direct effects tests on the same test object, this
should be an arc-entry (flashover from test electrode
to test object); but for tests made only to determine
the indirect effects, hard-wired connections can be
made between the generator output and test object.
This is appropriate especially if it is desired to
nminimize physical damage to the test object. The test
object should be grounded via the shielded enclosure
8o that simulated lightning current flows from the
test object to the shielded enclosure in a manner re-
presentative of the actual installation.

4.1,6.4 l!Measurements and Data Requirements

Measurements should include test current ampli-
tude(s) and waveform(s) as specified for the direct
effects tests utilizing the same waveforms in Para-
graph 4.1,2. In addition, measurements should be made
of conducted and induced voltages at the terminals of
electrical circuits in the test object.

Measurement of the voltages appearing at the el-
ectrical terminals of the test object should be made
with a suitable recording instrument having a band-
width of at least 30 megahertz.

In some cases it is appropriate to make measure-
ments of the voltage between two terminals, as well as
of the voltage between either terminal and ground.
Since the amount of induced voltage originating in the
test object which can enter systems such as a power bus
or an antenna coupler depends partly on the impedances
of these items, these impedances should be simulated
and connected across the electrical terminals of the
test object where the induced voltage is being measured.

The resistance, inductance and capacitance of
the load impedance should be included. A typical
test and measurement circuit is shown in Figure 4.1.

CAUTION: Interference-free operation of the voltage
measurement system should be verified.

Shielded Enclosure

Simulated
Impedances

Oscilloscope
b e 1
' |

Waveshaping | |
= I:LI‘
|

|

|

Elements '
|

Lightning |
~ Current | Divider or
’1 Generator | Attenuator
|
|

Figure 4-1 FEssential elements of electrical hard-
ware indirect effects, test and measurement
circuit,
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4.2 Engineering Tests

4.2,1 Model Aircraft Lightning Attachment Poin: Test
4.2.1.1 Objective

The objective of the model test is to determine

the places on the vehicle where direct lightning strikes

are likely to attach.
4.2,1,2 Waveforms

If it {s desired to determine the places on the
aircraft where lightning strikes are most probable,
then voltage waveform C may be utilized, If it is
desired, in addition, to identify other surfaces where
strikes may also occur on rare occasion, voltage wave-
form D may be utilized. The longer rise-time of wave-
form D allows development of streamers and attachment
points in regions of lower field intensity (in addi-
tion to those of high intensity at surfaces of high
strike probability.

4.2.1.3 Test Setup

Tests on small-gscale models are helpful for de-
termining attachment zones. In some cases, tests on
models must be supplemented by other means to deter-
nine exact attachment zones or points. This 1s parti-
cularly true of aircraft involving large amounts of
nonmetallic structural materials.

An accurate model of the vehicle exterior from
1/30 to 1/10 full scale should be constructed. The
various possible vehicle configurations should also
be modeled. Conducting surfaces on the aircraft
should be represented by conductive surfaces on the
nodel, and vice versa.

The model 1s then positioned on insulators be-
tween the electrodes of a rod-rod gap or the electrode
and a ground plane of a rod-plane gap. The length
of the upper gap should be at least 1.5 times the long-
eat dimension of the model, The direction of approach
becomes less controllable at much higher ratios and
the stroke may even miss the model. The lower gap,
may be as nuch as 2.5 times the longest dimension of
the nodel and should be at least equal to the model
dimension. >

Commonly the electrodes are fixed and the model
is rotated. The orientations of the electrodes with
respect to the model should be such as to define all
likely attachment points. Typically, the electrodes,
relative to the model, are placed at 30° steps in lat-
itude around the 0° and 90° longitudes, as shown in
Pigure 4-2, Smaller steps in latitude or longitude
may be required to identify all attachment points.

electrode

el

p=180°

@ = latitude
P = longitude

Figure 4-2 Aircraft coordinate system.

If rotation of the model significantly changes the
gap lengths, it may be necessary to reposition the
electrode. Typically three to ten shots are taken
with the aircraft in each orientation to simulate
lightning flashes approaching from different direc-
tions. Photographs, preferably with two cameras at
right angles to each other, should be taken of each
shot in order to determine the attachment points.
The upper electrode should be positive with respect
to ground and/or the lower electrode.

4,2,2 Full-Size Hardware Attachment Point Test -
Zone 2

4.2.2.1 Objective

The mechanism of arc attaciment in Zone 2 regions
is fundamentally different from that in Zone 1. The
basic mechanism of attachment is shown on Figure &4-3,
The arc first attaches to point 1 and then, viewing
the test object as stationary, is swept back along the
surface to point 2, When the heel of the arc is
above point 2 the voltage drop at the arc-metal inter-
face is sufficiently high to cause flashover of the
air gap and puncture of the surface finish at point
2 causing it to re-attach there.
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The arc will again be blown back along the sur-
face until the voltage along the arc channel and arc~
matal interface i1s sufficient to cause flashover and
attachment to another point. The voltage at which each
new attachment will occur depends strongly upon the
surface finish of the object under test. The volt=-
age available to cause puncture depends upon the cur-
rent flowing in the arc and the degree of ionization
in its channel., There is an inductive voltage rise
along the arc as rapidly changing currents flow
through i1t. There will also be a resistive voltage
rise produced by the flov of current. The inductive
voltage rise as well as the resistive rise can be
quite significant when a lightning restrike occurs
at some point in the flash,

lleel \ Lo
; \"-\/—\’\; Untton q ZE:

Moving Surface

Figure 4-3 BRas{c mechanism of swept stroke
attachment,

Tn addition, if the flash 1is discontinuous for
a brief perfod a very high voltage is available prior
to flow of the next current component. DBecause the
channel remains hot and nay contain residual ionized
marticles, this voltage stress 1s greatest along it
and subsequent current components are likely to flow
along the same channel. Such a voltage may well be
higher than voltages created by currents flowing in
the channel and may cause re-attachnent to netallic
surfacea or puncture of nonmetallic surfaces or di-
electric coatings.

The time during which an arc nay remain attached
to anv single point (dwell time) is a function of the
1iphtninn flash and surface chavacteristics which gov-
ern reattacinent to the next point. The lwell time {is
alsn a function of alrcraft speed.

“swnt gtroke attachment point and dwell time
‘henomena are therefore of interest for two nain
reunona, Firat, {f there {ia an intervening nonmetal-
Ite gqurface alonp the path nver which the arc may be
vwrt, the swept strole phenomena may determine
4ot er tie nonnetallic surface will be punctured or
set er the arc will pass harmlassly across it to the
nuxt =metallic surface.

comi, the dwell time of an arc on a metallic
f32tar fn determining if sufficient heat-
¢ at a dwell point to burn a hole or form

ipa le of {gniting combustible nixtures

thawr ‘amage. Thus, over a fuel tank it

B i A

The objectives of attachment studies in Zone 2
are then:

For metallic rurfaces

(including conventional painted or treated sur-

faces):

To determine possible attachment points and as~-
gsociated dwell times.

For nonmetallic surfaces

(including metallic surfaces with high dielec-
tric strength coatings):

To determine if punctures may occur,

4,2,2.2 Vaveforms

4.2,2,2,1 Metallic Surfaces

To determine arc dwell times on metallic sur-
faces, including conventional painted or treated sur-
faces, it {8 necessary to simulate the continuing
current component of the lightning flash. Thus the
simulated continuing current should be in accordance
with current component C.

The current generator driving voltage must be
sufficient to maintain an arc length that moves freely
along the surface of the test object. The test elec-
trode should be far enough above the surface so as
not to influence the arc attachment to the test sur-
face. If the technique of Figure 4-3 1s used, the
electrode should be a rod parallel to the air stream
and approximately parallel to the test object.

A restrike may be added to the continuing cur-
rent after initiation to determine whether a restrike
with its associated high current amplitude would cause
re-attachment to points other than those to which the
continuing current arc would re-attach. If a restrike
is used 1t is most appropriate that it be the fast
rate of change of current waveform shown as current
waveform E on Figure 3-3.

4,2,2,2.2 lNonmetallic Surfaces

To determine whether it is possible for dielec-
tric punctures or reattachments to occur on nonmetal-
14c surfaces or coating materials, including metall!
surfaces with high dielectric strength coatings,
is necessary to simulate the high=voltage characte"
iatics of the arc. liigh voltages are caused by (I
current restrikes in an ionized channel, or (2) volit-
age buildup along a deifonized channel. These char-
acteristics are simulated Ly a test in which a re-
strike 1s applied along a channel previously estab-
1ished by a continuing current. The restrike nmust
be infitiated by a voltage rate of rise of 1000 kV/ps
or faster and must discharge a high rate of rise cur~
rent stroke in accordance with current waveforn I.
This restrike must not be applied until the continu-
ing current haa decaved to near zero (a nearly de-
fonized state) as shown in Figure 4-4.

Several tests should be applied with the contin-
uing current duration and restrikes applied accord-
ing to different times, T, in order to produce worst-
cage exposures of the surface and underlying elenents

4 + '‘mportant that the arc move freely, t 1
4' ¢+ w» ~stal skin of the tank not be heat- 0 VOLCEGE SLrees.
w & ~oint thar fuel vapors are ignited.
- TR RPN s ol 157" <. ' I EINNS—=, R
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The amplitude of the continuing current is not
critical and may be lower or higher than that of cur-
rent component C. Other aspects of this test are as
deacribed in Paragraph 4.2.2.2.1.

Contlnu19. Current
Current ‘/'

Current
Component E

Time

Voltage

|
Voltige Waveform A

Time

35
|
e T —_—

Figure 4~-4 Swept stroke waveforms for tests
of nonmetallic surfaces.

4.2.2.3 Test Setup

Two basic nethods have been used to simulate the
swept stroke mechanism. One of these involves use of
a wind stream to move the arc relative to a station-
ary teat surface as shown in Figure 4-5, The other
method involves movement of the test surface relative
to a stationary arc as shown in Figure 4=6, Other
methods nay also be satisfactory if they adequately
ropresent the in-flight interaction between the arc
and the aircraft surface. Relative velocity should
include but not be limited to the minimum in-flight
velocity of the vehical, which is when the dwell time
condition is rost critical.

The test electrode should be far enough above the
surface so as not to influence the arc attachment to
the test surface. If the technique of Figure 4-5 {s
used, the electrode should be a rod parallel to the
air stream and approximately parallel to the test
object.

Stationary
Electrode t: (Rod or Knife Edge)
L
|
L
%z
Adr Plow \//////////

¢

-~

/s;face (Stat 10“

Figure 4~5 Arc moved relative to
atationary test surface,

- —

4.2,2,4 lleasurements and Data Requirements

The most important measurements are those giving
the attachment points, arc dwell times, breakdown paths
followed, and the separation between attachment points.
These are most easily determined from high speed motion
picture photographe of the arc. !Measurements should
be nade of the air flow or test object velocity and the
anplitude and waveform of the current passing through
the test object.

Stationary
Electrode

Surface
(Moving)

G

Fipure 4-6 Test surface moved
relative to stationary arc.

4,2,3 Indirect Lffects - Complete Vehicle

4.2.3.1 Objective

The objective of thls test is to neasure induced
voltages and currents in electrical wiring within a
complete vehicle. Complete vehicle tests are intended
primarily to identify circuits which may be susceptible
to lightning induced effects.

4,2,3.2 Vaveforns

Two techniques, utilizing different waveforns,
may be utilized to perform this test. Ome involves
application of a scaled down unidirectional waveforn
representative of a natural lightning stroke.

The second technique involves performance of the
test with two or more damped oscillatory current wave-
forms, one of which (component Gz) provides the fast
rate of rise characteristic of a natural lightning
stroke wavefront, and the other (component G,) pro-
vides a long duration period characteristic of natural
lightning stroke duration. Induced voltages should he
measured in the aircraft circuits when exposed to both
waveforms and the highest induced voltages taken as
the test results.

Each test is carried out by passing test cur-
rents through to the complete vehicle and measurinp
the induced voltages and currents., Checks are also
made of aircraft systems and equipment operations
where possible.
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4,2.3.,2.1 Unidirectional Test Waveform

Vaveforn F should be applied.

4,2,3,2,2 Oscillatory Vaveforms

Naveforms Gy and 62 should be applied.

4.2.3.3 Test Setup

The test current should be applied between sev~
eral representative pairs of attachment points such
au nose-to-tail or wing tip-to-wing tip. Typical test

_ setups are shown in Figure 4-7.

Attachment pairs are normally selected so as to
direct current through the parts of the vehicle where
circuits of {nterest are located.

lfultiple return conductors should be used to min-
inize test circuit inductance and proximity effecta,
Typical test setups are shown in Figure 4-7,

4.2,3.4 !easurements and Data Requirements

The test current amplitude, waveform, and re-
sulting induced voltages and currents in the aircraft
electrical and avionics systems should be measured.

CAUTION: Interference-free operation of the voltage
measurenment system should be verified.

Voltages neasured during the complete vehicle
tests should be extrapolated to full threat levels in
the sane manner as described in Para. 4.1.6.2 for in-
direct effects measurements in external electrical
hardvare. Situations such as arcing paths or non-
linear {mpedances exist which may result in non-
linear relationships between induced voltages and ap-
plied current. Careful study of the vehicle under
test, hovever, can usually identify such situations,
‘Men testing fueled vehicles, care should be taken
to prevent sparks across filler caps, as even low
anplitude currents can cause sparking across poor
bonds or joints, In doubtful situations, fuel tanks
should lLe rendered nonflammable by nitrogen inerting,

Current Generator Test Vehicle

Ground Connection T—
Where Induced

Voltage Measurements
are Made

Return Wires
Insulated from Ground

Tesat Vehicle

Current Generator
[

- Wheels on
i Electrical Insulation
Ground

Connection

Return Wires
Insulated from
Ground

Figure 4~7, Typical setups for complete vehicle tests.
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FINAL PROGRAM
FEDERAL AVIATION ADMINISTRATION/FLORIDA INSTITUTE OF TECHNOLOGY
WORKSHOP ON
GROUNDING AND LIGHTNING PROTECTION

March 6-8, 1979

TUESDAY, MARCH 6

MORNING SESSION

7:30 - 8:30 REGISTRATION

8:30 - Introduction - Mr. Richard M. Cosel

Electrical Engineering

Florida Institute of Technology
8:35 - Welcome - Dr. Jerome P. Keuper, President

Florida Institute of Technology |
8:40 - Opening Remarks - Mr. Cosel

8:45 - Announcements - Mr. Richard E. Enstice, Director, Continuing Education
Florida Institute of Technology

SESSION MODERATOR: Prof. Warren D. Peele
Purdue University

9:00 - RETURN STROKE LIGHTNING CHANNEL MODEL - Dr. D. Quinn,
Flight Dynamics Laboratory, Wright-Patterson AFB

NON-LINEAR MODELING OF LIGHTNING RETURN STROKES - Dr. D. Strawe,
Boeing Aerospace Company

ELECTRIC FIELDS IN THUNDERCLOUDS - W. P. Winn, C. B. Moore and
C. R. Holmes, New Mexico Institute of Mining & Technology
and L. G. Byerley, Lightning Location & Protection

10:45 - Break

11:00 - INITIAL CURRENTS ASSOCIATED WITH LIGHTNING TRIGGERED BY A
ROCKET - R. B. Standler, University of Florida and C. B. Moore,
New Mexico Institute of Mining & Technology

MEASUREMENTS ON NATURAL AND TRIGGERED LIGHTNING - J. Boulay +
and P. Laroche, Office National d'Etudes et de Recherches
Aerospatiales, France

FURTHER CONSIDERATION OF BLUNT AND SHARP LIGHTNING RODS -
C. Moore, New Mexico Institute of Mining & Technology and
R. Standler, University of Florida

12:45 - 2:00 LUNCH
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2:00 -

3:15 -

3:30 -

6:30 -

7:30 -

AFTERNOON SESSION

SESSION MODERATOR: Mr. Ray Barkalow
Consultant

LIGHTNING WARNING DEVICES - Dr. R. Bent, Atlantic Scientific
Corporation

GROUND EVALUATION OF LIGHTNING MONITORING SYSTEM (STORMSCOPE)
J. G. Schneider, Technology/Scientific Services, Inc. and

V. L. Mangold, Wright-Patterson AFB

Break

EVALUATION OF THE RYAN STORMSCOPE AS A SEVERE WEATHER AVOIDANCE
SYSTEM FOR AIRCRAFT - PRELIMINARY REPORT - T.J. Seymour and

Lt. R. Baum, Flight Dynamics Laboratory, Wright-Patterson AFB
LIGHTNING DETECTION AND RANGING SYSTEM (LDAR) AS A THUNDERSTORM
WARNING AND LOCATION DEVICE - C. L. Lennon, Launch Systems
Operation Section, NASA -KSC

A NEW APPROACH TO LIGHTNING POSITION AND TRACKING - Dr. R. Bent,
Atlantic Scientific Corporation

Cocktail Party

Dinner

WEDNESDAY, March 7.

8:30 -

10:15

10:30

MORNING SESSION

SESSION MODERATOR: Dr. G. Keith Huddleston
Georgia Institute of Technology

TECHNIQUES FOR INCREASING THE LIGHTNING TOLERANCE OF THE
NAVY/AIR FORCE COMBAT MANEUVERING RANGE INSTRUMENTATION
SYSTEMS - J. E. Nanevicz, E. F. Vance, SRI International

LIGHTNING CURRENT TRANSFER ALONG PERTIODICALLY GROUNDED PIPELINES,

FENCES, CABLE TRAYS AND BURIED CABLES - J. R. Stahmann,
M. W. Brooks, PRC Systems Services Company

DESIGN OF ELECTRONIC SYSTEMS TOLERANT OF POOR GROUNDING -
T. H. Herring, Boeing Aerospace Company

Break

ANALYZING SURGE-PROTECTIVE DEVICES WITHIN A COMMON FRAMEWORK -
B. I. Wolff, General Electric Company
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2:00 -

3:45 -

4:00 -

PROTECTING FACILITIES AND EQUIPMENT FROM INDUCED LIGHTNING
AND VOLTAGE ON THE A. C. POWER LINE - R. Odenberg, Transtector
System (Paper not delivered due to illness. However, it is
included in the Proceedings.)

EFFECT OF LEAD WIRE LENGTH ON PROTECTOR CLAMPING VOLTAGES -
0. M. Clark, J. J. Pizzicaroli, General Semiconductor
Industries Inc.

DESIGN, DEVELOPMENT AND FABRICATION OF DEVICES FOR PROTECTION
OF ELECTRONIC EQUIPMENT AGAINST LIGHTNING - J.P. SIMI, Les
Cables de Lyon, Bezons, France

LIGHTNING FATALITIES: CAN THEY BE PREVENTED - A brief synopsis
of a paper by W. E. Cobb, Atmospheric Physics and Chemistry
Laboratory, NOAA, Boulder, Colorado

2:00 p.m. Lunch

AFTERNOON SESSION

SESSION MODERATOR: Mr. John E. Reed
Federal Aviation Administration

A NEW STANDARD FOR LIGHTNING QUALIFICATION TESTING OF
AIRCRAFT - J. A. Plumer, Lightning Technologies, Inc.

THE APPLICATION OF NUCLEAR EMP PROTECTION TECHNOLOGY TO
LIGHTNING PROTECTION PROBLEMS - T. J. Lange, The Boeing
Company

SPACE SHUTTLE LIGHTNING PROTECTION - D. L. Suiter, R. D. Gadbois,
R. L. Blount, NASA, Houston

Break

LIGHTNING PROTECTION DESIGN OF THE SPACE SHUTTLES - M. S. Amsbary,
G. R. Read and B. L. Giffin, Rockwell International

AN RF COMPATIBLE LIGHTNING DIVERTER STRIP - J. Cline, J. Raney
Dayton Granger Aviation, Inc., Capt. J. Dunn, USAF, Eglin AFB

J. Robb, LTRI
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SESSION MODERATOR: Mr. John E. Reed
Federal Aviation Administration

8:30 - PROTECTION/HARDENING OF ATRCRAFT ELECTRONIC SYSTEMS AGAINST
THE INDIRECT EFFECTS OF LIGHTNING - J. C. Corbin, Jr.,
Flight Dynamics Laboratory, Wright-Patterson AFB

IN-FLIGHT LIGHTNING CHARACTERISTICS MEASUREMENT SYSTEM -
F. L. Pitts, M. E. Thomas, R.E. Campbell, R. M. Thomas,
K. P. Zaepfel, NASA-Langley Research Center

IN-FLIGHT MEASUREMENTS OF NATURAL LIGHTNING CHARACTERISTICS -

K. J. Maxwell, L. C. Walko, Technology/Scientific Services, Inc.
and V. L. Mangold, Wright-Patterson AFB

LU LS Break

10:30 - LIGHTNING EFFECTS ON GENERAL AVIATION AIRCRAFT - J. A. Plumer, i
Lightning Technologies, Inc.

‘ TEST TECHNIQUES FOR SIMULATING LTGHTNING STRIKES TO CARBON
FIBRE COMPOSITE STRUCTURES - P. F. Little, A. W. Hanson,
B. C. Burrows, Culham Laboratory UKAEA, England |

INDUCED EFFECTS OF LIGHTNING ON AN ALL COMPOSITE

AIRCRAFT - R. A. Perala, R. B. Cook, Electro Magnetic
,i Applications, Tnc. and K. M. Lee, Mission Research Corporation

l DISTRIBUTION OF LIGHTNING CURRENTS - B. C. Burrows, Culham
Laboratory, UKAEA, England :

! 11:45 - Adjourn
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