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1.0 INTRODUCTION

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 envirompent 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
tested.

Tasts and associated procedures described here-
in are divided into two general categories:

o Qualification tests
o Enginesring tests

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

The engineering tests provide i{mportant data
that may be necessary to achieve a qualifiable design.

The term Aerospace Vehicle covers a wide variaty
of aystems, including fixed wing aircraft, halicop-
tars, nissiles, and spacecraft. In addition, natural
lightning is a complex and variable pheunomenon and
its interaction with different types of vehicles may
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be manifested in nany different ways. It is there~
fore difficult to address every possible situation in
detail. However, the tast waveforms described herein
rapresent 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 genaral to cover as many
tost 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 tlie effects
of a savare lightning sctrike to an aerospace vehicla.
Where it has been shown that test conditions can af-
fect results of the test, a specific approach is re-
comnended as a guideline to new laboratories and for
consistency of results between laboratories.

It 1s 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.
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2.0 LIGHTWING STRIKC PHENOMENA

2.1 Matural Lightning Strike Electrical Characteristics

e ————

Lightning flashes are of two fundamentally diff-
erent forms, cloud-to-ground flashes and inter/intra-
cloud flashes. Because 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
Pigure 2-1. There is evidence that the inter/intra-
cloud flashes lack the high peak currents of cloud-
to~ground flashes. Therefore, the use of cloud=to=
ground lightning strike characteristics as design
criteria for lightning protection seems conservativa.

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-
mittent strokes and continuing currents as shown in
Figure 2-2(A). A positive discharge, which occurs
only a small but significant paercentage of the tine,
is shown in Figure 2-2(B). It is characterized by
both higher average current and longer duration in a
single stroke and must be recognized because of its
greater energy conteant. The following discussion
describes the more common negative flashes.

2.1.1 Prescrike Phase

The lightning flash is 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, high electrical fields are produced at the
surface of the vahicle. These electric fialds give
rise to other electrical streamers which propagate
swvay from the vehicle until one of them contacts the
approaching lightning stap leader as shown on Figure
2-1, Propagation of the step leader will continue
from other vehicle extremities until ome of thas
branches of the step leader reaches the ground or an-
other charge center., The average velocity of propa-
gation of the step leader is about one meter per mic-
rosecond and the average charge in the whole atep
lesder channel is about 5 coulombs.

2.1.2 High Peak Current Phase

The high peak current associated with lightning
occurs after the step leader reacheas the ground and
forms vhat is called the return stroke of the light-
ning flash. This return stroke occurs vhen the
charge in the leader chanmnel is suddenly able to flow
into the low impedance ground and neutralize the
charge attracted into the region prior to the step
leader's contact with the ground. Typically, tha
high peak current phass is called the raturn strqke
and is in the range of 10 to 30 kA (amperes x 107).
Higher currents are possible though less probable.

A peak current of 200 kA represents a vary severe
stroke, one that i{s exceeded only about 0.5 percent
of the time., While 200 kA may ba considerad a pract-
ical maximum value of lightaing curreamt, it should be
emphasized that in rare cases a larger curreat can oc-
cur, Reliable measurements are few, but there is
circumstantial evidence that peak curronts can exceed
400 kA. The current in the return stroke has a fast
rate of change, typically about 10 to 20 kA per micro-
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Fig. 2-1 Lightning flash striking an aircrafe.

second and exceeding, in rare cases, 100 kA per micro-
secoud. Typically the current decays to half its peak
sanplitude in 20 to 40 psec. llo corrslation has been
shown to exist between peak current and rate of rise.

2.1.3 (Continuing Current

The total charge transported by the lightning
raturn stroke is relatively small, a few coulombs.
Most of the charge is transported in two phases of
the lightning flash following the first raturn stroks.
These are an intermediate phase in which currents of
a few thousand amperes flow for times of a few milli-
seconds and a continuing current phase in which cur-
rants of the order of 200~400 amperas flow for times
varying from about a tenth of a second to one second.
The maximum charge trangferred in the intermediate
phase 1is about 10 coulombs and the naxinum charge
transported during the total continuing current phase
is about 200 coulombs.
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For each stroke:
Time to peak current = 1,5 us
Time to Half Value = 40 as

For the complete flash :
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(A) Severe negative lightning flash current waveform.

(Courtesy of Cianos/Pierce)
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(B) Moderate positive lightning flash current waveform.

Figure 2-2 Lightning flash current waveforms.
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2.1.4 Restrike Phase

In a typical lightning flash there will be sev-
eral high current strokes following tie first return
gtroke. These occur at intervals of several temns of
milliseconds as different charge pockets in the cloud
are tapped and their charge fed into the lighitning
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 firat raturn stroke. The
continuing current often links these various success—
ive return strokes, or rastrikes.

)

2.2 Aerospace Vehicle Lightning Strike Phenomena
2.2.1 Initial 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.

2.2.2 Swept Stroke Phenomenon

The lightuning chamnel is somewhat statiomary in
space vhile it is transferring electrical charge.
When 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. When a forward extremity, such as a nose
or wing mounted engine pods are involved, the surface

moves through the lightning channel. Thus the light-
niny;; channel appears to sweep Lack over the suriace
as illustrated in Pigurce 2-3. This {s known as the .
suept stroke phenomenon. as the sweepinp 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 tine, resultine in
a si:ipping action vhich produces a series of dis-
crete attachment points along the sweeping path.

The anount 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 lightaing currents vhich 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-~
attachnent 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 lighet-
ning flash. An initial exit point, 1f it occurs at
a trailing edge, of course, would not be subjected
to any swept stroke action.

The significance of the swept stroke phenonenon
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 ig swept backwards
across the vehicla.

2,2.3 Lightning Attaciment Zonas

Aircraft surfaces can then be divided into three
zones, with each zone having difforent lightning at-
tachnent 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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Zone 2: Surfaces of thé vehicle acrogs vhich
there 18 a aigh probability of a ligitning flash
being swept by the airflow from a Zone 1 point
of initial flash attachment,

Zone 3: Zone 3 includes all of the vehicle
areas other than those covered by Zone 1 and
Zone 2 regions. In Zone 3 there {s a low prob-
ability of any attachment of the direct light-
ning flash arc. Zone 3 areas nay carry sub=
stantial amounts of electrical current but only
by direct conduction between some pair of dir-
ect or swept stroke attachment points.

Zones 1 and 2 may be further divided into A and
B repgions depending on the probability that the flash
will hang on for any protracted period of time. An A
type 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 remain attached. Some examples of zones are
as follows: ‘

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

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

Zone 2A: A gwept stroke zome with low probabile
ity of flash hang-on, such as a wing mid-span.

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

2.3 Aerospace Vehicle Lightning Effects 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 EF=-
FECTS and INDIRECT EFFECTS. The direct effects of
lightning are the burning, eroding, blasting, and
structural deformation caused by lightning arc at-
taclment, as well as the high-pressure shock waves
and magnetic forces produced by the assoeiated high
currents. The indirect effects are predominatly
those resulting from the interaction of the electro- -
marnetic filelds accompanying lightning with electical
apparatus in the aireraft, Hazardous indirect effects
could in prineiple be produced by a lightning flash
that did not directly contact the aircraft and hence
was not capable of producing the direct effacts of
burning and blasting. However, it is currently be-
lieved that most indirect effects of importance will
ve associated with a direct lightning flash. In some
cases both direct and indirect effects may occur to
the same component of the aircraft. An example would
ba a lightning flash to an antemna vwhich physically
danages the antenna and also sends damaging voltages
into the transnitter or receiver connected to that
antenna. In this document the physical damage to the
antenna will be discussed as a direct affect and the .
voltages or currents coupled from the antenna into
the communications equipment will be treated as an
indirect effeact.

2.3.1 Direct Sffects

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 Eroding

The continuing current phase of a lightning
stroke can cause severe burning and eroding damage
to vehicle structures. The most 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 centimeters in dia-
meter on the aireraft skin,

2.3.1.2 Vaporization Pressure

The high peak current phase of the lightning
flash transfers a large amount of energy in a siiort
period of time, a few tens of microseconds. This
energy transfer can result in a fast titermal vaporiza-
tion of materjal. If this occurs in a confined area
such as a radome, a high pressurc mav 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 tiie high internal pressure that
leads to structural failure. In some instantces
intire radomes have been blown from the aircraft,

2,3.1,3 Hagnetic Porce

During the high peak current phsae of the light-
ning flash the flow of current through sharp bends
or cornars 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, screvs,
and other fasteners. These nagnetic forces are pro-
portional to the square of the magnetic 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 time
of the system.

2.3.1.4 Pire and Explosion

FPual vapors and other combustibles may be ig-
nited in several ways by a lightning flash. During
the prestrike phase high electrical stresses around
the vehicle produce streamers from the aircraft ex-
tremities. The design and location of fuel vents
determine their susceptibility to streamer condi-
tiona, If streaners occur from a fuel vent in which
flarmable fuel-air mixtures are present, ignition
may oecur. If this ignition is not arrested, flames
can propagate into the fuel tank area and cause a
major fuel explosion.
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