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FOREWORD

This AGARD Lecture Series No.110 on Atmospheric Electricity — Aircraft Interaction
is sponsored by the Avionics Panel of AGARD and is impiemented by the Consultant and
Exchange Programme,

The potential susceptibility of aircraft to atmospheric electricity hazards (such as
lightning and static charging phenomena) appears as an increasing threat to future aircraft for
two reasons: on the one hand, more and more sensitive solid-state electronics and micro-
processors will be used in the future on flight critical equipment, as can be anticipated from
advanced guidance and control hardware developments: on the other hand, new structural
materials, such as dielectrics and composites, will be extensively used for aircraft, leading to
potential problems due to surface charges and reducing the electromagnetic shielding protection
offered by the conventional metallic skins on present-day vehicles.

Starting with fundamentals of atmospheric electricity phenomena, the Lecture
Series reviews the hazards, criteria, testing and avionics protection, and provides insights
from both pilot and design perspectives. In view of the above, this Lecture Series should R
be of interest to aircraft manufacturers, airline operators, government and industrial research
establishments, and avionics engineers.

G.A. DuBRO
Lecture Series Director
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ATMOSPHERIC ELECTRICITY INTERACTIONS WITH AIRCRAFT: AN OVERVIEW

by

S Gary A. DuBro
Alr Force Wright Aeronautical Laboratories
Wright-Patterson AirUForce Base, Ohio 45433
SA

SUMMARY

Concern for the vulnerability of aircraft flight-critical and mission-critical avionics
to atmospheric electricity hazards has increased over the last fifteen years. The major
hazards of concern are 1i§htning and static electrification. Two primary factors have
contributed to a potentially increased threat to new generation aircraft: (1) increas-
infly widespread use of sensitive microelectronics in flight-critical and mission-criti-
cal electronic and electrical systems; and (2) the reduced electromagnetic shielding
afforded by many advanced aircraft structural materials.

In this paper, a description of the atmospheric electricity interaction with aircraft ‘ ?
and the manner in which it impacts the aircraft avionics is summarized. Key areas of
pertinent research and development are identified and the present state-of-the-art :in
each of these key areas is presented.

INTRODUCTION

Have you ever stood outside, mesmerized by an approaching thunderstorm? It's a show o
as spectacular as any you might see. Just close your eyes and picture it the dark

swirling clouds circling overhead, the crack of some phantom thunder whip, the darting

path of lightning streaking across the sky. Its awesomeness is indeed something to

behold.

To aircraft pilots, such acts of nature are also something to avoid if at all possible.
The effects of lightning, hail, and turbulence have caused a considerable amount of
damage to aircraft, with the integrity of flight itself a critical concern to smaller 1
aircraft. With foresight to the future trends of modern aircraft design, the concern
will manifest itself to all classes of vehicles, unless appropriate protection is in-
corporated. Of those hazards noted, atmospheric electrical phenomena pose the most
severe threat to the new generation of sophisticated aircraft now emerging. Such is
the topic for this lecture series———the interaction of aircraft with atmospheric
electrical phenomena. A special emphasis will be placed on the impact of such phenomena 1
as they affect aircraft avionics and the associated electrical systems.

With respect to the adverse impact to modern-day aircraft, there are two primary natural-
ly-occurring electrical phenomena— ——lightning, and static electrification. The most

familiar and dramatic of these is, of course, the lightning flash. 1Indeed, since the

beginnings of mankind, lightning has aroused man's curiosity of the world about him, and ¢
imparted to him the omnipresence of his deities and a feeling of his own being and

smallness. Lightning certainly represents one of nature's most ostentatious shows of

power. It has, to many, connotated a world of the occult, of black-garmented magicians

and sorcerers, of Merlin himself, beckoning evil spirits, or of the great Norse God

"Thor' grasping a thunderbolt in each hand. The spectacle of lightning has been seen i
almost everywhere in the world. At any one instant, there may be several thousand
lightning discharges occurring over the surface of the earth. Over the centuries, lightn-
ing has spawned the efforts of many scientists and engineers to study its grandeur, and
its impact on mankind. Much has been done to dispel the sanctity of its mystery. From
the eighteenth century experiments of Benjamin Franklin and his famous kite to the more
recent electromagnetic measurements from around the world and the rocket-lightning
triggerings in Florida! and St. Privat D'Allier?, man has actively reached out to under-
stand. Be this as it may, his present knowledge of the subject still remains far from 1
complete or adequate.

LIGHTNING

The detailed description of what is presently known, as well as those present ongoing
efforts to characterize the phenomenon will be discussed at great lengths later in the
lecture series, however, as a matter of introduction, a short description will now be
presented. Suffice it to say the occurrence of lightning is usually associated with
some form of charge separation process in a cloud, and the subsequent creation of
positive and negative charge centers. When the local potential near one of the charge
centers exceeds the threshold for atmospheric breakdown, a discharge results. If the
event occurs within a cloud, it is called an intra-cloud lightning; if the event occurs
between clouds, it is called an inter-cloud event. Another common circumstance is that
during the charge separation process, the base of the cloud becomes negatively charged.
In opposition to this, an image charge of opposite polarity develops on the earth. As
in the inter- and intra-cloud events, when the local conditions are such to support
atmospheric breakdown, a discharge occurs. A lightning channel will be formed which

in some random step-wise fashion propagates to the ground. This will be followed by a
luminous high current surge through the already-established ionized channel. This entire
process is called cloud-to-ground lightning.
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Figure 1 illustrates the cloud-to-ground process including the attachment to an aircraft.
In the first scene (Figure la), the initial lightning discharge has been initiated. This
portion of the event is called the stepped-leader phase. It is seen that as the lightn-
ing path approaches the aircraft, ''streamers’ emanate from the aircraft extremities.

In Figure lb, the lightning stepped-leader has attached to one of the streamers and
subsequently enters the aircraft skin. The current levels associated with the stepped-
leader phase are on the order of a thousand amperes, however, the time rate of change

of the local electric field may be exceptionally high. 1In the next scene (Figure lc),
the lightning channel leaves the aircraft at some extremity and jaggedly winds its path
towards the earth. As in the case of the aircraft, upward streamers from the ground

can be observed. In scene ld, contact between the stepped-leader and the upward ground
streamer has taken place, and a large current surge races back up the established

ionized path. This is referred to as the “return stroke". The average current magni-
tude associated with this phase of the event is approximately 30,000 amperes, with some ;
small percentage of return strokes having been recorded at in excess of 200,000 amperes. ;]
Recent measurements indicate a characteristic rise time of the return stroke to reach {
peak current on the order of 100 nanoseconds’. Eventually, the return stroke will I
reach the cloud; however, the lightning event is not yet complete. As the return stroke ’
reaches into the cloud to neutra%ize nearby charge centers, considerably more branching :
and diffusion occurs as the process becomes one of neutralization over a considerably b
larger volume. The current levels of this phase are much less than those experienced P
during the return stroke phase, say, on the order of hundreds of amperes. The initial
portion of this phase is called the intermediate current phase, and the later portion
is referred to as the continuing current phase. As the process taps new charge centers
in the cloud, a repeat of the entire process occurs, except that an ionized channel al-
ready exists. The repeat process is referred to as the "restrike' and usually occurs
several times. An idealized waveform is shown in Figure 2 with the significant phases
of the lightning event identified.

STATIC ELECTRIFICATION AND DISCHARGE PROCESSES

The second type of atmospheric electrical activity which is to be discussed in this
lecture series is that of static electrification, and the subsequent resulting discharge
processes. Static electrification comes about as the result of two materials coming
into contact, and then being separated. As a result of this contact and separation,

a charge separation process occurs, and the two materials become oppositely charged.
This is indeed the situation when an aircraft comes in contact with precipitation or
particulate matter during flight.

Precipitation, such as ice or rain, impacts the aircraft. As the process is continued, k
the charge on the skin of the aircraft is increased, thereby increasing the aircraft

potential. When the localized potential exceeds the threshold for atmospheric break-

down, discharges may occur, usually at the aircraft extremities and antenna ends. These

discharges can produce a continuous ultraviolet glow, particularly visible at night,

called St. Elmo's Fire or corona. Figure 3 illustrates corona phenomena on a laboratory 3
model of an aircraft. Static electricity will be the topic of four papers within this i
lecture series, and will not be discussed in depth in this paper. ]

HAZARDS TO AIRCRAFT : |

Atmospheric electricity interactions with aircraft can result in numerous types of
damage. For the case of lightning, the lightning channel will generally attach to an
aircraft extremity, and subsequently pass the current through the aircraft skin. Such
an event can result in damage of two basic types. The most obvious type is that of 1
physical damage resulting from a direct attachment. Such damage is characterized by
burning, eroding, blasting, etc., and is a consequence of either the extreme heat loading,
an accompanying acoustic shock wave, or deforming magnetic forces, all of which are

associated with the high current aspects of lightning. Such effects have been commonly f
referred to as 'direct effects'. Since attachment occurs at aircraft extremities, direct

damage is usually observed at radomes, pitot booms, external antennas, and wing lights.

Figure 4 is an example of direct effects damage-to an aircraft radome. On rare occasions

the currents have penetrated the skin via an attached internal electrical cable or via

the burn-through of the aircraft skin. Potentially, more serious damage can result, such

as avionics burnout or even more ‘seriously, fuel tank explosions. In general, however,

direct physical damage does not pose a safety of flight concern, although it is indeed

a maintenance concern. Technology to address the current penetration issue is well de-

veloped, and is now in common usage in aircraft design. ;

With the passage of significant electrical current magnitude through the aircraft skin,
and as a result of localized arcing and electrical streamers, fast changing electric
and magnetic fields are produced. Nearby lightning also produces electromagnetic fields
which intercept the aircraft. In either case, these fields can couple voltage transients
into the internal aircraft wiring, and subsequently to the aircraft avionics. The voltage
levels of such transients may be sufficient to cause damage and/or upset to the newer
generation avionics systems. The type of damage which can occur to sensitive microelect-
ronic components as the result of transient overvoltage is shown in the photomicrograph
(Figure 5). Effects associated with this type of interaction are aptly referred to as
"indirect effects'". Stasic discharges can likewise cause transient overvoltage problems f
as 1is the case with lightning. It Is chis type of damage, i.e., "indirect effects", which

ses the most severe threat to avionics, and which is to be emphasized throughout the

ecture series. The specific types of damage to aircraft, the resulting causes, and
identification as to the potential criticality of such damage to the aircraft are noted
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in Table I. Both direct and indirect effects damage are listed in that table. It has
been reported that the incidence of lightning to commercial aircraft is approximately
once in 3000 hours of flight", or in more practical terms, about once per year. US Air
Force experience suggests a rate somewhat less, about one strike every 20,000 hours. In
the time frame 1963 to 1978, no less than nine US aircraft have been lost as the result
of a lightning strike. The point to be made here is that from an aircraft designer's or
an aircraft pilot's perspective, lightning is not an infrequent occurrence. It should be
noted that as a result of these losses, various design changes have been made.

Over the last decade, outstanding improvements in aircraft performance have been realized.
This progress is, to a great degree, attributable to two fast-advancing technologies:
microelectronics and advanced structural materials. Consistent with the use of these
emerging technologies has been a change in aircraft design philosophy, so as to take
fullest advantage of the benefits that the technologies might offer. Concepts such as
fly-by-wire, digital engine controls, and propulsion/flight control integration, to name
out a few, have become a reality. The trend to the future promises even greater capa-
bilities. However, the incorporation of these technologies in the new generation air-
craft is not without some attendant concern. As pertains to atmospheric electricity
hazards, the concern has prompted a comprehensive examination of the impact of electro-
magnetic coupling on advanced systems.

The concerns are three-fold. First, the avionics and electrical systems use microelectro-
nics which operate at substantially lower power levels than earlier electronic components,
and hence, are more sensitive to transient overvoltage. Such overvoltage could result

in system upset or malfunction, or even component burnout. Secondly, newer materials
such as graphite or boron-epoxy composites do not provide the same degree of electro-
magnetic shielding in the 10 kHz to 1 MHz frequency band as has been afforded by con-
ventional all-aluminum aircraft. Within the specified frequency band, the use of com-
posites subjects the internal avionics subsystems to higher levels of electromagnetic
energy. And thirdly, the microelectronics are being incorporated into flight critical
systems, systems that, if affected, could jeopardize the aircraft safety. To reiterate,
it would appear that advanced-electronics flight-critical and mission-critical avionics
which are to be utilized in advanced aircraft are inherently more sensitive to upset/
malfunction or physical damage, and are to be used in airframes which allow increased
levels of coupling energy to pass through the skin to those internal avionics. Indeed,
appropriate protection techniques must be integrated to remove the possible hazard.

APPROACH TO THE PROBLEM

In order to address the problem, i.e., to insure the safety of flight of advanced
technology aircraft in an adverse atmospheric electromagnetic environment, a systematized
approach has been developed. There are four basic areas of effort. The relationship
between these areas is schematically treated in Figure 6. The first basic area is the
hazard characterization area and determiniation of the intrinsic hardness levels of
electronics and materials. The inputs from accident investigations provide some assis-
tance in the identification of aircraft vulnerability to the atmospheric electricity
hazards. However, the major effort is in understanding the hazard itself, specifically
in those ways it may effect the aircraft. The second primary area is that of assessment
methodology. This area has two complementary facets— ———testing/simulation and
analytics. The work in this area is concentrated on increasing the general understanding
of the physics of the aircraft-lightning interaction and on developing specific laboratory
threat simulation testing techniques. The prime objective of this testing development
activity is to provide design inputs for aircraft protection as well as for qualification
for safety of flight. This area is coupled closely with the characterization area in
that the input source driver for simulations is an output of characterization research.
The third area concerns the identification of hardening options for potentially vulnerable
subsystems. This includes the baseline definition for hardness for state-of-the-art
avionics and subsystems and determination of the effectiveness of the various hardening
options. The aircraft protection and hardening area is also tied to the assessment/
methodology area in that once the impact of the hazard has been assessed, an input to
more effectively design appropriate level of protection may be made. The fourth and
final area is that of optimized hardening and qualification. This includes establishing
trade-offs between hardening options as dictated by system performance, hardening effi-
ciency, system criticality, cost, maintainability and.reliability, and ease of incor-
poration. The development of generic guidelines based upon the above-noted trade-cffs
and validation of the optimization are follow-on steps. Subsequent to all four major
areas will be the establishment of standards and specifications for the testing of
aircraft to atmospheric electrical hazard threats. Major aspects of the technology
roadmap are summarized below.

CHARACTERIZATION OF THE THREAT

A rather extensive data base has been established over the past forty years, most of which
has been taken from ground-based stations. These measurements have been obtained world-
wide by noted atmosp§:ric electricity phenomenologists. From their work has come most of
what is know of the mechanism by which thunderstorms develop, and of the detailed progress
of a lightning flash.

In addition to the ground-based data, there have been airborne measurement programs.
Fitzgerald made the initial measurements in the early 1960's in the US Air Force Rough
Rider Program®. The major problem with the above-noted measuremeats, both airborne and
ground-based, was the lack of instrumentation sufficiently responsive in the time/frequency
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domains of interest i.e., the grimary resonance frequency of the aircraft. It has only
been recertly that the state-of-the-art in sensing and recording instruments necessary
to characterize lightning in the frequency domain of maximum coupling to aircraft has
been possible.

The first such program to utilize the high cpeed equipment was a joint NASA/Air Force
Flight Dynamics Laboratory (AFFDL) program conducted in association with the 1976
Thunderstorm Research International Program (TRIP 76)%’. Because of numerous reasons,

up until that time it had been surmised by the aircraft/lightning community that the
threat posed to aircraft via electromagnetic coupling was a relatively low frequency
phenomena. The work by Cianos and Pierce’ had analyzed considerable amounts of data

from many investigators to define the power spectral density of lightning. The results
of the analysis showed the peak to occur in the 1-20 kHz range, and the associated energy
to fall off as 1/f or 1/f2. The TRIP 76 experience clearly demonstrated that lightning
has significant high frequency content which could couple into the aircraft and its
associated avionics. Up until that time, the energy acceptance of the aircraft was con-
sidered to be a low frequency phenomenon. The TRIP 76 results quite definitely showed
that the aircraft indeed, acts as an antenna, and accepts energy in a frequency range
dependent on the aircraft configuration; both the external structure and the internal wire
lengths. AFFDL has continued to pursue the characterization effort since TRIP 76, and
has made steady progress in developing the instrumentatior. system so that a clearer
understanding of threat in known®. Similar efforts are presently underway by NASA Lang-
ley Research Center!?, and in France!!

Added information may be obtained as a result of lightning triggering experiments. This
approach has been successfully demonstrated by Newman' in the USA, and Fieux and Gary® of
St. Privat D'Allier in France, using rockets with trailing wires. Such experiments may
provide a controlled means of studying lightning, but at present, more attention is being
directed toward the triggering process itself, rather than the measurement of lightning
characteristics.

ASSESSMENT METHODOLOGY

The assessment function is viewed as having three purposes: (1) understanding the physics
of the interaction, (2) establishing engineering design and protection criteria, and

(3) qualifying specified test objects to some threat level. Two complementary approaches
are used in the assessment process——experimentation and analytics, both of which
will be discussed at length in the lecture series. Active research is presently being
pursued with both approaches.

SIMULATION AND TESTING

A complete simulation of a natural lightning flash cannot be achieved in the laboratory,
thus it is necessary to develop tests which reproduce only portions of the event. This is
accomplished with the aid of high voltage or high current generators. The high voltage
characteristics of lightning have been shown to establish probable attachment points,
likely breakdown paths, and streamer effects; high currents are used in the assessment

of direct and indirect effects.

In an attempt to standardize test procedures and test waveforms for the aerospace community,

a special committee under the Society of Automotive Engineers (SAE) was established in
the 1970's. The committee, called the AE4L, develcped a document describing waveforms
and tests criteria. The document was aptly titled "Lightning Test Waveforms and Tech-
niques for Aerospace Vehicles and Hardware".!? A similar document was generated in the
UK.'* The information presented in these reports is based on the best available knowledge
of the natural lightning environment coupled with the practical consideration of state-
of-the-art laboratory equipment and techniques.

Both direct effects and indirect effects testing procedures are specified. An excellent
review o ‘he state-of-the-art in lightning testing can be found in the proceedings of
the "Conierence on Certification of Aircraft for Lightning and Atmospheric Electricity

Hazards".!* A brief description of these tests now follows:

Full Size Hardware Attachment Point Tests

This attachment point test is conducted on full size structures that include
dielectric surfaces in order to determine the detailed attachment points on

the external surface. If the entire surface is nommetallic, however, the test
determines the path taken by the lightning arc in reaching a metallic structure.
A high voltage impulse generator, such as a Marx-type generator, is used for this
test. The gap spacing between the generator and the test object is critical as is
the waveshape of the applied wave. Since the test specification is based on
information now known on the natural phenomena, it cannot be stressed enough

that all new and future measurements of lightning acquired by in-flight as well
as ground based measurements will benefit simulation testing in accuracy and
validity.

Direct Effects - Structural

These tests determine the direct effects which lightning currents may produce in
structures. Simulated lightning current waveforms are applied. The attachment
points are established before testing, and it is the waveshape magnitude and
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dwell time that are important in this type of test.

Direct Effects - Combustible Vapor Ignition Via Skin or Component Puncture, Hot
Spots or Arcing

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

Tests are run on full scale fuel tanks, wings, or mockups of both to determine
ignition sources. Photography is the means to determine if sparking is present
inside the test chamber.

Direct Effects - Streamers

Electrical streamers initiated by high electric fields represent a possible
ignition source for combustible vapors. The objective of this test is to deter-
mine if streamers may be produced in regions where vapors exist.

Direct and Indirect Effects - External Electrical Hardware

The objective of the direct effects tests is to determine the amount 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. The indirect effects test is performed to determine the conducted
currents and surge voltages, and induced voltages on these electrical components.

Model Aircraft Lightning Attachment Point Test

The objective of the model test is to determine the locations on the vehicle
that direct lightning strikes are likely to attach. Size of the models (1/30
to 1/10 full scale) is important, as is placement of the high voltage electrode
distance from the model and the waveform risetime.

Full Size Hardware Attachment Point Test Swept Stroke Test

It is possible when lightning attaches to an aircraft for the arc to sweep across
the surface of the wing or fuselage, attaching and re-attaching, as the aircraft
moves forward relative to the lightning channel.

The dwell time of an arc is a function of the lightning flash characteristics,
surface properties of the aircraft skin, and aircraft speed. Swept stroke
attachment point and dwell time phenomena are of interest for two main reasons.
First, if there is a nonmetallic surface along the path over which the arc may
be swept, the swept stroke phenomena may determine whether the nonmetallic sur-
face will be punctured or whether the arc will pass harmlessly across it to the
® next metallic surface. Second, the dwell time of an arc on a metallic surface
is a factor in determining if sufficient heating may occur at a dwell point
to burn a hole or form a hot spot capable of igniting combustible mixtures or
causing other damage.

Indirect Effects - Complete Vehicle

The objective of this test is to measure induced voltages and currents in
electrical wiring within a complete vehicle. Complete vehicle tests are in-
tended to identify circuits which may be susceptible to lightning induced effects.

The test involves the application of a scaled down unidirectional waveform
representative of a natural lightning stroke or a damped oscillatory current
waveform. The results of these tests are then scaled up to full threat level to
determine the actual threat to the system measured. Other test procedures
which accomplish the same objective are presently being examined, but as yet,
have not been incorporated into the SAE-AE4L document.

ANALYTICS

It should first be recognized that electromagnetically, an aircraft is a very complex
structure, and hence, does not easily lend itself to a precise prediction of induced
effects. Analytical efforts complement experimental research programs in determining
the governing physics, and hence, give the aircraft/lightning community a direction for
aircraft qualification and engineering testing, and assist in the selective integration
of hardening options.

Three specific aspects of the lightnin% aircraft interaction have been addressed by the
analytical community. These include (1) the lightning arc channel itself, (2) the ground-
based lightning simulation tests, and (3) the electromagnetic coupling to internal electri-
cal wiring. The primary objectives of these efforts have been to understand the physical
processes involved in the complex coupling process. |

Until recently, only a paucity of work on the various aspects of lightning arc channel
modeling had been reported. A renewed interest has been spawned recently in an attempt
to more accurately quantify not only the physics of the channel propagation, but the &
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associated time and frequency characteristics, the influence of altitudes on waveform,
the generation of electromagnetic fields, and the impact of an aircraft within the channel.

The technical area of ground-based simulation testing for induced coupling effects has

in itself been developed for only a decade, with vy far the greatest effort going into
understanding by laboratory experimentation. The work accomplished at AFFDL by McCormick,
et al., !5 and at Culham by Burrows!® represents analytical efforts to examine justifi-
cation for testing. The major questions which have plagued this area include linearity,
scaling, facility effects, and aircraft effects. Additional work on the influence of
ground effects and static charging has also been accomplished. The Air Force Weapons
Laboratory has conducted extensive work in the related area of nuclear electromagnetic
pulse testing, but until very recently has provided minimal input into analytics for the
lightning test area. Some analytical treatment has been accomplished in other aspects of
testing———specifically fuel volatility to spark ignition, long arc attachments, and
puncture on metal skins.

The third major area of effort has been directed toward the understanding of the governing
physical process for the electromagnetic coupling of fields generated by lightning strokes
through aircraft skins and outer structures. Some initial efforts were reported by
Fisher, et al. (1973, 1977), Strawe, et al. (1978), ! and Burrows (1975, 1977).!%2 ° The
earliest work addressed diffusive and aperture coupling via magnetic field coupling.
Magnetic field coupling was pursued because, initially, the major degree of coupling

was thought to be low frequency dominated, and the influence of the aircraft configuration
on the level of coupling was assumed negligible. Subsequently, through extensive ground
tests and the results of the TRIP 76 AFFDL/NASA effort, capacitive effects/electric field
coupling at the aircraft electromagnetic resonant frequencies (1-30 MHz) were investigated.
The discovery of transmission line effects also prompted some additional analytical re-
search. As in the testing area, AFWL has developed a vast data base in electromagnetic
coupling to aircraft within the frequency range of interest, but as yet, has had little
impact in the lightning analytics area.

HARDENING

The heart of whether an aircraft is vulnerable to an atmospheric electricity threat, is
the adequacy of protection put into the aircraft. However, the incorporation of advanced
microelectronics into flight critical systems has significantly complicated the design
approach to the previously noted threats. There is no one method applicable to all
situations or configurations. The hardening process must be carefully blended with other
design considerations——————criticality of the system being protected, aircraft perform-
ance, life-cycle considerations, effectiveness of the hardening options, and ease of
implementation. There are numerous options to each requirement, but one must optimally
choose the option which satisfies the trade-off considerations.

For the case of protection against direct effects, technology has been continually evolving
for thirty years. External hardware (e.g., air data probes, antennas, radomes, navigation
lights, windshields, canopies and other objects mounted on the external surface of the
aircraft) have had to be designed to safely conduct lightning currents, and to prevent
surges from being coupled into associated electrical wiring, if present. Arc surge
suppressors and shielded cables have been developed to limit induced voltages caused by
lightning surge currents. Metal diverter strips have been applied to radomes and canopies
to prevent puncture of dielectric covers from lightning strikes. Fuel system hardware
(e.g., fuel tanks, access doors, filler caps, quantity probes, drains, vents, plumbing

and other components in contact with fuel) have received special attention because of the
catastrophic consequences of fuel vapor ignition that can be caused by arcing, sparking,
and hot spots due to lightning attachment. In some cases flame arrester and surge tank
protection are used to minimize the danger from sparking. Flight control hardware (e.g.,
control surface hinges and bearings, actuators, and cables) must be capable of conducting
lightning surge currents without damage or freeze-up.

For indirect effects, hardening techniques have generally been divided into two comple-
mentary types: (1) topological and (2) functional. The first type is the protection
provided at various layers of an aeronautical system (e.g., hull, compartments, cables,

and subsystems). Techniques include ports-of-entry closures, isolation devices, shielding,
suppression, and terminal protection devices. The objective is to reduce the induced
lightning transients to a level such that neither upset nor damage is a problem. The
second type is protection provided against both upset and damage by selecting components,
design redundancy (component, circuit, and subsystems), coding and signal processin
techniques, circumvention techniques, and designing to increase failure thresholds %or
subsystems.

A LOOK TO THE FUTURE

Great strides have been taken by the technical community over the last decade in ad-
dressing the basic concern of avionics susceptibility to lightning and static electri-
city hazards. First and foremost has been the identification of the key research areas
required to resolve the problem and the establishment of meaningful interrelationships
between these areas. One perception of the research areas and those interrelationships
has been presented in this paper as a technology roadmap. Within the guidelines of the
prescribed roadmap, it would appear that the "lightning' community is on the threshold

of establishing the critical parameters and their associated magnitudes. Three major air-
borne programs and numerous ground measurement programs are presently underway; essential
to the successful accomplishment of these efforts is the incorporation of high frequency




recording capabilities.

Efforts to understand the electromagnetic coupling to internal aircraft wiring have
seen a blended approach between theory and experiment. This is recognized as a very
challenging problem, and the application of basic elements from nuclear electromagnetic
pulse (NEMP) protection technology development is presently being pursued. As regards
testing, a set of standarized test procedures is under review by many countries and by NATO.
The elements of these test standards have been developed within the last decade. Efforts
todestablish a more firm scientific basis for many of the testing procedures are likewise
underway.

Hardening technology is available for most atmospheric electricity.indirect effects
problems; however, the issue is how to optimally use the available options, and selective-
ly integrate those options to minimize impact on cost, performance, and design, and at

the same time, guarantee integrity of flight in advanced technology aircraft. The in-
corporation of new technologies such as fiber optics should see widespread use in the
future, and greatly aid in hardening efforts.

As has been seen in this paper, the solution to those problems posed by the atmospheric
electricity interactions with advanced state-of-the-art aircraft requires the blending
of many diverse disciplines so that aircraft can be operational in an all-weather en-
vironment.

It is paramount that one not lose sight of the basic objectives of the research discussed
herein. We wish to encourage and support the maximum utilization of the newly emerging
technclogies of microelectronics and advanced structural materials. Indeed, these tech-
nologies could significantly advance aircraft operational capabilities. The effort of
the "lightning/aerospace" community is intended to guarantee that no compromise of

flight safety will occur as a result of the incorporation of such technologies. However,
an equally significant goal, not to be forgotten, is to insure that the safety guarantee
be accomplished in such a manner as to minimally impact the benefits derived from the
opportunities provided by such techmnology.
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Table 1 - Atmospheric electricity threats to aircraft

Hazard

Malfunction/failure of
electronic control systems

Fuel tank fire or explosion

Loss of engine power

Inadvertent release/ignition
of external stores

Radome, canopy, and wind-
shield damage

Instrumentation problems/com-
munications, navigation &
landing system interference

Structural damage

Physiological effects on crew

Cause

Low tolerance to electrical
transients caused by direct/
induced lightning or static
electrification effects. May
simultaneously affect parallel
'redundant' system.

Fuel vapor ignition caused by
static electricity or lightning
effects.

Possible lightning acoustic
shock at engine inlet, or elec-
trical transient effects on
engine controls.

Premature activation caused by
lightning or static electrifi-
cation effects.

Direct lightning strikes; arc
discharge caused by static elec-
tricity buildup.

Transient effects caused by sta-
tic electricity buildup & direct
and nearby lightning strikes.

Direct lightning attachment to
aircraft.

Flash blindness & distracting
or disabling electrical shock
caused by direct & near lightn-
ing strikes.

Hazard Criticality

Minor to catastrophic

Minor to catastrophic

Minor to catastropﬁic

Serious to catastrophic

Minor

Minor

to

to

to

to

serious

catastrophic

serious

catastrophic

o

e o v




Lightning Aircraft Interaction®
(a) Stepped-leader approaching aircraft
(b) Stepped-leader attachment to aircraft
(c) Stepped-leader approaching the ground
(d) Return-stroke through the aircraft




INTERMEDIATE RESTRIKE
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Figure 2. Generalized waveshape of current in negative cloud-to-ground
lightning. (Note that drawing is not to scale.)"

Figure 3. Example of corona on an aircraft model.

Figure 4. Example of "direct effects” Figure 5. Photomicrograph of "in-
damage. direct effects' damage to

an integrated circuit
caused by transient over-
voltage.
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AIRCRAFT MISHAP EXPERIENCE FROM ATMOSPHERIC ELECTRICITY HAZARDS

Don W, Clifford
Mclronnell Aircraft Company
St. Louis, Missouri

SUMMARY

Aircraft mishaps resulting from in-flight lightning strikes can range from inconsequential to catastrophic, although even the incon-
sequential mishaps can be alarming until it is determined that no damage has been done. Lightning discharges to aircraft in flight are not
uncommon. Usually, however, little or no damage results from the strike. Nonetheless, occasional incidents of major, and even catastro-
phic proportions do occur, and therefore care must be taken to ensure that the lightning hazard is well understood and accounted for in
the manufacture and operation of modern aircraft.

This paper seeks to establish a basic understanding of how lightning affects aircraft, based upon both miilitary and commercial exper-
ience. Pilot reports of some representative incidents will be described in some detail, illustrating how the various atmospheric conditions
and interaction mechanisms have affected aircraft operations. A summary of in-flight mishap conditions will then be presented describ-
ing the range of flight circumstances under which aircraft are usually struck. Finally, the interaction of high current arcs with structural
and external electrical hardware, the effects of electromagnetic coupling to interior avionics and the effects of corona and high voltage
sparking will be discussed.

INTRODUCTION

Lightning strikes to aircraft occur over a wide range of atmospheric and flight conditions and produce a variety of effects on all types
of aircraft. The purpose of this paper is to establish some perspective on the problem by reviewing the statistics of the number and types
of lightning related mishaps that occur, and then by describing some actual flight incidents. The in-flight weather conditions most likely
to be present will be summarized; then the physical interaction processes involved and the resulting effects on aircraft struck by light-
ning will be described.

MISHAP EXPERIENCE

Lightning Mishap Statistics

In Reference 1, P.B. Corn reports the following U.S. Air Force statistics as of February 1979. “More than half of all Air Force weather-
related aircraft mishaps are caused by lightning strikes. The USAF financial loss incurred in such mishaps exceeds 21 million dollars in
the past five years, besides two aircraft lost with eight lives in 1978 alone. In the past ten years, seven USAF aircraft losses have been
confirmed as lightning-related, two others ascribed to lightning as a likely cause, and over 150 serious mishaps reported. Imputed mecha-
nisms include pilot disorientation and instrument failure (F-101, F-106), flight control failure after high current penetration (F-111F),
fuel tank explosion, dual engine flameouts with electrical failure (F-4), fuel tank burn-through and explosion (C-130E), and failure of
unprotected nonmetallic rotor blades (HH-33). A probable lightning-associated fuel ignition caused the loss of an Imperial Iranian Air
Force 747 aircraft on 9 May 1976 near Madrid, Spain,” Figure 1, reprinted from Reference 2, shows the percent of Air Force mishaps
by aircraft type.

A total of 773 documented USAF lightning strikes was reported in this ten-year period. A recent study performed by the Air Force
inspection and Safety Center indicates that because of damage cost thresholds for reporting, actual strikes probabls exceed those re-
ported by at least a factor of three. Corn also reports that requirements are expanding for USAF in-weather capabiity to meet European
conditions, which will increase aircraft exposure to the lightning strike environment.
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PERCENT OF MISHAPS BY AIRCRAFT TYPE - FROM REF (2)
(1973-1977)

It has been estimated that in the past about 20% of all strikes to aircraft result in the outage of some electrical or avionics equipment.
As future aircraft become more heavily equipped with solid state avionics, that percentage can be expected to increase dramatically.
Tables | and 2 are taken from Corn’s summary of Air Force mishaps.(3) Table | summariezes the extent of the lightning hazard to air-
craft avionics. The hazards listed in Table 2 show that at least half relate to effects on electrical and avionic systems.

Commercial aircraft data given by Fisher and Plumer4 indicate that reported strikes to this aviation sector average about one every
2,930 flight hours, or 34 per 100,000 hours. This is about one strike to each airliner annually. Several trends in commercis) aviation are
likely to cause even greater future exposure to lightning. These include increased time in congested holding patterns and more intermedi-
ate stops on former nonstop routes. The increasing use of radar and other navigation aids in general aviation aircraft, will allow a larger
pa-tion"of in-weather flight for that segment of the avistion world also. Rocent general aviation mishap experisnce is reviewed
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TABLE 1
TEN YEAR HISTORY OF USAF LIGHTNING INCIDENTS - FROM REF (3}
A/C Structure "E‘:::::“ Fuel Others  |Catastrophic|  Major Minor

F101 1 4 1 1 7 3
F102 3 3
F106 3 5 1 2 5
F111 3 15 6 1 1 22
F4 14 26 L) 6 2 1 a7
F-15 1 1 2
T-29 3 2 1 6
T-38 2 1 3
c119 1 1
C124 1 1
C130 4 6 1 1 1 1
c131 3 2 5
KC135 8 5 ] 1 13
ci141 3 3 6
Other 7 5 12
8-52 12 2 1 1 14
HH-43 1 1

66 78 5 19 9 7 153

GPOY 048 3
TABLE 2

LIGHTNING AND STATIC ELECTRICITY THREATS TO AIRCRAFT - FROM REF (3}

Hazard Cause Hazard Criticality
Maifunction/Failure of Electronic | Low Tolerance to Electrical Transients Minor to Catastrophic
Control Systems Caused by Direct/Iinduced Lightning or

Static Electrification Effects. May
Simultaneously Affect Parallel ”Redun-

cant’’ System

Fuel Tank Fire or Explosion Fuel Vapor {gnition Caused by Static Minot to Catastrophic
Electricity or Lightning Effects

Loss of Engine Power Possible Lightning Acoustic Shock at Minor to Catastrophic

Engine Inlet, or Electrical Transient
Effects on Engine Controls

Inadvertent Release/Igniticn of Premature Activation Caused by Lightning Serious to Catastrophic
External Stores or Static Electrification Effects

Radome, Canopy, and Windshield | Direct Lightning Strikes; Arc Discharge Minor to Serious
Damage Caused by Static Electricity Buildup

Instr ion Problems/Com- | Transient Effects Caused by Static Elec- Minor to Catastrophic
munications, Navigation and tricity Buildup and Direct and Nearby

Landing System Interference Lightning Strikes

Structural Damage Direct Lightning Attachment to Aircraft Minor to Serious
Physiolagical Effects on Crew Flash Blindness and Distracting or Disabl- Minor to Catastrophic

ing Electrical Shock Caused by Direct
and Nearby Lightning Strikes

GPQY 0144

The higher commercial aircraft strike rates compared with Air Force rates apparently reflect the constraints of airline fixed routes
and rigid schedules. This is supported by the considerably higher strike rates experienced by aircraft operating in Europe, apparently
due in part both to higher lightning incidencc and to the political airspace constraints imposed there.

Pilot Descriptions of Lightning

In a 1965 United Airline Report entitled “UAL Turbojet Experience with Electrical Discharges, "6 the practical experience of numer-
ous pilots, with many thousands of hours of flying experience, was summarized and reported as they responded to questions about their
experience with lightning. The pilots almost unanimously agreed that there are two distinct classes of lightning observed in flight. The
most common variety usually occurs while flying in precipitation at temperatures near freezing. This type is preceded by a buildup of
static noise in the communication gear and ‘the presence of corona (St. Eimo’s fire) can be observed if the flight is at night. The buildup
may continue for several seconds before the discharge (lightning strike?) occurs. The discharge terminates the static and corona.

The second variety occurs abruptly with no warning. It is most likely to be encountered in or near thunderstorms, in contrast to the
former variety which is more likely to be experienced in precipitation that has no connection with thunderstorms. Pilots tend to be-
lieve that the slow buildup type of discharge is not a true lightning strike but rather a discharge of excess charge built up on the aircraft
by flying through the precipitation. This non-thunderstorm type greatly outnumbers the other. Both kinds can create a brilliant flash
and a boom which can be heard throughout the airplane.

The response of scientists to the pilot's static discharge theory has been universally negative. They insist that insufficient charge can
be stored on an aircraft to produce a discharge which looks and sounds like lightning. Scientists are even more emphatic that insufficient
energy could be contained in such a static charge buildup to produce any visible evidence such as burn marks, pitting or other damage
on the aircraft. Yet, the pilots continue to insist that the aircraft is discharging and that the discharges do manifest themselves by bright
noisy arcs and (not all pilots are sure about this) visible damage. The controversy has been characterized as a difference in view be-
tween scientists of long standing and pilots of long sitting.




Qlifford addresses this issue in Ref. (7). In a paper entitled “Another Look at Aircraft Triggered Lightning”, he discounts the static
discharge theory but then notes that there is positive evidence that a rapidly moving aircraft charged to high potentials by triboelectric
processes can trigger lightning discharges by passage through freezing precipitation. The freezing zone in a nonstormy rain cloud is shown
to be an electrically volatile region because of the potent charge exchange mechanisms which are active in agitated mixtures of super-
cooled water droplets and ice. Several intensifying effects are suggested which can be produced by the passage of an aircraft through
this precipitation, resulting in a highly-ionized wake which acts like a trailing conductor. If weak charge centers are present in the cloud,
the ivnized wake acts to short out the gradient field resulting in very high potentials at the aircraft. The high potentials explain the
electrical activity at the aircraft described by pilots, including intense corona, sparks and radio interference terminating in a loud dis-
charge. Lightning strikes to naval aircraft towing gunncry targets at the end of long steel cables are described, showing that the same
triggering mechanism may be involved in those cases. Recommendations are made to include triggering experiments in government flight
programs now in progress.

Some “Typical Severe” Incidents

The following actual incidents illustrate some of the types of mishaps that may be experienced when lightning strikes aloft.

An example of an unusual lightning strike to a military aircraft occurred as an Air Force fighter was on “enroute descent” in clouds
and descending through 6,550 feet. The pilot noticed a lightning flash off the left wing, then corona buildup on the pitot boom. This
was followed by a bright flash and a jolt to the aircraft. Inmediately both fire-warning lights came on and stayed on. The back seat crew
member suffered mild shock and was unconscious for a few seconds. The pilot applied power and climbed to 14,000 feet to VFR condi-
tions. During the climb, he found that he had lost all UHF comm, heading indicators, INS and airspeed indications. The climb was con-
tinued using power, ADA, and the attitude indication. Approach conirol was contacted on an auxiliary VHF radio and the aircraft was
vectored back to the air base. Descent was made through a break in the clouds. With the field in sight, the gear and flaps were lowered
which caused the aircraft to yaw and roll to the left. Both gear and flaps indicated down, but the aircraft was difficult to turn left. The
fire lights were still on and a large amount of smoke was coming from both sides of the cockpit. At this time, cabin pressure was dump=d
and 100 percent oxygen was selected. At three miles out on final approach, all instrument lights went out. The back seater was advised
to prepare to eject. However, final approach was continued with power, attitude indicator (emergency floodlight was turncd on) and
“‘seat of the pants” as the only references. The aircraft landed, barrier engagement was accomplished, and engines were secured as crash
equipment arrived. Upon post-flight inspection, 13 electronic components were found to be damaged and four circuit breakers were
thrown. No evidence of fire was found. There was no evidence reported of lightning entering the electrical system through damage to
external components.

In 1975 an Air Force F-4 fighter flying at 37,000 feet and 0.86 Mach number experienced an in-flight explosion that resulted in sepa-
ration of the left wing and loss of the aircraft. According to verbal reports, the crew had reported visual sighting of lightning ahead and
was attempting to contact the area controller when they heard a loud explosion. The aircraft went into a roll to the left and the pilot
tried to correct and assess the damage but the high G forces caused him to lose consciousness. The second crew member ejected immedi-
ately after hearing fragments of statements from the pilot to “leavc the aircraft.” The pilot remained with the aircraft until an altitude
of 5,000 feet before he regained consciousness and successfully ejected. The left wing impacted into a swamp miles from the point of
aircraft impact, but the flyers were safely rescued. Recovery of the left wing and parts of the right wing allowed the accident investiga-
tion team to determine that ignition of fuel vapors occurred in the right integral fuel tank. The ignition front propagated into the left
wing tank, rupturing the center rib panel separating the tanks. The pressure rose in the left tank, resulting in an explosion that separated
the left wing from the aircraft.

Positive evidence of a lightning strike was found on the aircraft. Attachment points were found on the navigation lights on both wing
tips, both stabilators, and the rudder. The left wing navigation light shuwed one attachment point. The right wing light had three attach-
ment point on the tips, and there were two on the rudder, one at the top rear tip, and the second on the trailing edge near the bottom.
All of these attachment points show the typical characteristics of pitting and molten metal.

Although the aircraft was lost because of a fuel vapor explosion, this incident is of interest to aircraft electrical and avionics engineers
because the possible ignition sources in such cases include electrical equipment such as fuel quantity probes or electrically actuated
valves or pumps in the fuel volume. In this particular incident, the accident investigation board determined that the most probable cause
of ignition was fuel probe arcing or breakdown.

As a matter of fact, many catastrophic aircraft losses have been attributed to lightning initiated fuel explosions, including the Elkton
commercial 707 incident in 1963 with a loss of 81 lives. Of five such documented aircraft losses, although lightning bum marks were
evident on areas of the wing tips away from the fuel volume, no direct evidence of lightning arcing could be found on any of the metal
surrounding the fuel volume. In only one of those cases (C-130E, November 1978) was arc penetration into the fuel volume observed. In
the other cases, the most probable causes cited were arcing in electrical equipment located in the fuel volume, or streamering at fuel vents.

Another incident, which was not fuel related, involved the RF-4C shown in Figure 2. It was being flown on a routine training mission
when the airciaft eaperienced a duai lightning strike. In addition to the radome damage which is evident in the photo, all primary flight
instruments were lost after the second strike and the attitude and vertical velocity indicators were fluctuating wildly. After declaring an
emergency and taking the necessary precautionary measures, the crew aided by another RF-4C, made a successful landing. The incident
occurred in Europe in 1970 and the weather conditions at the time of the incident were: ceiling 1200 foot overcast, visibility 2 miles,
and temperature 6°C,

Although the extensive radome damage experienced in th.s incident is rare, the incident illustrates how lightning can gain access to
the electrical system through externally mounted electrical equipment (the radar antenna or pitot mast in most radome cases) resulting
in widespread damage to other electrical equipment.

The unusual events described are examples of some of the malfunctions that can occur as a result of lightning strikes to aircraft. As
shown in Table 2, many other effects are cornmon, such as turbine engine compressor stalls, temporary flash blindness, inadvertent jet-
tison of external stores, and various other electrical malfunctions. The mechanisms of lightning interaction with aircraft -¥ill be discussed
in the last section of this paper, leading to a description of how the observed effects are produced. The following section deals with the
weather and flight conditions in which aircraft/lightning mishaps have been recorded.

WEATHER AND FLIGHT FACTORS

Although weather factor mishaps are caused by a variety of weather phenomena, U.S. Air Force statistics indicate that lightning
strikes are the most frequent cause. Figure 3 from Reference 2 shows that over one-half of all weather related mishaps are related to

lightning.
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FIGURE 2
RF-4C AFTER DIRECT NATURAL LIGHTNING STRIKE TO RADOME
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FIGURE 3
MiSHAP CAUSES - FROM REF (2)
(1972-77)

The vulnerability of aircraft to lightning hazards depends on several factors. The operating parameters, i.e. normal cruise altitude,
number of missions relative to other aircraft, and the operating theatre all have a bearing. It is also becoming apparent that aircraft size
is a factor in the likelihood of being struck. Commercial airlines report that the jumbo jets are logging more strikes than their smaller
predecessors. It is also notable that numerous cases of strikes to aircraft flying in formation have been noted; the same strike passing
through each aircraft in the group. [t is also notable that aircraft trailing long wire antennas or towing gunnery targets have received a
large number of lightning strikes. All of these incidents imply that size can be a factor in lightning strike incidents.

Fisher and Plumer have published in their book Lightning Protection of Aircraft4, a helpful summary of atmospheric and flight con-
ditions under which aircraft have been struck by lightning. Their summary is based upon reporting projects conducted by a number of
individuals and organizations throughout the world. Their data include findings reported by the Lightning and Transients Research
Institute (LTRI) (Reference 8), Plumer and Hourihan of General Electric (Reference 9), Anderson and Kroninger of South Africa (Ref-
erence 10), Perry of the British Civil Aviation Authority (Reference 11), and Trunov of the USSR National Research Institute for Civil
Aviation (Reference 12). Strike incidence data, based largely on commercial turbojet or turboprop aircraft, is uaualiy summarized ac-
cording to the following categories:

@ Altitude

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

® Meteorological conditions

® Qutside air temperature

Figure 4 from Chapter 3 of Fisher and Plumer’s book shows the altitudes at which the reporting projects show aircraft are being
struck, as compared with a typical cumulonimbus (thunder) cloud. The turbojet and turboprop data from the four summaries are in
close agreement. For comparison, the data from the earlier piston aircraft survey of Newman are also presented. Cruise altitude for jet
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FIGURE 4
AIRCRAFT LIGHTNING-STRIKE INCIDENTS vs ALTITUDE-FROM REF (4)

aircraft is considerably higher (10 km) than that of earlier piston aircraft, which flew at about 4 to § km; yet Figure 4 shows the altitude
distribution of lightning-strike incidents to be nearly the same. This fact indicates (1) that there are more lightning flashes to be inter-
cepted below about 6 km than above this altitude, and (2) that very likely jet aircraft are being struck at lower than cruise altitudes;
that is, during climb, descent, or hold operations. Flight regime data obtained from the jet projects confirm this.

If the strike altitudes shown in Figure 4 are compared with the electrical charge distribution in the typical thundercloud shown in the
figure, it is evident that strikes which occur above about 3 km result from intracloud flashes between positive and negative charge centers
in the cloud (or between adjacent clouds), whereas strikes below about 3 km probably result from cloud-to-ground flashes. Strike in-
cidents occurring above 6 km are less common because of the absence of concentrated charge centers at the higher altitudes and be-
cause aircraft at these altitudes can more easily divert around thunderclouds than can aircraft at lower altitudes.

By way of comparison, Shaeffer!3 reports a somewhat different distribution with altitude for the F-4 aircraft. The F-3 distribution,
shown in Figure 5, indicates significantly more strikes below 3 km than in the commercial case, but also more strikes at higher altitudes.
Another interesting comparison from Shaeffer is shown in Figure 6 where the rate of lightning strikes to various F-4 models is shown as
a function of the operating theatre. Notice that a clearly higher incidence rate is noted for European operations than for Asian or
American operations, for all models. Both weather patterns, the types of missions flown, and political air space constraints in Europe
are likely contributors to the observed F-4 strike patterns.
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FIGURE 6
RATES OF LIGHTNING STRIKES TO F-4s - FROM REF (13)

It is interesting to note that although aircraft are sometimes struck while penetrating active thunderclouds (almost always inadvert-
ently). aircraft generally avoid thunderclouds by a wide margin. Most reported strikes occur to aircraft flying through inactive clouds,
in light rain and in light turbulence. Figure 7 illustrates the environmental conditions at the time of strike for 214 strikes reported by
Plumer and Hourihan(9). Notice that strikes sometimes occur in the clear. Aircraft have reported strikes as far as 25 miles from the near-
est cloud. In fact, occasionally a “bolt out of the blue” is reported with no clouds anywhere around. Such reports are usually greeted
with skepticism, however, because it is difficult to conceive of a charge separation mechanism capable of producing regions of charge
large enough to support a discharge, with no cloud activity present.

Figure 8 indicates the temperature distribution over which lightning strikes occur as reported by Plumer. A summary of the prevail-
ing synoptic meteorological conditions for 99 UAL lightning incidents is shown in Table 3 from H. T. Harrison (Reference 6).

Harrison has summarized this data by saying that any conditions which will cause precipitation may also be expected to cause elec-
trical discharges (lightning), although he adds that no strikes were reported in the middle of warm front winter snowstorms.
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FIGURE 7
ENVIRONMENTAL CONDITIONS AT TIME OF STRIKE - FROM REF (4)
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LIGHTNING STRIKES TO AIRCRAFT AS A FUNCTION OF TEMPERATURE - FROM REF (4)
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TABLE 3
SYNOPTIC TYPES INVOLVED WITH 99 ELECTRICAL DISCHARGES - FROM REF (6)
July 1963 to June 1964

Synoptic Type Percentage
Airmass Instability 27
Stationary Front 18
Cold Front 17
Warm Front 9
Squall Line or Instability Line 9
Orographic 6
Cold LOW or Filling LOW 5
Warm Sector Apex 3
Complex or intense LOW 3
Occluded Front 1
Pacific Surge 1
GPO1-0148.11

LIGHTNING INTERACTION WITH AIRCRAFT

The mechanisms and processes of lightning have been described in a previous lecture in this series, and elsewhere(14), The presence
of an aircraft in the high field region where a lightning stepped leader is propagating may intercept the leader and become established as
a small portion of the channel. The interaction of lightning with the aircraft therefore begins with the buildup of high electric fields
and continues through the stepped leader attachment, return strike phase and subsequent stroke activity. It also includes the effects of
fast changing fields from nearby lightning activity.

Broadly speaking, the interaction mechanisms can be categorized as radiated field effects, high voltage effects, and high current effects.
Traditionally, however, the actual effects on aircraft are defined on a more localized basis as direct effects, related to visible mechanical
damage and indirect effects, related to electromagnetically coupled transients in electrical and avionics systems. Before dealing with the
localized effects, however, some of the broader interaction processes will be discussed.

Radiated Fields (Nearby Lightning)

An aircraft flying in a thunderstorm environment will experience rapid and numerous fluctuations in the ambient electric and mag-
netic field environment. This field environment is not at all well defined at flight altitudes. Nanevicz, et. al.,(15) reported in-flight meas-
urements during Lear jet flights around Florida thunderstorms in 1977. Though limited, the results were very informative. Figures 9 and 10,
taken from the Nanevicz report, illustrate the complexity and extensive duration of the activity. References 16 and 17 also report re-
sults of recent in-flight measurement programs. Extensive ground-based measurements have been made of lightning field activity, mostly
by Uman, Krider and their co-workers(18,19,20) but measurements at ground level may not reflect the actual field environment at alti-
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FIGURE 9
AUGUST 10 RUN 19 NEARBY LIGHTNING — FROM REF (18)
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“INCIPIENT STREAMERS” FOLLOWED BY “LIGHTNING OBSERVED" - FROM REF (15)

An aircraft flying in this field environment acts like a large antenna, having displacement currents excited on the surface and inducing
transients or internal electrical wiring. The extent of electrical transients produced by nearby lightning activity is a subject of current
debate. No serious avionics problems have been reported in the past as a result of hearby activity, but there is concern that future air-
craft will be equipped with avionics which are both more sensitive to electrical upset and more critical to flight safety. These concerns
are amplified by the uncertainties introduced by the expanding use of advanced composite materials.

Nanevicz!5 reported transients measured on a hastily constructed internal wire loop during some of the Lear jet flights mentioned
earlier. The aircraft was actually struck by lightning once during the flight program. The transient measured on the internal wire during
that strike was not much larger than other transients measured as a result of nearby lightning. The authors concluded that on the basis
of the observed data, nearby lightning may constitute an induced transient threat of the same approximate magnitude as a direct strike.

High Voltages

{Prc-Return Stroke Phase) - The process of a lightning strike to an aircraft in flight is depicted in Figure 11. The aircraft will first
experience an intensification of the ambient electric field as the lightning stepped leader approaches the aircraft, carrying with it the
high potential of the cloud. Since the leader is propagating at an average velocity of 0.1 - 0.2 meter/usec, the intensification process will
take place over a brief interval of a few milliseconds.

The highest electric fields about the aircraft will occur around extremities such as the nose and wing tips, and sometimes smaller pro-
trusions, such as antennas or probes. When the leader approaches to the point where the field adjacent to an aircraft extremity is in-
creased to about 30 kV/cm, the air will breakdown and electrical corona will form at the sharpest extremities extending in the direction
of the oncoming leader. Extensions of the corona, called streamers, occur simultaneously from opposite extremities of the aircraft, as
shown in Figure 11 A. One of these steamers will meet the nearest branch of the advancing leader and form a conductive path from the
cloud charge center to the aircraft. Thus, when the aircraft is close enough to influence the direction of the leader propagation, it will
very likely become attached to a branch of the leader system (Figure 11B).

As the stepped leader contacts the aircraft, the aircraft is raised to the potential of the leader channel, which may be of the order of
50 to 100 million volts. Virtually all external conductive surfaces can then be expected to issue corona and streamers radially outward
until the vehicle is surrounded by a plasma sheath (as the rest of the arc channel is) extending out several meters from the aircraft.

This condition will occur quickly and will persist until the highly charged arc channel is discharged by the passage of the return stroke
(again a few milliseconds, depending on the proximity of the aircraft to the charge centers).

It should be noted that an aircraft may become a part of a branch off the main channel rather than a part of the main channel itself.
In fact since there are many branches off the main channel it would appear that the likelihood would be much higher of being *“‘struck™
by a branch than by the main channel. The consequences may be indistinguishable to occupants of the aircraft. There would still be a
bright flash and a loud boom as the branch channel discharges into the main channel. The peak current amplitude would be lower. there
would be no continuing curr=nt and there would be no restrikes. Any direct damage effects should therefore be minimal but sparking
problems and interference with avionics systems may still be significant. The possibility exists that a percentage of the strikes reported
each year are branch discharges rather than main channel strikes, including the Lear jet strike in Reference 15. No voltage or current
waveforms have been defined for branch discharges.




e i
P — P

29

{a) Leader Approach {c} First Return Stroke

% P

{b) Leader Attachment (d) Subsequent Strokes

GPO1.0145 14

FIGURE 11
THE LIGHTNING STRIKE PROCESS - FROM REF (4)

The effects produced on the aircraft by the various high voltage processes involved in the lightning arc channel attachment are not 4
well defined or understood. However, it is certain that the rapid redistributions of charge will result in very fast changing magnetic
fields and the high potentials will ensure that very high electric fields will be produced. Therefore, electrical and avionics equipment
will most likely be subjected to significant transient voltages during this period whose total duration is a few milliseconds. 1

The stepped leader and aircraft streamer formation process will stress dielectric materials in the high field regions. Therefore, the
puncture or flashover of radomes or other dielectric structures will be determined during this period. The detailed behavior of the elec-
tric fields as seen by the aircraft have not been measured. Therefore, the design and testing of protection measures addressing the high
voltage mechanisms must be done on the basis of other considerations, using worst case assumptions where no other criteria, such as
in-flight damage comparisons exist. For example, it is known that fast changing voltage pulses will puncture dielectric materials more
readily than slowly rising pulses. The slow rising voltages tend to flashover the surface because of the longer time allowed for streamers
to develop across the surface from surrounding metal structures. Therefore, simulation tests are conducted using fast rising pulses, since “
the condition thus simulated is worst case.

The high voltages associated with the pre-return stroke events may also lead to active sparking in the form of corona and streamers
in unshielded regions. This activity is primarily a problem only in areas where flammable mixtures of fuel vapors and air exist, e.g., fuel
vents or dump openings.

o

High Current Interactions (Return Stroke Phase)

For design and test purposes, the conservative approach is to assume a worst case cloud to ground strike. In this case, the return stroke
current will be higher, there is a high probability of multiple restrikes, and there may be heavy continuing currents associated with one
or more of the return strokes. The total duration of the flash may last a half of a second or more. Figure 12 is a representation of the
current waveforms proposed by Cianos and Pierce(21) as a severe lightning model for engineering test purposes.

The rather long interval over which a multiple-stroke flash may persist, coupled with the movement of the aircraft at a velocity of 50
to 80 meters per second, leads to the dynamic interaction process known as the swept stroke phenomenon. If lightning attaches initially
at a forward point on the aircraft such as the forward fuselage, or to the front of wing mounted engines or stores. or possibly even the
leading edge of a wing, the arc attachment point will effectively sweep back across the surface as the aircraft flies through the station-
ary arc channel. The principal complication of this sweeping action is that inboard surfaces of the aircraft in low-field regions may be-
come exposed to lightning arc attachment with continuing currents and restrikes, although lightning would never attach there initially. .
Consequently the design specification for external electrical hardware must consider where the component is located on the aircraft.
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FIGURE 12
TIME HISTORY OF SEVERE (BASIC) LIGHTNING MODEL - FROM REF (21)
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Lightning attachment zones on aircraft are defined to help identify the lightning threat by location. Zone 1 regions are the high field
regions such as wing tips, vertical fin, nose, etc. where there is a high probability of direct attachment. Zone 2 covers the regions aft of
Zone | attachments where lightning arc attachments may sweep: Zone 3 covers the other regions of the aircraft where there is a low
probability of any arc attachment but where lightning currents may pass enroute between attachment points. Zones | and 2 are further
divided into A and B regions. A regions are forward points where the arc can sweep off easily. B regions are trailing edges where the arc
has nowhere to go and will, therefore, remain attached and not sweep.
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EFFECTS ON AIRCRAFT

Lightning effects on aircraft are classified as “Direct Effects” or “Indirect Effects.” Direct effects include the physical damage pro-
duced at the point of arc attachment and damage produced directly by current flow between arc attachment points. Indirect effects are
electromagnetically induced by field coupling to wires or avionics equipment. Direct effects may include both high voltage and high cur-
rent effects on hardware. Since this paper is oriented to avionics considerations, the principal direct effects of concern are those associ-
ated with externally mounted electrical hardware and the attached avionics equipment. Indirect effects are of concern only to avionics
and electrical systems.

Other than direct and indirect effects, physiological effects on the crew such as flash blindness and loss of consciousness from elec-
trical or acoustical shock are of concern. These effects are usually temporary, lasting perhaps up to 30 seconds or longer. Effects such as
fuel vapor ignition or engine outages may be caused by either direct or indirect effects and may or may not be associated with electrical
or avionics systems. They will be discussed further in this section.

NN

Direct Effects on Electrical Systems

The direct effects of lightning are the burning, eroding, blasting and structural deformation caused by lightning arc attachment, as
well as damage produced by the high-pressure shock waves and magnetic forces produced by the high currents. Structural damage ef-
fects are typically localized to the immediate area of the arc attachment point or points since the current density is highest there. As
the current enters a conductive structure, it rapidly spreads so that the current density is quickly reduced to harmless levels. This locali-
zation effect is particularly true for the lower level continuing current phases of a strike.

Damage may be more far reaching if current dispersion is prevented or if there is limited current-carrying capacity in the path taken
by the lightning currents. For example, if the lightning arc attaches to a nose radome mounted pitot mast, the only current path to the
main structure may be through the heater wires attached to the pitot probe. These wires would not typically be able to carry a heavy
lightning current without explosively vaporizing. The resulting vaporization pressure could rupture the radome causing extensive damage
to the radome and possibly serious aerodynamic effects. The lightning currents can also then find their way into the heater power sup-
ply and from there into the main electrical distribution system causing widespread electrical problems.

Other examples of inadequate current-carrying capacity might include bonding straps, adhesively bonded structures, or high resistance
coatings of the type designed for prevention of static charge buildup. When an electric current passes through a material a certain amount
of energy is converted to heat because of the electrical resistance of the conducting material. When the material heats, its resistance also
changes, Complicating the matter still further is the fact that the current is transient in nature. Neglecting resistance changes due to
temperature, the Joule heating developed can be represented mathematically as

i
i

ik

b Foa

t time (seconds)
R electrical resistance (chms)
Ity = electrical current (amps) as a function of time.

=t 2 :
H L RI“(t)dt }ﬁ
Where: i
H = heat developed in test part (Joules) j
3

Y

When the electric current is introduced into the conducting material (assume a flat metal plate) by means of an electric arc, an even

more complex situation arises. Heat is generated in the material due to normal Joule heating and to heating at the arc/metal interface.

If the current is fast rising, the initial current will essentially remain on the surface of the metal (skin effect), but as the current con-

tinues, the current and the heat will diffuse and spread into the material. This can be compared to an arc weld except that electrical 4
currents are several orders of magnitude greater for lightning and the time can be several orders of magnitude shorter.

The nature of localized structural damage to electrical hardware is dependent upon the construction and geometry of the part as well
as on the type of lightning current flowing. The high peak current surge exerts shock and mechanical bending forces because of the in-
tense magnetic fields and the explosive channel. However, on sturdy conductors such as thick aluminum, very little effect is noted: 3
typically just small pits or etch marks on the surface. Figure 13 illustrates very little high peak current damage to thin metal coatings :
on fiberglass, but extensive damage to confined honeycomb structure. Conversely, the continuing current phase is capable of melting ;
sizable holes through relatively thick, metal parts if allowed to deposit its energy at one point for a few tenths of a second (see Figure 14). 3

The shock and blast effects of the high peak current phase may shatter light coverings or lenses, allowing the current direct access to ‘%

the electrical system. The high peak currents tend to flow in straight lines so conductors with sharp bends will either be magnetically
distorted (unbent) or the lightning may flash across the corner or find an alternate path. Magnetic forces are proportional to the square
of the current producing them and the damage produced is related both to the magnetic forces and to the response time of the affected E
system. A

In areas where the current density is high, such as at the attachment of protective bonding jumpers or at an arc root, the magnetic P
forces can become extremely large. This problem has been previously addressed by James and Phillpott.22 They determined that an arc o3
rising in a few microseconds to a peak current of 200 kA will have a diameter of about 2 mm and hence its maximum magnetic field will )
be about 40 Tesla producing a magnetic pressure approaching 6.3 x 108 N/M2 (150,000 Ibs/in.2).

; Externally mounted electrical components most frequently experiencing the direct effects of lightning include various types of lights,

4 antennas, probes, windshield heaters and radomes. Radomes are frequently located in prime lightning attach points (nose or wing tips).
Therefore, particular attention should be paid to the mechanisms of high voltage breakdown and high current damage which they may
experience.

An excellent example of the direct effects of lightning to an aircraft electrical system was reported by Fisher and Plumer.1}
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FIGURE 13~
EXAMPLES OF HIGH PEAK CURRENT EFFECTS ON EXPOSED,
PAINTED AND ENCLOSED SURFACES

A strike to a general aviation aircraft of the type shown in Figure 15 was analyzed extensively resulting in the following findings.

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

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

® The No. | VHF communication set burned out.

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

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

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

® Several instrument lights were burned out.

® The navigation light switch and all lights were bumed out.
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FIGURE 14
CONTINUING CURRENT BURNTHROUGH OF .045 INCH TITANIUM PLATE
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FIGURE 15
GENERAL AVIATION AIRCRAFT WITH PLASTIC WING TIPS - FROM REF (4)

The evidence suggests that the flash included two or more strokes separated by a few milliseconds of continuing current. Assuming,
for purpoes of explanation that the original lightning flash approached the right wing tip, the probable sequence of events was as fol-
lows: (refer to Figure 16 electrical schematic). The initial point of attachment was the right wing tip navigation light housing. Current
from this stroke entered the housing ground wire and exploded both sections of it on the way to the right outboard metallic rib, as
evidenced by the absence of these wires and the blackened interior. Current continued through the airframe to the left outboard rib and
out the sender unit ground wire to the sender unit. From there, the current followed the filler cap ground braid and exited the aircraft
at the filler cap. The current exploded the sender unit ground wire but not the heavier filler cap ground braid, which was only frayed.
Sparks undoubtedly occurred inside the fuel tank along the ground braid and between the filler cap and its receptacle, but the fuel-air
mixture in the ullage of these half-full tanks was probably too rich to support ignition.

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

Lightning current flowing in the navigation lamp power wire elevated its voltage to several thousand volts with respect to the airframe,
a voltage high enough to break down the insulation at the outer rib feed-through point, as shown in Figure 16. Until breakdown occurred
here (a few microseconds after the first stroke began), the wire was at sufficiently high voltage to break down the insulation to the
neighboring sender wire. This breakdown occurred all along the wire inside the right wing. The portion of current arcing into the sender
wire caused a large voltage to build up across the right wing tip tank fuel gauge magnet inductance, to which this wire connects. This
voltage in turn sparked over the gap between the gauge terminal and the nearest grounded housing wall, the arcing badly damaging the
gauge unit. While the left navigation light power wire was also exploded, it is probable that this did not occur until the second stroke.

Since the aircraft was moving forward, the entry and exit points of the second stroke were farther aft on both wing tips than the
points of the first stroke. Since no other metallic components were present aft of the first stroke attach point on the right wing tip, the
second stroke punctured a hole in the fiberglass trailing edge and contacted the metallic outboard rib. As shown in Figure 16 current
from this stroke proceeded through the airframe to the left wing tip, where by this time the stroke had swept aft adjacent to the navi-
gation lamp from which point the stroke current exited. Current from stroke No. 2 thus probably arced between the left outer rib to
the navigation lamp power wire (the ground wire having been vaporized by the first stroke), which it followed to the lamp housing. The
power wire was vaporized by the second stroke current flowing in it.




M

2-13 .

Circuit Circuit

Ist Left
t swoke -~ — —— 12 Voit DC Bus _I

Breaker Breaker
Filler
Ca| Larpp
Switch

Receptacle

Frayed
and Burned —

2nd
Stroke

[T
Vaporized N l Vaporized Wiring[~
. . N A
Globe—/" | Electric / Neoprene Insulation R \-Electric ]

PI AP

Fuel
Gauge
Housing

Electric
Arcing

3 i Arcing Tubing To Taii Breakdown e

i Lights reing I

; l

3 \ Main Wing - Wing Lightning Current /

i — _—_————— ——— Puncture /20

i \\ Flow Was Through Structure ’ Str’;ke
\ Piastic Tip Metal Cabin Cabin Metal Plastic Tip //

% \\-_—— Wing Wing .

GPOY 0148 19

FIGURE 16
PLASTIC WING TIPS AND ASSOCIATED ELECTRIC CIRCUITS AND
LOCATIONS OF LIGHTNING EFFECTS - FROM REF (4)

B L T

Both left and right navigation lamp power wires were connected together in the cabin and to both the 12 V dc bus and the tail light.
The voltage and current surges which entered the lamp power wires inboard of the outer rib feedthroughs were also conducted to the
tail light, burning it out, and to the 12 V dc bus. The surge on the bus, of course, was immediately imposed on all of the other electrical
equipment powered from this bus, or all of the electrical equipment in this aircraft. Arcing undoubtedly occurred in a number of com-
ponents, causing circuit breakers to pop. Because circuit breakers, however, react much too slowly to prevent passage of a lightning
surge, at least one piece of equipment (the No. 1 VHF communication set) and several instrument lamps were burned out.
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Indirect Effects on Electrical System

Indirect effects result from the interaction of the electromagnetic fields accompanying lightning with electrical equipment in the air-
craft. Hazardous indirect effects could, in principle, be produced by a lightning flash that did not directly contact the aircraft and hence
could produce none of the direct effects described earlier. In some cases both direct and indirect effects may occur to the same compo-

3 nent of an aircraft. An example would be an antenna which is physically damaged but which also couples damaging voltages into the
) transmitter or receiver connected to the antenna.

The mechanism whereby lightning currents induce voltages in aircraft electrical circuits is illustrated in Figure 17. As lightning current
flows through an aircraft, strong magnetic fields surround the conducting aircraft and change rapidly in accordance with the fast-changing
lightning-stroke currents. Some of this magnetic flux may leak inside the aircraft through apertures such as windows, radomes, canopies,
seams, and joints. Other fields may arise inside the aircraft when lightning current diffuses to the inside surfaces of skins. In either case
these internal fields pass through aircraft electrical circuits and induce voltages in them proportional to the rate of change of the magnetic
field. These magnetically induced voltages may appear between both wires of a two-wire circuit, or between either wire and the airframe. -
The former are often referred to as line-to-line, or differential-mode voltages and the latter as common-mode voltages. |
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FIGURE 17
MAGNETIC FLUX PENETRATION AND INDUCED
VOLTAGES IN ELECTRICAL WIRING - FROM REF (4)
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In addition to these induced voltages, there may be resistive voltage drops along the airframe as lightning current flows through it.
If any part of an aircraft circuit is connected anywhere to the airframe, these voltage drops may appear between circuit wires and the
airframe, as shown in Figure 18. For metallic aircraft made of highly conductive aluminum, these voltages dre seldom significant except
when the lightning current must flow through resistive joints or hinges. However, the resistance of titanium is 10 times that of alumi-
num, and that of composite materials many hundred times that of aluminum, so the resistive voltages in future aircraft employing these
materials may be as much as hundreds of times higher.

Magnetic Effects
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FIGURE 18
ELECTRICAL AND MAGNETIC FIELD COUPLING TO ELECTRICAL CIRCUITS

Until the advent of solid state electronics in aircraft, indirect effects from external environments, such as lightning and precipitation
static, were not much of a problem and received relatively little attention. No airworthiness criteria are available for this environment.
There is increasing evidence, however, of troublesome indirect effects. Incidents of upset or damage to avionic or electrical systems, for
example, without evidence of any direct attachment of the lightning flash to an electrical component are showing up in airline lightning-
strike reports. Table 4 summarizes the reports of interference or outage of avionic or electrical equipment reported by a group of U.S.
airlines for the period June 1971 to November 1974 (Reference 9).

The incidents reported in Table 4 occurred in 20% of the total of 214 lightning-strike incidents reported during the period. U.S.
military aircraft have had similar experience. This experience is probably a result of the increasing sensitivity of miniaturized solid state
electronics to transient voltages, a trend which necessarily would not have posed a problem in older, less sophisticated equipment. In
any one incident, only a few electronic components are affected; others are not. Yet laboratory tests have shown that lightning-induced
voltages appear in all aircraft electric wiring at once. Thus it is evident that surges reach higher values in some circuits than in others or
that some electronics are less tolerant of such surges than others.

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

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

@ Increasing use of plastic or composite skin.

@ Further miniaturization of solid state electronics.

® Greater dependence of electronics to perform flight-critical functions.

® Greater congestion in terminal airways, requiring more frequent flight through adverse weather conditions at altitudes where light-

ning strikes frequently occur.

L
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TABLE 4
EVIDENCE OF INDIRECT EFFECTS IN COMMERCIAL AIRCRAFT - FROM REF (4)
(214 Strikes)
interference Outage

HF Communication Set - 5

VHF Communication Set 27 3

VOR Receiver 8 2

Compass (All Types) 22 9

Marker Beacon - 2

Weather Radar 3 2

Instrument Landing System 6 -

Automatic Direction Finder 6 7

Radar Altimeter 6 -

Fuel Flow Guage 2 -

Fuel Quantity Gauge - 1

Engine rpm Gauges - 4

Engine Exhaust Gas Temperature - 2

Static Air Temperature Gauge 1 -

Windshield Heater - 2

Flight Director Computer 1 -

Navigation Light - 1

AC Generator Tripoff {6 Instances

of Triopoff)
Autopilot 1 -
GPO1-0148-22

Engine Mishaps

Reported lightning effects on turbojet engines show that these effects are limited to temporary interference with engine operation.
Flameouts, compressor stalls, and roll-backs (reduction in turbine rpm) have been reported after lightning strikes to aircraft with -
fuselage-mounted engines. This type includes military aircraft with internally mounted engines and fuselage air intakes or other military
and civil aircraft with engines externally mounted on the fuselage. There have been no attempts to duplicate these events with simu-
lated lightning in a laboratory, and there has been no other qualitative analysis of the interference mechanism.

An extensive survey was undertaken by workers at McDonnell Aircraft Co. to determine the extent of the lightning-induced turbine
engine outage problem. Contacts were made with the Air Force and Navy Safety Operations Offices, the Air Force and Navy Propulsion
Laboratories, the FAA, the major engine manufacturers and representatives from the UK, France and Germany. The results of the sur-
vey indicated that there have been 22 reported incidents in the U.S. between 1968 and 1978 of engine problems and/or flameouts as a
result of a lightning strike. However, it is believed that there are at least two to five times more cases that are not reported because the
FAA does not require mandatory reporting of such incidents if there is no injury. Individual pilots interviewed have had flameouts re-
sulting from lightning strikes who have not filed reports of the incidents. Of the reported cases, none of the lightning strikes has resulted
in extensive engine damage and none has resulted in loss of life. However, there have been instances where one engine flamed out on a
twin-engine aircraft and where the pilot was unable to restart the engine in flight. He was forced to resort to emergency landing proce-
dures. There have also been incidents on two engine aircraft where both engines have stalled simultaneously, but in each of *hese cases,
one or both were restarted in flight.

Almost all of the reported incidents of engine problems were associated with lightning strikes to small aircraft, either fighters or
business-type aircraft, rather than to large aircraft. This uneven distribution of events may be due to the inability of the smaller engines
to adequately compensate for temperature and pressure fluctuations associated with lightning strikes; or on the larger aircraft it may be
due to the dying out of the lightning channel before it reaches the rear-mounted engines because of the long distance from the nose to
the tail.

The results of the literature search and discussions with cognizant personnel revealed that there is a potential hazard to single-engine
jet fighters. However, there are many other causes for compressor stalls which present more immediate problems to propulsion engineers.

Fuel Ignition Related to Electrical Systems .

Potentially, aircraft fuel systems represent the most critical lightning hazard to flight safety. An electric spark produced by only 0.2
millijoule (mJ) of energy is sufficient to ignite a propagating flame in a near stoichiometric mixture of hydrocarbon fuel and air (Refer-
ence 23), yet lightning-flash currents may deposit several thousand joules of energy in an aircraft.

There are several jet and turbojet transport accidents on record which have been attributed to lightning ignition of fuel. Although the
exact location of ignition in each case remains obscure, the most prevalent opinion is that lightning ignited fuel vapor at the wing tip
vent outlets of these aircraft or that sparking occurred somewhere inside a fule tank as lightning currents flowed through the aircraft.
The inflight loss of at least two military aircraft also has been attributed to lightning ignition of fuel, and there is a report of lightning
strike igniting fuel in another military aircraft parked on the ground. Lightning-induced voltages in aircraft electrical wiring are believed
to have resulted in sparks across a capacitance-type fuel probe or some other electrical object inside fuel tanks of several military aircraft,
resulting in loss of external tanks in some cases and the entire aircraft in others. Capacitance-type fuel probes are designed to preclude
such occurrences. The voltage required to spark a typical capacitance-type probe is many times greater than the voltage thought to be
induced in fuel gauge circuits by lightning. However, other situations involving unenclosed circuits, such as externally mounted fuel
tanks, exist wherein induced voltages may be much higher than those found in circuits completely enclosed by an airframe.

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

Lightning mishaps to aircraft in flight occur periodically to aircraft of all types under many different weather conditions. Incidents
occur most frequently at medium altitudes and at temperatures near the freezing point. An evaluation of pilot reports indicated that
lightning may strike unexpectedly or there may be a buildup of static noise and corona before the strike. Pilots contend that the latter
type of strike far outnumbers the former and some think that this type can be avoided by reducing the velocity of the aircraft. An ex-

5 amination of the lightning initiation process raises the additional question of whether some reports of aircraft being “struck” might
involve a branch of the flash rather than the main channel to ground, or lightning triggered by the aircraft.

Effects of lightning on aircraft electrical systems include physical damage to electrical wiring and associated avionics equipment as a
: result of lightning currents finding their way into the wiring through the external hardware. Indirect effects can result in the loss or
¥ temporary malfunction of avionics equipment due to electromagnetic coupling of lightning produced fields onto internal wiring and
equipment.

Instances of turbine engine lightning-induced outages may sometimes be related to indirect effects on the electrical control system.

' Indirect lightning effects may also be implicated in some of the fuel vapor explosions which have resulted in catastrophic losses of air-
L craft.

It is obvious that lightning strikes to aircraft occur in only a very small percentage of flights and only a small fraction of the lightning
incidents are major problems. However, because of the very large number of aircraft in the air at all times and the large number of storms i
around the globe at any instant ir. time, the total number of lightning strikes to aircraft per year is not a small number. It is not our task |
to prevent the strikes altogether because most are unavoidable. It is rather our task to maintain the lightning problem at or below the L
nuisance level. That is. to ensure that the incidents are minor, that damage is minimized, and that both military and domestic flight '
operations can proceed safely without undue fear of the natural lightning hazard.
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PHENOMENOLOGY OF LIGHTNING/AIRCRAFT INTERACTION

R.P. Milhleisen
Astronomisches Institut
der Universitdt Tilbingen
7980 Ravensburg-Rasthalde

SUMMARY

Lightning aircraft interaction depends on the behaviour of the lightnings as well
as on the aircraft shape and material used for the skin and for the interior of the air-
crait. The paper deals mainly with the lightnings itselves.

Two types of lightning discharges have different characteristics:

1) Intracloud and cloud to cloud discharges and

2) Cloud to ground discharges.
First it will be tried to introduce:the many hypotheses of thundercloud electrification.
It is unknown which of these gives the right explanation for the charge separation in the
clouds which produces high electric fields. Just so unknown is the initiation of the dis-
charges itselves. But the parameters of lightnings can be enumerated much better.

Calculation results and graphs are given due to the electric field strength around
thunderclouds. The distortion of these fields by aircraft bodies and the initiation of
triggered lightnings are described. One problem due to the effect of the jet exhaust on
the field distortion could be solved by experiments and considerations. It seems that the
exhaust has no influence.

1. SURVEY OF THE ELECTRIFICATION THEORIES AND HYPOTHESES AND CRITICALS REMARKS.

Lightnings occure in the atmosphere if the electric field strength in cloud exceed
a critical value of about 10 kV/m and if the potential difference in a small volume of
the cloud exceeds some million Volts. Such electric fields are developed only in thunder-
clouds. Because of the difficulties of measurements inside such clouds due to the strong
dynamics and turbulence the knowledge of the electric phenomena and the electrification
processes are not satisfactory.

Many laboratory investigations yielded a great number of electric charge separation
effects. It is necessary to distinguish between electric effects in small bodies as water
droplets, ice pellets or snowflakes, electric effects on the solid-liquid interface of
hydrometeors a n d the gravitational separation of different particles with charges of
different polarities within the large space of a thundercloud in the updraughts and in
the downdraughts. Namely the distribution of charge in the entire thundercloud requires
beside microphysical electrification mechanisms an extended separation of chavges. This
separation can be achieved in the up-wind and downdraughts either if the charges are
deposited on particles of different size and mass or if the charges of the one palarity
reach the up-wind meanwhile the other particles with the charges of the opposite polarity
remain in the downdraught.

Another hypothesis deals with the electrical charging by induction in a ionized
atmosphere and a charge separation by vertical air streams whil is simular as a Van de Graf-
generator. Now to the first class of hypotheses: I mention by name the authors Find-
eisen (1940), Workman-Reynolds (1950), Latham and Mason (1961) among others. They all
explain from their experiments charging processes by the micro-physics of the lattice of
solid and liquid bodies. Either temperature gradients and diffusion of positive protons
inside the bodies or double layers on the surface of droplets are the reason for charge
separation in the bodies. A series of hypotheses postulates electric volta potential
differences between the liquid and the solid phase of droplets even when the supercooled
droplets collide with others or with ice pellets. Because of many lightning ssrikes on
aircarft occure near the region where the air temperature is between + or - 5°C, it is
likely to be justified to assume that the strongest charge separation processes take
place connected with the collision of solid and liquid particles. In this region graupel
came down and collide with supercooled droplets; one part of the water freezes on the
graupel nuc_ieus, the other part flys upwards in the up-wind. During the contact there
exists a potential difference in the solid-liquid interface according to the temperature
gradient. An older hypothesis of Workman and Reynolds (1950) explains the charge separation
by electrolytic potentials. The disappearing waterdroplets are therefore electrically
charged. One problem is the polarity of the charges; they depend on the solution of
impurities in the water. Recently this hypothesis is questionable because the impurities
in the form of condensation nuclei are different from place to place so the polarity is
uncertain.

The hypothesis of Latham and Mason explains the charging process in the solid-liquid
interface by temperature gradient in the ice. The falling ice pellets are colder than the
environment; during the contact with super-cooled waterdroplets the surface of the ice
will accept the temperature of the melting point so that a temperature difference between
the surface and the interior of the ice pellet results. By the temperature difference a
electrical voltage is generated in the ice therefore the waterskin on the surface will be
charged and will leave the surface charged. Both authors show by calculation that about
1 Cb/km2 min is produced.




Another process of charging is discribed by Dinger and Gunn (1946). The charging
occurs during the melting of down coming ice particles. This process will be able to
produce charges in the air and on the water droples with different polarities. The
earlier finding of Findeisen (1940) can be explained by one of this mentioned hypo-
thesis.

A quite different hypothesis is the induction-hypothesis of Vonnegut and others (1958).

He assumes that the upcurrent in the developing thundercloud sucks air with positive
space charges from near the earth surface and carries these charges up to the top of
the cumulonimbus cloud; these charges attract negative charges from the outside air
which attach onto the outer cloud particles and remain on these. Because of the down-
draughts of the outer parts of the cloud the negative charges descend whereas the
positive charges ascend and are concentrated in the upper part of the cloud in the
anvil. This induction mechanism will be intensified when the space charge production
near the ground is increased by corona discharges which have the positive sign also.
Then the maximum of the charge production culminates simultaneously with the maximum
of the up-wind, that means with the dynamical climax. Lateron the charge production
ceases in the final stage of the thundercloud. Many experts doubt this hypothesis.

It is very probable that many processes work together inside a thundercloud. There-
fore one have to keep in mind that the electric field configuration will be very compli-
cated and complex and simple theoretical descriptions or incidental measurements of the
electrical features give no complete picture of the electrical conditions which vary
in space and time so immense.

A general view about the hypotheses for precipitation electrification is presented
in figure 1. For detail it is necessary to look into the original papers of the authors.
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Fig. 1: Hypotheses for precipitation electrification
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2. ELECTRIC FIELDS AROUND THUNDERCLOUDS.

It is an open question if the strong electric fields inside and around thunder-
clouds begin with the precipitation processes or earlier with the beginning of up and
downdraughts. The author believes that the first assumption is right. With the precipi-
tation the charge separation processes over large vertical distances startsand by this
the electric fields of a thundercloud are generated. Under the simplified assumption
of a separation of positive and negative charges of 15 C located in 2.5 km, resp. 7.5 km
altitude above ground and under the assumption of a weak conducting atmosphere one can
calculate the field distribution around a thundercloud; taking into account the mirror
image charges under the earth surface one gets pictures of the distribution of the
electric fieldstrength, the vertical and horizontal components as shown in fig. 2 a-c.

Normally it is unknown which charges really exist in a thundercloud and how the
real distribution of charges in the entire cloud is; so the calculated field con-
figuravions in fig. 2 are only a first approximation for a normalized cloud case. Also
many observations and measurements point to a small pocket of positive charge near the
base of a thundercloud. This would modify and change considerably the picture of field-
strengths in the lower altitudes. Another reason for an extremely important change of
the picture is the frequent neighbourhood of other thundercloud cells. Then mainly the
horizontal component of the electric field is enhanced and occures in a much larger
area.
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3. INFLUENCES OF AIRCRAFT ON THE ATMOSPHERIC ELECTRIC FIELD

The natural electric field in the atmosphere will be distorted in the surroundings
of an aircraft. The distortion depends mainly on the geometric form of the aircraft body.
For an idealized form of an ellipsoid the outer electric field F is enlarged by a factor «
depending on the ratio a/b where a is the length of the longer axis and b is the lenath
of the transverse axis of the ellipsoid.

Values of k ar. given in table 1

a/b 2 5 10 20 50 100

k 5,8 16 49 148 694 2330
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In the case of longer extremities as antennas or Pitot-valves the factor k is magni-
fied furthermore. In the case of a jet aircraft one has to put on the basic ellipsoid
with the axis a and b another half ellipsoid with the diameter or the small axis 2r
and the length or the long half axis s imitating a rod, an antenna or a Pitot-valve.
If the aircraft flies in an atmosphere with a horizontal undisturbed electric field

Ea and has a self charge Q on its body then the fieldstrength on the uttermost

point is:

E_=(E_ - k - ———))
s a a,b 4;‘-,&1)2 s,r

With mean values of a/b of 10 and a ratio s/r of about 20 one achieves a critical
value for the enlarged fieldstrength Es of more then 1000 kv/m with a outer horizontal

field Ea of about 500 V/m. Much less is the enlargement faktor k for a vertical fielgd,

namely about 2 -4 for ka,b and for ks,r too.
The enlargement of the electric field on the surface of the aircraft body has the
following consequences:

First corona discharges are generated if the surface fieldstrength exceed a certain
value, about 3-10 kV/cm or 300-1000 kV/m. Second if a charge has been generated on the
aircraft itself by precipitation particles or by the exhaust, then the self produced
electric field around the aircraft is enlarged too on the surfaces with strong cur-
vature by the same factor k. For this reason very small charges on the aircraft
(several uC) are able to produce corona discharges. Therdcre such self charges cannot
exceed a threshold charge of several uC.

Aircraft are able to trigger lightnings or they can be located in the path of a
natural lightning. Because of the lack of measurements of the courses of the field-
strength and currents in the case of lightning strokes to aircraft no credible
hypothesis could be found in the literature which describes the transition from a corona
discharge into a lightning discharge. The condition that on the top of a discharge
channel the fieldstrength is always large enough for breakdown has to be fulfilled for
the development of a streamer or a pilot leader. In addition to this the current in
the streamer has to be so great that 4

k

a) the freshly formed part of the channel is filled with charges,
b) space charges of opposite sign can be neutralised,
c) all losses from corona discharges of the channel wall itself can be filled up.

From all of them one can derive that the main condition for the development of a

lightning stroke is the concentration of a large amount of charges in a great volume 3
of cloudy air. Therefore only in thundercloud in its mature stage lightning strokes :
can originate.

4. LIGHTNING PARAMETERS

The most important parameters of lightning are

1 = length of the lightning channel,
Imax = maximum lightning current, o
d1 _ : R <
az/max = maximum current rise rate,
ts = duration of single strokes,
n = number of strokes,
te = entire duration of lightning flash,
type of the discharge:
First to the last point: one has to distinguish between i

1) Intracloud and cloud to cloud discharges,
2) Clioud to ground discharges.

In middle latitudes about half of the lightnings belong to each type. The length of

lightning channels varies from several km to 20 km. Partly they are orientated vertically, n
partly horizontally. Most of the cloud to ground flashes have long extensions inside the

clouds. The lightning currents vary between 100 A and several 100 kA. Values above ‘
100 A belong exclusively to the ground flashes as far as one knows for the time being.

The current rise rate is also variable between 1 to 100 kA/us and less of this in the

case of intracloud or cloud to cloud flashes. Sometimes continuous currents occure for 3
some 10-100 milliseconds with values of about 100 A. The entire duration of a flash

depends on the number of strokes. One flash has normally 1-3 strokes, the maximum is

about 25 strokes. A single flash has a duration of several msec. A multistroke flash

lasts about 100-1000 msec. The intervals between successive strokes in one flash

amount to 3-100 msec.
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5. EFFECT OF THE EXHAUST ON THE ELECTRIC FIELD DISTORTION

Many experts in the field of lightnings believe that the exhaust of an air-
plane or of a rocket causes a fictitious electric enlargement of the conducting body
of the aircraft. This would cause a further increase of the distortion of the ambient
electric field and so an increase of the probability to trigger lightnings. This
hypothesis came up with the lightning events during the launch of the Apollo 12.

In the meantime we did some theoretical and experimental work to investigate
this case (Mlihleisen and Fischer 1976). The result was that the exhaust of a rocket or
a jet engine cannot achieve an electrical enlargement of the aircraft body. The reason
is that the velocity of ions in the exhaust is larger than the drift in a naturally
possible electric field: that means

Exb< Vexhaust

E = electric fieldstrength,
= mobility of ions,
Vexhaust = velocity of the gas molecules in the exhaust.

If this is correct then no ion is able to transport any charge backwards to the
aircraft body. Therefore no current can flow in the exhaust as an effect of the external
electric field. The exhaust has therefore not to be considered as an enlargement of the
conducting body of an aircraft.
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SUMMARY

The use of sensitive, solid-state avionic equipment to

perform flight critical functions requires that this

equipment be adequately protected from the transient

voltage and current surges induced in aircraft electri- -
cal circuits by lightning strikes. Design of protection X
requires, first, that the nature of the lightning-induced
transients that may appear at the terminals of aircraft

! avionic equipment be known. This paper describes ways

- that lightning currents may flow in an airframe and basic
mechanisms whereby these currents may induce transient
voltages and currents in typical aircraft electrical cir-
cuits. Examples of induced voltages and c-vrents measured
during simulated lightning tests are presented and signi-

3 ficant aspects of them are discussed, together with esti-

A mates of the ranges of induced voltages to be expected in
i typical circuits. Examples of the magnetic fields that

are responsible for some of these induced effects are also
K presented. The paper concludes with a discussion of the

g basic damage effects that lightning-induced voltages may

Y have on typical solid-state electronic components. Methods
of protection against these effects are treated in a sub- ’
sequent paper. A

INTRODUCTION

In contrast to the physical damage effects that lightning strikes may cause to an
aircraft structure which are termed the direct effects, the effects on aircraft electri- i3
cal and avionic systems are termed indirect effecte. The indirect effects refer to the 5
temporary upset or permanent damage to electrical and avionic equipment that results from ¥
lightning flashes. These effects may range from tripped circuit breakers to computer up-
set, or to physical damage to input or output circuits of electronic equipment. There
may be other indirect effects of lightning flashes that pertain to aircraft safety, such
as flash blindness of the crew or acoustic shock waves, but these effects are not treated
! here. Included in this definition and discussed here are the voltages and curients in-
duced by lightning on the electrical wiring of the aircraft, regardless of whether or not
such voltages and currents cause damage or upset of electrical equipment.

To date, occurrence of induced voltages in aircraft has been evidenced by occasional
upset or damage to aircraft avionics and flight instruments during lightning strike events.
Sometimes this has resulted in curtailment of a flight mission, but there are very few re-
cords of an aircraft being lost due to indirect effects. The iIncreasing use of more sen-
sitive electronics however, and the housing of these within nonmetallic structures implies
that induced voltages may be more severe and hazardous in the future if left unchecked.
It is therefore important for designers to be aware of their existence, and of ways to E:
estimate their magnitude and design adequate protection. X

Analysis of indirect effects to be expected in a particular aircraft can be divided 3
into several stages. The overall task is to determine how the lightning current, I, &
leads to voltages and currents on the internal wiring. The individual tasks are as follows:

a. To determine the amplitude and waveform of lightning currents flowing in the R
aircraft structure. This current may be different from the undisturbed 1
lightning current.

b. To determine the magnitude of voltages and currents induced on aircraft elec- v:
trical circuits. "

¢. To determine how these currents and voltages affect the electrical equipment
in the aircraft.

LIGHTNING CURRENTS IN THE AIRCRAFT

The problem of how the aircraft as a whole responds to the passage of lightning cur-
rent is illustrated in Figure 1. There are two parts of this problem, one involving a
direct flash to the aircraft and the other involving a nearby flash. While it is generally
true that the indirect effects produced by a direct flash are more severe than those pro-
duced by a nearby flash, they are not necessarily so, since the response of the aircraft
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Figure 1 - Response of the Structure to the Lightning Current.
(a) To a direct flash
(b) To a nearby flash
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Consider first a direct hit on the aircraft. The return stroke current enters the

! aircraft at one extremity, flows through it, and exits from the other end. As a result
2 of the different impedances of the lightning channel and the aircraft, the current flowing
& through the aircraft may undergo some distortion in waveform. The result is that the

¥ waveform of the current leaving the aircraft may be different from that entering the air-
craft. Typically, the exit current rises to crest over a longer time than does input cur-

rent.

s The phenomena involved are shown in Figure 2. A waveform is shown traveling along
the conductor having surge impedance Zj. Surge impedance is defined as

L/C (€9

where
surge impedance (ohms)

inductance (henries) per unit length
capacitance (farads) per unit length

arNn N
[/}

at the point under consideration. At some point the current encounters a transition point
between the conductor having surge impedance Zj] and a different conductor of surge impe-
dance Z2. At this transition point, part of the incident current is transmitted onto the
second conductor, but part of it is reflected back in the direction from which it came.
The magnitudes of the transmitted and reflected components of voltage or current at this
transition point are given by the values of transmission and reflection operators, a and B8
for voltage X and § for current, shown in Figure 2(a).

If there are two discontinuities, as in the case of Figure 2(b), there will be reflec-
tions at each discontinuity with currents traveling back and forth, and thus oscillating,
in the intermediate conductor. The amplitudes of these oscillatory currents will diminish
as energy is transmitted from the intermediate conductor to the conductors on either end.

The geometry of Figure 2(b) approximates “hat of a lightning current entering an air-
craft, since the surge impedance of the lightning channel is probably higher than the surge
impedance of the aircraft. When account is taken of all the reflections and transmissions
at the various transition points, the result is that the current waveforms will appear as
shown in Figure 2(c). If the entering lightning current has a fast front and a slower de-
cay, the current at the entrance of the low-impedance section (in the aircraft) will ex- .
hibit an overshoot. The current at the center of the aircraft will have an oscillatory 3
component superimposed upon a waveform fundamentally like that of the input current, and
the current leaving the aircraft will have a slower rise time than that of the incident

lightning current.
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A way in which one can tally the various reflected and transmitted currents is through
the use of the lattice diagram shown in Figure 3.

1.667 y = 0.667
0.667 4 = 0.667

Y
é

At
Z = 200
1000 ® z=1000

Figure 3 - Lattice Diagram Showing Amplitude of Reflections.
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A current wave of unit amplitude enters from the left, sees the transition point,
and is partly transmitted and partly reflected. Since Z7 is less than Z], the exiting
(leaving) current is of higher amplitude than the entering current. In the limit, a
current wave traveling on a conductor and encountering a short circuit (Z2=0) would
double at that discontinuity. The transmitted current then passes along the low impe-
dance conductor and after a time delay of At encounters the discontinuity at the exit end.
Here part of the current on conductor 2 is again reflected. Since the impedance of con-
ductor 3 is greater than the impedance of conductor 2, the transmitted current is less
than the incident current. A limiting condition of this would consist of a current wave
traveling on a conductor and then encountering an open circuit. The current transmitted
into the open circuit is of course zero.

The current amplitude at any point is then the algebraic sum of the reflected and
transmitted components at that point. For example, the current leaving the intermediate
conductor is 0.556 at 1At after the current enters the left-hand purtion of it, 0.803
after 2At, and 0.913 after 3At, etc. The exit current thus rises more slowly than does
the incident current. At the center of the low-impedance intermediate conductor, the
current is oscillatory.

If instead of a step function a current wave of finite rise time encounters the
transition, there will be a less pronounced oscillation of current in the intermediate
conductor and less difference between the waveforms of the entering and exiting currents.

An example of this effect was demonstrated on a simple model of the NASA Space
Shuttle. A two-dimensional outline of the Shuttle was cut from metal foil and the out-
line split in the center so that the two halves could be slightly separated. The model
was suspended in the air and connected to a fine wire; a pulse current was passed along
the wire, through the model, and along the rest of the fine conductor wire to a termina-
tion resistor. The fine wire represented the channel of the lightning arc. The input
and output currents and the current at the center of the model were measured with small
transformers.

Typical results are shown in Figure 4. One significant point about the results was
that fast-rising incident currents excited a higher degree of oscillation of the aircraft
than did slower rising currents. The second significant point demonstrated was that in
most cases the waveform of the lightning current passing through the center of the air-
craft was sufficiently similar to the waveform of the basic lightning current that the
oscillatory component superimposed as a result of the change in impedance between the arc
channel and the aircraft was not significantly large.

In the case of a nearby lightning flash, the electric field from the flash will ex-
cite a dipole oscillation of the aircraft. In terms of Figure 3, the effect could be
viewed as one in which the impedance of conductors 1 and 3 was infinite, leading to
complete reflection and no transmission at the entry and exit points on a low-impedance
aircraft. A dipole kind of oscillation excited on an aircraft structure would be the
typical response considered if one were evaluating the effect on aircraft of the electro-
magnetic fields produced by nuclear explosions. The period of oscillation would be pro-
portional to the length of the aircraft; thus, large aircraft would tend to ring at lower
frequencies and higher amplitudes than would shorter aircraft.

While the response of aircraft and missile systems to the rapidly changing electro-
magnetic fields produced by nuclear explosions has been extensively studied, there have
not been corresponding studies of the response of aircraft to the electric fields asso-
ciated with the passage of a nearby lightning flash. Accordingly, the case of the nearby
lightning fiash will not be treated further, except to add the cautionary statement that
it has not been proven finally that the indirect effects associated with a nearbty light-
ning flash are necessarily lower than those associated with a lightning flash that con-
tacts the aircraft. In the case of a nearby lightning flash it would appear that the
aircraft structure would be subjected to currents of much lower amplitude but currents
much more oscillatory in nature. These lower amplitude-higher frequency currents might
lead to more upsets of some types of electronic circuits than would currents of higher
amplitude and lower frequency.

FIELDS WITHIN AN AIRCRAFT

A metallic aircraft is often viewed as a Faraday Screen, a concept from electrostatics :
which implies that the electrical environment inside the aircraft is separate and distinct J
from the environment outside. To some extent this is true for the electrical environment
inside the structure: the environment is not nearly as harsh as is the external environment.

There are, however, some important mechanisms by wﬂich electrical energy couples to the
interior of the aircraft.

The basic coupling mechanisms are shown in Figure 5. The first of these relates to
the electric field produced along the inner surface of the aircraft. This coupling mechan-
ism might be defined as a resistive voltage drop. In some cases a definite resistance
will be involved, though frequently the resistance will be of a distributed nature and
probably frequency- or timé-dependent.

The second coupling mechanism involves magnetic fields in the interior volume of the
aircraft. The most common and important type of magnetic field is that drawn through
apertures from the outside of the aircraft to the interior, as shown in Figures 5 and 6.
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Figure 4 - Dipole oscillation of an aircraft excited by the passage of lightning current.

On each oscillogram

(a) Fast rise of current d is the current entering the aircraft
(b) Average rise of current e is the current at the center of the aircraft
(c) Slow rise of current f is the current leaving the aircraft

This is frequently called the aperture field. There will also be magnetic fields produced
by the diffusion of lightning currents to the inside surfaces of the aircraft skins. These
are referred to as the diffusion fields. The diffusion fields are also related to the
frequency-dependent properties of the resistively generated electric field. Because some
of the concepts involved in the study of the diffusion fields are central to an understand-
ing of other effects, particularly with respect to the response of shielded wires, they
will be discussed in detail before fields of other origins are considered.

The third type of cripling involves electric fields passing directly through aper-
tures, such as windows or canopies, to the interior of the aircraft. In metal aircraft
this coupling is entirely through apertures, since virtually any thickness of metal pro-
vides comparatively good shielding. Aperture-type electric field coupling is shown in
Figures 5 and 7.

The most easily understood mechanism by which the passage of lightning current gives
rise to voltages on aircraft electrical circuits is that in which the current, flowing
through joint resistances, produces a voltage by the elementary IR voltage drop. Such a
case is shown in Figure 8. Here liphtning is shown contacting a wing tip navigation light.
The lightning current flowing through the resistance of the mechanical mounting structure
of the lamp housing produces a voltage across that resistance. The voltage drop across
the resistance will have the same waveform as that of the lightning current.
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(a) External field patterms
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Figure 7 - Aperture-type Electric Field Coupling.
(a) External field patterns
(b) Internal field patterns
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Figure 8 - Resistive Voltages.
(a) Physical structure, (b) Current waveshape, (c) Vl. (d) VZ
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The voltage at some remote point, however, may not have the same waveform, since the dis-
tributed inductance and capacitance of the wire supplying power to the filament of the
light will be set into oscillation superimposed upon the basic IR voltage.

Figure 9 shows two other examples of cases in which resistive voltages might be en-
countered. The first would be at the pylons for mounting external stores, shown in
Figure 9(a). If lightning current were to contact such external stores, it would have to
flow through the. pylons toenter the aircraft. The pylons, not generally designed as
current-carrying members and being points where the lightning current would be concen-
trated, might have a high voltage developed across them. Another example might be the
structural bolts attaching a large segment of the airframe, such as the vertical stabilizer
shown in Figure 9(b).

LIGHTNING FLASH

Figure 9 - Other Examples of Resistance.
(a) The pylons for external stores
(b) Joints in structural members

The effects of joint resistance on circuits are strongly influenced by the manner in
which circuits are grounded, as shown in Figure 10. Current flowing across the joint re-
sistance, R, produces a driving voltage: V = IR. Since the circuit across which V] is
measured employs the structure as a ground-return path, the circuit couples all of this
voltage; thus V; would be high. A circuit employing a single-point ground does not in-
clude this resistive drop; hence V would be low. The use of a single-point ground, how-
ever, does not eliminate the voltage, since in this latter case the voltage at the source
end of the circuit, V3, would be high.

i 7
T

Figure 10 - Effects of Grounding.
(a) Structural return, V; = IR
(b) Single-point ground, V3 = low
(¢) Single-point ground, V3 = IR

These elementary descriptions of joint resistance should not be relied upon to pre-
dict coupling into circuits extending throughout the entire aircraft. The more massive
the joint and the lower the DC resistance, the greater will be the dependence of resis-
tance on the waveform and frequency content of the lightning current, and the greater will
be the proportionate effects of changing magnetic fields. While these effects will be
discussed in more detail in other paragraphs, one common oversimplification, shown in
Figure 11, should be pointed out here. 1If the total end-to-end resistance of the aircraft
were 2.5 mQ and a lightning current of 200,000A were flowing through the aircraft, the
end-to-end voltage on any circuit should not be depended upon to be less than 500 V, the
product of the lightning current and the DC resistance. Magnetic field coupling may in-
duce voltages of equal or greater magnitude.
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Figure 11 - An Oversimplified Model.
3 o Maximum voltage is not determined only by total end-to-end resistance.

Due to the complex geometry of an airplane and of its internal electrical circuits,
it is not yet possible to accurately determine the magnitude and waveshape of lightning-
induced voltages by analytical means. Thus, most of what is known about lightning-induced
voltages in typical aircraft electrical circuits has been derived from simulated lightning
test data.

? LIGHTNING-INDUCED VOLTAGES IN TYPICAL AIRCRAFT ELECTRICAL CIRCUITS

There have been several sets of tests made in which simulated lightning currents were
conducted through the aircraft and the resultant voltages and currents induced in the
aircraft wiring measured. A few examples of these measurements will be given in the fol-
lowing paragraphs, and an attempt will be made to indicate some of the important facts
learned from these tests.

Full Scale Lightning-Induced Voltage Measurements

The first set of tests to be discussed (Reference 2) was one in which high lightning-
like currents were injected into one wing of an F-89J aircraft. During the test, repre-
sented in Figure 12, the wing was fastened onto a screened instrument enclosure, which
may be viewed as representing the fuselage of the aircraft. Lightning-like currents of up
to 40,000 A were injected into the wing or into the external wing tip tank from a high-
current surge generator, allowed to flow along the wing to the outer wall of the screened
instrument enclosure, and then to ground. An example of one of the types of current in-
| Jected into the wing is shown in Figure 12(b). 1In order to obtain maximum current, the

surge generator was operated in a mode that essentially allowed the production of only ﬂ
one cycle of a damped oscillatory current, unlike a typical lightning current, which would
rise to crest fast and decay at a much slower rate. The shape of the current wave must
be considered when c¢bserving the waveshape of some of the voltages that will be discussed.
In particular, note that at about 20 us appears a major discontinuity in waveshape. This
discontinuity incurrent waveshapes is reflected in the induced voltages.

Within the wing there were a number of electrical circuits, such as those to naviga-
tion lights, fuel gauges, pumps, relays, and switches indicatin§ position of flaps. Some
of these ran in the leading edge of the wing and were well shielded from many electromag-
netic effects, while others ran along the trailing edge between the main body of the wing
and the wing flaps. These latter were most exposed to the electromagnetic fields. All of
the circuits were relatively independent of each other; they were not, as a general rule,
bundled together in one large cable bundle, a practice that provides maximum coupling from
one circuit to another and makes analysis difficult.

The first circuit that will be discussed, shown in Figure 13, was a circuit supplying
power to a position light mounted on the external fuel tank. An electrical diagram of the
circuit, shown in Figure 13(b), shows that the circuit consisted of one wire supplying
power to the filament cof the position light with the return circuit for the light being
through the wing structure. Accordingly, if the lightning current contacts the external
tank, that circuit will be influenced by the resistance R] of the hangers fastening the
tank to the wing, by Ry, the inherent resistance of the wing, and by magnetic flux arising
from the flow of current.

Typical results for the stroke position shown are given in Figure 13(c) and 13(d).
The basic waveform of the open circuit voltage is seen to rise rapidl{ to its crest and
to decay more rapidly than does the injected current shown in Figure 12(b). As a result,
the open circuit voltage appears to be the time derivative of the basic lightning current
waveform and thus was responding primarily to the magnetic flux associated with this cur-
rent. A high frequency oscillatory voltage is also superimposed on the first several mi-
croseconds of the basic voltage waveform. This voltage is attributable to the traveling
wave reflections in the airframe and will be discussed further in subsequent paragraphs. D

e
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Figure 12 - High Current Injection Tests on the Wing from an F-89J.
(a) Test arrangement (b) Waveshape of injected current
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Figure 13 - A Wing Tip Circuit. (a) Circuit orientation, (b) Electrical details of circuit.
(c) Open circuit voltage, (d) Short circuit current, (e) Equivalent circuit.
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When the conductor was shorted to ground at the instrument enclosure, the short cir-
cuit current rose to its crest in approximately the same length of time as did the in-
Jected current and displayed much the same waveshape as the injected current.

Figure 13(e) shows an approximate equivalent circuit that might be derived. Lj and
Rl represent a transfer impedance between the current flowing in the wing and the voltage
developed on the circuit. L2 and R2 represent the inherent inductance and resistance o%
the wires between the fuselage and the light. The transfer inductance and resistance,
which it should be emphasized do not necessarily represent any clearly definable resis-
tance or inductance of the wing, are merely those values which, when operated upon by the
external lightning current, produced the observed open circuit voltage.

A different type of circuit is that shown in Figure 14. 1In this circuit a conductor
ran through the leading edge of the wing and terminated in an open circuit on a pylon
mounted underneath the wing. In the electrical detail circuit shown in Figure 1l4(b), it
can be seen that this circuit would not respond to the voltage developed across the re-
sistance between the tank and the wing. The circuit would respond in some measure to
some fraction of the wing resistance and to some fraction of the magnetic field set up
by the flow of current in the wing, but since the circuit was only capacitively coupled
to the wing, the total coupling impedance should have been, and was, less than that of
the circuit shown in Figure 13. The purpose of the conductor shown in Figure 14 was to
supply power to a relay and to explosive bolts in the pylon used to hold a weapon.
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Figure 14 - A Pylon Circuit - Open at Pylon.
(a) Circuit orientation
(b) Electrical details of circuit
(c¢) Open circuit voltage
(d) Equivalent circuit
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1a Figure 14 the pylon was not installed, so there was no load on the conductor. Figurel$5
shows the results when that pylon was installed, when the conductor was connected to a
relay with a return through the aircraft structure, and when the lightning flash was al-
lowed to contact the pylon. The combination of a structural return path for the circyit
and a lightning flash terminating upon the pylon and thus including the resistive drop
across R3, the resistance between the pylon and the wing, served to make the voltage much
greater than it was when the conductor was open circuited. No attempt was made to com-
pletely analyze from which area the total amount of magnetic flux was coming or whether
the flux ¢]1, representing that in the pylon, or ¢,, representing the flux within the wing,
was the larger.
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Figure 15 - A Pylon Circuit-Loaded at Pylon.
(a) Circuit orientation
(b) Electrical details of circuit
(c) Open circuit voltage

Several significant things were learned from these measurements, The first was that
the voltages induced in a typical circuit within the wing consisted of a magnetically
induced component and a component proportional to the resistance of the current path
through the airframe. Also, the location at which the lightning flash contacted the wing
had an important effect on the magnitude of voltages developed on different circuits.

Lightning Transient Analysis Measurements

These induced voltage measurements (Reference 3) were made on an F-8 aircraft fitted
with a fly-by-wire control system. The fly-by-wire controls, shown in Figure 16, con-
sisted of a primary digital system, a backup analog system, and a common set of power
actuators operating the control surfaces. The major components of the control system
were located in three locations: the cockpit, where sensors coupled to the control stick
frovided signals for the control systems; an area behind the cockpit, where there was

ocated the digital computer; and a compartment behind and below the cockpit on the left
side of the aircraft. This latter compartment was one that would mormally have been oc-
cupied by guns; accordingly, it will be referred to as the "gun bay". In this gun bay
were located the interface and control assemblies.

Several hydraulic actuators were located at each of the major surfaces. These were
interconnected to the fly-by-wire control systems through wire bundles that ran under
the wings. The control systems did not depend upon the aircraft structure as a return
path; the system had a single-point ground, located at a panel in the gun bay. By and
large, none of the control wiring in the aircraft was shielded.
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Figure 16 - Location of Fly-by-wire Control System Hardware
and Wiring Bundles in F-8 Aircraft.

In contrast to the tests on the wing of the F-89J aircraft, in which high amplitude

currents were injected into the wing from a high-power surge generator, the tests on the g
complete F-8 aircraft were made with what has been called the transient analysis tech-
nique, in which a portable and relatively low-power surge generator is used, capable of
injecting currents of a waveform similar to that found in lightning, but of a much lower,
and nondestructive level. During the tests on the F-8, the injected current was about
300A. It was a current rising to crest in about 3 ps and decaying to half value in
about 16 us. This waveform is shown in Figure 17.
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Figure 17 - Simulated Lightning Test Waveform.

The first set of measurements to which reference will be made was that on a set of
spare conductors running between an interface box in the gun bay and a disconnect panel
located near the leading edge of the vertical stabilizer. The routings of the circuit
and the induced voltage waveforms are shown in Figure 18. The voltage measured between
the conductor and ground consisted of a high-amplitude oscillatory component and a much
lower amplitude but longer duration component. The oscillatory component was excited by ]
magnetic flux leaking inside the aircraft, while the longer duration component was pro-
duced by the flow of current through the structural resistance of the aircraft. The
voltage measured between conductors (the line-to-line voltage)was much lower in amplitude
than the voltage measured between either of the conductors and the airframe (the line-to-
ground voltage) as would be expected in a well-balanced circuit.

The second set of measurements was made on a circuit running from the interface
control unit in the gun bay to a wing positiom indicator switch located underneath the
leading edge of the wing. The wing on the F-8 aircraft could be raised or lowered around
a pivot point towards its rear in order to change the angle of attack during landing and
takeoff. The purpose of the switch was to indicate the position of the wing. The volt-
ages induced on that switch circuit are shown in Figure 19. The voltages measured from
line to airframe were higher than those measured from line to line, but is is significant
that the line-line voltages, while of a somewhat different waveshape, were not much lower
than the line-to-ground voltages. The reason for this lay in the fact that the load impe-
dances in the interface box in the gun bay were different from each other on the two
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Figure 19 - Voltages Induced in Wing Position Indicator Switch Circuit at Open Plug P22.

sides of the circuit. One side connected to a power supply bus, while the other side
probably connected to an emitter follower. Another significant feature about these volt-
ages was that they were again of an oscillatory nature. They were apparently excited by
the leaxage of magnetic flux inside the aircraft and were not exited by the drop in poten-
tial along the structural resistance of the aircraft.

Figures 20 and 21 show voltages measured on two different circuits going to actuators,
one (Fig. 20) going to the left pitch actuator and the other (Fig. 21) going to the left
roll actuator. In both cases the voltages displayed were the output of the driver ampli-
fier used to control the servo valve in the actuator. Both of these were line-line volt-
age measurements. The significant feature about these measurements was, again, that the
characteristic response was oscillatory and apparently excited by the leakage of magnetic
flux inside the aircraft. *

t
On the F-8, as is typical of most aircraft, the control wires were laced together !

into fairly large bundles. The routing of some typical bundles in the gun bay housing 2

the backup and interface electronic control boxes is shown in Figure 22. While it was not

possible to measure the current on individual wires within these cable bundles because of

limitations of measurement: techniqueand because of the large number of wires within the

bundles, it was possible to measure the total current flowing on the various bundles. This

was done by clamping around the bundle a current transformer have a split core.
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FAST I, WAVEFORM PITCH ACTUATOR

LEFT PITCH VALVE DRIVE OUTPUT
(HIGH TO LOW) PINS 15-16

i

Aa
AN
K

0.2V/div. NO.355 1 us/div.

Figure 20 - Left Pitch Valve Drive Ouput (high to low) at Plug 22 (system
battery powered).

i

0.2V div. No. 359 us div. 0.2V7div. NO. 360 1 us‘div.

Figure 21 - Voltages Induced in Left Roll Valve Drive Output Circuit (Pins
44-45) at Open Plug P22.

The bulk cable currents were also found to be oscillatory, just as were the voltages
on conductors described earlier. Since the flight control wiring did not make use of mul-
tiple ground points within the aircraft, it follows that none of the currents in these
cable bundles would exhibit any of the long time response characteristic of multiple-
grounded conductors.

Figure 23 shows a statistical distribution of the peak amplitude of currents in all
of the cable bundles upon which measurements were made. The distribution is shown both
for the actual current amplitudes injected into the aircraft and in terms of what those
currents would be if the results were scaled up to currents representative of actual
lightning flashes. In terms of an average-amplitude lightning flash of 30,000A, the
total current on most cable bundles would have been on the order of 20 to 100A.

Measurements were also made of the amplitude and waveshape of the magnetic field at
a number of points in and around the aircraft. One location upon which attention was
concentrated was the cockpit, since the cockpit is an inherently unshielded region and
one in which many control wires would be subjected to changing magnetic fields. The posi-
tions at which fields were measured, the peak amplitude of the fields, and the predominant
orientation of the fields are shown in Figure 24. A significant feature about these meas-
urements is that there was no orientation of the magnetic field probe that resulted in a
zero output, which indicated that the orientation of the magnetic field was not uniform
with respect to time. The field produced at any one point was the sum of the field pro-
duced by oscillatory current in the various structural members as the current in those
structural members changed with time.

.~ i ———— —_—
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Figure 23 - Distribution of Amplitudes of Cable Bundle Currents

Some measurements of the magnetic fields within the fuselage are shown in Figure 25.
The measurments showed first some oscillatory magnetic field, followed by a field which
rose to crest at a time much longer than the cr
ning current that was injected into the aircraft. Oscillogram No. 452 in Figure 25 indi-
cated the rate of change of field as falling to zero at about 400 us. This would indicate

20 40 60 80 100
133 267 400 533 667

120 140 160 180 ~@Il= 30 000A
800 934 1067 1200 - @Il = 200 000A

(AMPERES PEAK TO PEAK)

(measured in left gun bay).

that the field itself reached its crest value in about 400 us.

est time or even the duration of the light-
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Figure 25 - Magnetic Fields Inside the F-8 Fusealage.
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Some of the significant points about the results of tests on this aircraft may be
summarized here. The first was that the use of a single-point ground system did not eli-
minate all transient voltages produced by the flow of lightning current through the struc-
ture of the aircraft. It minimizes the amount of voltage appearing between each wire of
a circuit, but a much larger induced voltage may still appear between either wire and
ground at the ungrounded end of the circuit. The ranges of induced voltages measured in
various flight control circuits in the F-8 airplane, extrapolated to correspond to full
threat conditions, are presented in Table I.

TABLE I - Ranges of Peak Induced Voltages Measured in the NASA F-8.

Induced Voltages Scaled

Location and to i, = 200 kA

Circuit Connector No. Fast ij Waveform
FUSELAGE
FCS Grd. to A/C Grd:

(in Gun Bay) 420-653
28 VDC Busses 213-346
Interface Elec-
tronics Test 160-519
Receptacle
DFCS (AGC) J25 353-1059
Pitch, Roll and Yaw
Servos J2 286-559

COCKPIT
Mode and Power
Control Panel Jl4 206-932
WING AREA
Primary Circuits to J105 286-1039

Left Roll Actuator

Backup (Channel 2)
Circuit to Left J205 127-1172
Roll Actuator

TAIL AREA
Primary Circuits to .
Yaw Actuator J107 280-1705
Backup (Channel 3)
Circuits to Yaw J307 84-2005

Actuator

Another significant point is that the total current on the cable bundles was of the
order of 20 to 100 A for an average lightning flash. This bulk cable current was again
oscillatory, with a frequency tending to correspond to the length of the cable bundle.
The equipment bays in this aircraft, not being designed for electromagnetic shielding
qualities, allowed significant amounts of magnetic %lux to develop within those bays.
This is particularly true of those bays intended for ease of access.

SEMICONDUCTOR FAILURE MECHANISMS

Failure of an avionic system to function properly may result from damage to a single
component device when it is subjected to a transient voltage or current. Systems vulnera-
bility evaluation therefore requires that one know the failure thresholds for devices sub-
jected to transients. Simulation of failure resulting from transients at the component '
level can be conveniently performed in the laboratory by means of high-voltage generators. '
Information from such simulation can then be correlated with the lightning-induced volt- !
ages by analytical techniques. Semiconductor electronic components are generally more
vulnerable under pulse conditions than are nonsemiconductor components; therefore, most
of the discussion of this section will be devoted to semiconductors.

In addition to the theoretical correlations just described, experimental data have
been used in the development of empirical relations which are obtained from two models of
semiconductor junction devices - the junction capacitance model and the thermal resistance
model. These models provide a framework from which the power failure threshold of an un-
tested device can be estimated from the quantities listed in a data sheet description pre-
pared by manufacturers for a diode or a transistor.

Coate e
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Semiconductor Breakdown Modes

There are two principal breakdown modes for semiconductor PN junctions, as follows:

1. Surface damage around the junction as a result of arcing.
2. Damage to the junction region as a result of elevated temperatures.

Surface damage refers to the establishment of a high-leakage path around the junction
which effectively eliminates any junction action. The junction itself is not necessarily
destroyed, since, if it were possible to etch the conducting material away from the sur-
face, the device might be able to return to its normal operating state. This is not
practical, of course, in an operational semiconductor. It is likely that the formation
of any surface leakage path would be the result of excessive heat formation in the bulk
of the material, and this would typically be an irreversible phenomenon. It is very
difficult to predict analytically the conditions which will lead to surface damage be-
cause they depend upon many variables, such as the geometrical design and the details of
the crystal structure of the surface. The theoretical prediction of surface arcing under
pulse conditions is not practical (Reference 4). It should be cautioned that surface
damage, in the general case, may occur in devices at power levels which are orders of
magnitude below those sustainable by devices in which bulk damage occurs (Reference 5).

Bulk damage, which results in a permanent change in the characteristic electrical
parameters of the junction, indicates some physical change in the structure of the semi-
conductor crystal in the region of the junction. The most significant change is melting
of the junction as a result of high temperatures. Other types of change may involve the
impurity concentrations, the formation of alloys of the crystal materials, or a large
3n§rease in the number of lattice imperfections, either crystal dislocations or point

efects.

The simplest structure to analyze is a diode, as shown in Figure 26. In this diode
a current is assumed to flow as a result of some outside stimulus and, in doing so, to
produce a voltage across the diode. This voltage may be the forward bias voltage (0.5
to 1.5 V), or it may be the reverse breakdown voltage if the outside stimulus has biased
the diode in the reverse direction. Assume that I is a square wave and that V is not a
function of time, as it might be if V depended upon the junction temperature. The instan-
taneous power dissipated in the diode is then a square pulse of magnitude:

P =1V (2)
and the total energy produced is
t
W [pae - e 3
)

Both experimental and theoretical analyses indicate that the power (or energy) required
to cause failure depends on pulse width: the narrower the pulse, the greater the power
required to cause failure. Over a broad range of times, typically between 0.1 us and

100 ps, the power required to cause failure is inversely proportional to the square root
of time. For verg short pulse durations the power required to cause failure is inversely
proportional to the first power of time and for very long pulse durations the power re-
quired to cause failure is a constant. These relations may be expressed by the following
equations:

Pt = C t<Tq (&)
Pt¥ = K To<t<100 us (5)
P = Constant t> 100 us (6)

where T, generally lies between 10 ns and 1 us.

Figure 27 (Reference 6) shows an example for a 10 W diode. The most important region is
the center region, where

P = Kt™¥ €))]

Junctions are less susceptiblie to burnout when operated with forward bias: first,
because the power produced by a given current is lower when flowing through the low for-
ward bias voltage VBD, and, second, because the current is more uniformly distributed
across the junction in the forward direction. Accordingly, it requires more power in
the forward direction to cause failure. An example is shown in Figure 28 (Reference 7).
The 2N2222 transistor is a 0.5 W NPN silicon high-speed switch.

Damage Congtants

From curves such as those of Figure 28, the value of a damage constant, K, can be
determined and tabulated for a variety of devices. The appropriate threshold damage
curve can then be reproduced as desired from a single damage characterization number, i
the damage constant K. It is convenient to express K in kW + us¥, since the value of K ;
in these units then becomes numerically equal to the power necessary for failure, dissi-
pated by a square pulge of 1 pus duration. If this point is located on a log-log graph
(Figure 27 or Figure 28), then a curve of slope, -% drawn through this point reconstructs
the curve fit to the data for a particular device, and the power for failure at other
pulse durations can be read directly from such a graph. 1deally, the K factor should be
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Figure 26 - Voltage and Current through a Diode Junction.
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known for both the forward bias and the reverse bias conditions. Generally, only the K
factor for the reverse bias condition is known. This limitation gives conservative
answers, since K for the reverse bias condition is almost always lower than is K for the
; forward bilas condition.
The magnitude of the damage constant depends upon the type of junction under consider-
ation: broadly speaking, it is larger for large junctions and smaller for small junctions.
Figure 29 (Reference 8) shows the range of the damage constant for typical diocdes and
E transistors. These damage constants have been termed "K factors'.
i
:
]
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Figure 29 - Ranges of Pulse Power Damage Constant for Diodes and Transistors.

K Factors Determined Experimentally

Experimentally the K factor is determined by injecting power pulses into the semi- i
conductor junction, starting at low levels ard increasing the levels until either failure
or significant degradation of the junction occurs. Devices would normally be pulsed in .
both the forward and reverse directions. i

I N i Ty
-
[=]

The K Factors and breakdown voltages for a large number of semiconductors are given
in Reference 9. In the case of transistors, the K factor listed generally refers to the
base-emitter junction, since this is generally the junction most susceptible to burnout.
In all the cases the K factor refers to the reverse bias direction.

K Factor as Determined from Junction Area

If the K factor is not measured, it may be estimated by one or more of three methods.
The most accurate of the indirect methods involves a knowledge of the area of the junc-
tion. If the area is known, the K factor may be estimated from the following relations
(Reference 10):

Diodes: K = 0.56A (8)
Transistors: K = 0.47A (§:2)
K in kW - us*
A in cm2

For transistors, the junction area to be used is that of the base-emitter region. This
is generally the weaker junction (lower breakdown voltage), and it is that for which the d
experimental average value for K(A) was obtained. B

This method is of course limited by the availability of information on junction area, H
but where such information is available, the method yields damage constants accurate to
within a factor of two. For planar devices, the junction area can often be measured on
the silicon chip.

K Factor as Determined from Junction Capacitance

The next most reliable method of determining the damage constant is from a knowledge
of the capacitance (Cg) and breakdown (Vpp) of the junction. For three different cate-
gories of devices, th

relations are (Reference 11):

Category 1 - insufficient data (10)
Category 2 - K = 4.97 x 10-3 ¢j vgp 0-57 (11)
Category 3 - K = 1.66 x 10-4 Cy VBD 0.992 (12)
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The different categories are
Category 1 - Germanium diodes and germanium transistors

Category 2 - Silicon diodes, all silicon transistor structures except planar
and mesa

Category 3 - Silicon planar and mesa transistors
If the junction is a transistor base-emitter junction, the capacitance used should
be taken at a reverse bias of approximately lV. 1If it is a collector-base junction or
a diode junction, the value should be taken at the reverse bias of approximately 5 to 10V.

Integrated Circuit Failure Data

A limited amount of data relating voltage and current durations to the breakdown of
integrated circuits is available. Figures 30 (Reference 12), 31 (Reference 13) and 32
(Reference 14) show the results of measurements on SN55107 line receivers, SN55109 line
drivers, and CD4050 AE hex buffers.
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CAPACITOR FAILURE MECHANISMS

Capacitors fail by a mechanism different from that of semiconductors. The mechanism
of capacitor failure depends upon the type of dielectric. Capacitors with solid dielec-
trics - paper, Mylar, or ceramics - will, when subjected to nonrepetitive transients, either
fail by puncture of the dielectric or not fail at all. Typically, a capacitor can with-
stand short-duration transient voltages several times greater than the DC rating of the
insulation. The pulse-breakdown rating of the dielectric, however, is not a constant
ratio to the DC voltage rating, nor is it normally part of any manufacturer's specifi-
cation. Accordingly, it is safest to consider that such a capacitor is in danger of
failure if the pulse voltage exceeds the DC rating of the capacitor.

Electrolytic capacitors, on the other hand, do not experience abrupt failure when
exposed to short-duration transients. If the voltage across the capacitor exceeds the
voltage used to form the dielectric film, the dielectric film begins to conduct. After
the pulse has disappeared, the dielectric returns to nearly its normal state. During
the transient period the dielectric film can carry substantial transient currert with-
out permanent or catastrophic degradation. Transients, however, may lead to in.reased
leakage currents. An example of data that is available relates to a series of tests made
on tantalum electrolytic capacitors of value 0.47 uF, 0.047 pF, and 0.0047 uF with a DC
voltage rating of 350 V (Reference 15). The data indicate that failure (defined as a
substantial increase in the leakage current at voltages of less than 350 V) can generally
be associated with the time during which internal conduction occurs. For these compo-
nents, conduction was initiated at 3 to 4 times the voltage rating. Leakage current in-
creased continuously with time of conduction, from initial values of a few nanoamperes
through milliamperes. The value of the capacitance determines how quickly the voltage
across the capacitor reaches the breakdown voltage range, 90 to 140 V, which then relates
to the time of conduction and the extent of damage. Figure 33 (Reference 16) shows the ‘
data for the nine 0.0047 uF capacitors tested. For a particular pulse duration of 5 us,
an increase in leakage current is expected; for pulse voltages of 100 to 150 V and for
pulses of 150 to 200V, an increase in leakage current to several milliamperes is possible.

EXAMPLES OF USE OF DAMAGE CONSTANTS

Some examples of how the preceding material may be used to determine whether or not
a given transient will cause drmage to semiconductors follow. The first circuit chosen
for analysis is shown in Figure 34 and is a simple remote-controlled relay. Across the
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terminals of the relay coil there is a diode which would be exposed to the same transients "
as those to which the coil is exposed. The analysis approach that will be taken is first

to calculate the current level that would cause the diode to fail and then to see whether

or not the transient voltage source could supply that current. It will be assumed that

the oscillatory pulse is a transient of 1 MHz frequency or 1 us period. At this frequency

the inductive reactance of the relay coil would be sufficiently large that the relay

could be neglected. The current required to cause failure at time, t, would be (from

equation 13):

Pf Kt-%
Ip = —— = —nr (13)
F~ ¥ Vg
8-10us 4-bus Pulse Width
T T T T — \ S 1 Y
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Figure 33 - Representation of Pulse Test Data for Sprague 0.0047 uF
Electrolytic Capacitors.
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Figure 34 - Simple Remote-controlled Relay.

For a 1N540 diode, the reverse breakdowm wvoltage, Vpp, is 400 V and the damage constant,
K, is 0.93 (Reference 17). 1If a 200 ns pulse is used to approximate at 1 MHz damped sine
wave, the failure current for the diode would be

L - 0.93(2x107")"%
F %00

(14)
Ip=5.2A

Assume now that the impedance of the source from which the voltage transient generates is
10 7. The voltage required to produce a current of 5.2 A through the diode would be

Voransient = VBD * ITransient Rsource (15) ;
= (400V) + (5.2A)(108)
VTransient = 452v

Therefore, a 452 V pulse, 200 ns wide or a 1 MHz damped sine wave having a peak amplitude
' of 452 V would cause the diode to fail.
A —




The second circuit chosen for analysis is the simple phase-splitter amplifier shown
in Figure 35. The first step in determining the input current required for damage is to
simplify the circuit. Again assume that the voltage source producing the transient is a
damped sine wave of 1 MHz frequency. At such a frequency the reactances of capacitors
Cl and C2 will be so small that they may be neglected. Likewise the 12V power supply
line can be considered to be at AC ground potential. The resultant circuit after simpli-
fication is shown in Figure 36. The circuit can be further simplified by determining the
equivalent resistances for the base and for collector circuits. The base-emitter junction
and the base-collector junction can also be replaced by their diode equivalents to repre-
sent operation in the breakdown regions. This simplified circuit is shown in Figure 37.
Also shown in Figure 37 are the breakdown voltages and damage constants for the 2N706B.

The circuit is now simplified to the point where it lends itself easily to hand analy-
sis. The next step is to determine which junction will fail and what the failure mode is.
The passive components are generally able to withstand higher energies for short-duration
pulses than can transistors. Therefore, the transistor is the first element to consider
for damage. Failure is also assumed to occur in the reverse biased direction.

Using the Wunsch damage model (P = Kt_%), a calculation is made to see whether the
emitter-base junction or the collector-base junction will fail first.

PEB = KEBt-% =17 W (16)
Pop = Ko~ = 130 W Qan
I ]
I W |
__.[__—W
| I l
l Ry R, I
| K 300 |
4 — i} a ‘
Remp G I
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Veme 1 430 40uF 620 }
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Figure 35 - Phase-splitter Circuit.
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Figure 36 - Simplified Phase-splitter Circuit.

This calculation shows that the emitter-base junction is the more susceptible. The cur-
rent required to fail the emitter-base junction would be

P
EB
= 22 = 3.4 A (18)
JF VBD

The voltage from the base to ground is

Vease = BVgpo + IjpRgge ™ 1.5 W (19)
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The current through the collector-base junction is

Vpasg-BY
Top = 225E __CBO _ 5 75 (20)

CB REQ3

The power dissipated in the collector-base junction is

Peg = BVepolcs =

which is below its failure-threshold power.

The total current into the circuit is then

=1 + ICB

ITransient JF

and the I voltage required to cause failure is

Transient

v I

Transient vBASE+ Transient RSource

Therefore (assuming a 100 Q source impedance) a 2.5 kV pulse, 200 ns wide, will cause

the transistor to fail.

Limitations to the Above Techniques

Certain limits to the accuracy and application of the theoretical and empirical dam-
age models just described exist and must be noted in estimating component device vulnera-

bility. The models have been verified only for diodes and bipolar transistors. Other
devices, such as FETS and unijunction transistors, have been tested in insufficient num-
bers fsr definite conclusions to be drawn as to their conformance with the model. Also,
the results and models which are presented apply strictly only to an isolated device-
that is, not to a device in a circuit. In the case of a multiple-terminal device, they
apply only to the two terminals connected for test, with any other terminals open.

The assumptions made about junction heating and transfer of heat in the derivation of

the models limit their applicability to the region of pulse durations of approximately
0.1 to 20 us. For longer times, appreciable heat transfer may take place away from the
junction area during the pulse input. For short pulses the power levels are so high

(1 to 10 kW) that very large currents flow; consequently, the joule heating in the bulk
materials is appreciable. The transition behavior between these three regions of pulse
duration is not well defined and may vary from one device type to another. Examination
of available data indicates the transition region generally between 100 ns and 1 us.

Still another limitation is fundamental to the work summarized in this section: it
applies only to junction burnout. Other modes of device failure, such as metallization
burnout and internal arcing, are not treated here. Based on the results obtained in
studies of junction burnout, it would seem that other effects, such as metallization
burnout, occur at higher power input levels than those input levels sufficient to damage
the junction.

93w (21)

08 = g 4A (22)

= 2.5 kv (23)
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MODELS FOR ASSESSING HAZARDS DUE TO LIGHTNING

P.F. Little
Culham Laboratory
Abingdon Oxfordshire

SUMMARY

The characteristics of lightning current pulses and the radiated fields produced by
lightning are summarised. The transmission-line model of the ground flash is considered
and the derivation of the parameters of the line from the physical processes taking
place is treated in various degrees of approximation. Changes in the shape of the
current pulse occur as the return stroke is propagating, and the implications of these
changes in waveform are discussed. The transition from leader channel to return stroke
channel may be regarded as a shock front, and this aspect is explored also in respect

of the leader advance. The coupling of fields and currents due to lightning into the
aircraft when it forms part of the'return stroke channel and when it is close to an
independent stroke are considered in the light of these physical models.

1. INTRODUCTION

The general characteristics of lightning discharges have been described in earlier
lectures. A brief review of the most important features of the higher-frequency
components of the current pulse and the radiated spectrum is presented here, together
with some comments about the effects of the complex shape of the lightning channel
itself. The return stroke phase is then considered as a transmission line, with the
aircraft behaving as an inserted section of different characteristic impedance. It
becomes clear that the greatest rates of rise of current are likely to occur at the
point where a leader from cloud or ground meets an opposing leader, and the gap between
cloud and ground is bridged. Intracloud discharges are compared with ground flashes

on this model. The progress of the leader itself, and the advance of the return stroke
along the pre-ionised leader channel, appear to involve shock wave phenomena in the
electron fluid which forms one constituent of the plasma of the arc channel. The shock
wave picture is outlined, and its application to leaders and return strokes described.
The interaction of lightning with aircraft is then considered in comparison with the
effects of the electromagnetic pulse from a nuclear explosion, which has been intens-
ively studied. The relevance to effects from nearby strikes which 4o not attach
directly to the aircraft is obvious, though some differences exist. A direct strike

to an aircraft defines the net current flow rather than the amplitude of an incident
electromagnetic wave, but the coupling from given skin currents and surface charges to
internal wiring and electronic systems is the same no matter what the origin of these
currents or charges. The approaches developed during studies of nuclear electromagnetic
radiation are applicable to direct attachments and t. nearby strikes when this part of
the coupling p~oblem is being considered.

2. SUMMARY OF LIGHTMING CHARACTERISTICS

2.1 Current Pulse Waveforms

Flashes lowsring negative charge predominate in-‘nature, and those lowering positive
charge oftern begin with an upward-going leader from a high point at ground potential
(Anderson and Eriksson, 1973). All Berger's (1978) measurements of positive discharges
(San Salvatore) are of upward discharges. Downward negative flashes have been most
recently analysed by Anderson and Eriksson, from whose data Table 1 has been extracted.

Table 1

Characteristics of Negative Downward Flashes

i
Parameter Position Number Percentage of Cases
in of
Flash Cases | Exceeding Tabulated Value
95% 50% 5%
Maximum di/dt First Return Stroke 75 9.1 24 65
(kA/us)
Subsequent Strokes 113 7.5 38 190
Rise Time, 30%-90% First Return Stroke 75 0.9 2.3 5.8
(us)
Subsequent Strokes 113 0.07 0.35% 1.8
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The average shapes of the current pulse for these two classes of stroke are compared in
Figure 1. The initial rise is concave, with the maximum rate of rise occurring at about
80% of the peak amplitude. Subsequent strokes rise much faster than first return

strokes.
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Figure 1. Lightning current pulse shapes at 10km

Positive flashes display current pulses that rise more slowly and fall much more slowly
than the negative flash pulses. Usually only one positive stroke appears, giving a
current pulse typically 250us long at half-amplitude, compared to 80us for negative
first strokes and 30us for negative subsequent strokes (Golde, 1977). High frequency
energy is less likely to be generated with positive strokes from this data. The highest
frequencies to be expected,from less than 5% of subsequent strokes with rise-times of
0.07us, lie in the region of 2 MHz. 1This rise-time limit may be instrumental however.
It should be noted that all the information is derived from ground-based measurements.

2.2 Observations of Radiation from Lightning Flashes

(a) Scope

We are concerned here only with nearby flashes, usually termed 'close'
lightning although the radiation or 'far-field' component is dominant.

Measurements of the E- and B-fields due to a lightning flash are made either
by measuring RF radiation in various frequency bands or by recording the magnitude of
the total field changes. We consider here only the E-field values obtained in both ways:
<ne B-fields are consistent with these.

Slow E-field changes, which we shall not discuss, occur in times of order
0.1 s during the whole flash, with fast changes superimposed. The rise-time of the
fast E-field pulses is of order 5us or less, and their duration 100us or less. The
spectrum of the RF radiation emitted peaks at about 5 kHz and extends beyond 10 GHz in
frequency.

(b) RF Radiation

The radiated field intensitv due to lightning is inversely proportional to
the distance from the flash if that distance is greater than 10 km approximately. This
scaling holds for individual sources of radiation down to distances of 500 m for
frequencies above 100 kHz if the sources are much less than 500 m in extent. Since the
radiation from a travelling current pulse behaves as if emitted from the ends of a
straight conducting channel, or from bends in a tortuous channel, the sources are likely
to be small compared to 500 m. They may be distributed over distances of several
kilometres. . 4

Amplitude spectra for the RF radiation emitted at a frequency of f Hz (£>10%)
from a ground flash are approximately represented (see Figure 2) by the expression.

10" .
s = V/m for 1 kHz bandwidth
f

a+ a distance of 10 km. Above 300 kHz a cloud flash behaves similarly. The scaling
of T with bandwidth W depends on the pulse repetition gate. As an approximation for
an extremely low rate E = W: for very high rates E = W2,
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Some features of the RF radiation spectrum emitted during the initial break-
down phase and the leader development are described in Figure 3. The mechanism of
the radiation is still under investigation.

Below 300 kHz single RF pulses appear, associated with a return stroke (about
4 per flash) or a K-change (about 40 per flash). Above 300 kHz the number of pulses
per flash increases. Pulses are emitted during the breakdown processes associated with
the movement of leaders in the cloud, recoil streamers (perhaps propagating along
twisted chapnels) and leaders to ground. The average rate of pulse emission rises
from 2 x 10 s~ at 3 MHz to a maximum hear 10% s~ at 300 MMz, Signals at HF and VHF
are partly quenched after return strokes and K-changes, probably because probing
streamers are absent after charged pockets have been neutralised by these events. Above
10 MHz and in the VHF band (to 300 MHz) dart leaders and recoil streamers (K-changes)
are the strongest sources of radiation. Above 300 MHz the pulse emission rate continues
to fall and return strokes become more important again. At 10 GHz few pulses appear,
each being associated with a return stroke. Figure 4 shows the general structure of
signal observed.
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Figure 3. Spectrum of lightning Figure 4. Schematic description of the
phases at 10km. structure of lightning radiation.

The observed rate of emission depends upon receiver characteristics, and the

variation between discharges is large. Cloud flashes produce somewhat more pulses than
ground flashes.

(c) Fast E-Field Changes

The amplitude of these pulses from a return stroke 10 km distant is typically
50 V/m, with approximately a log-normal distribution. When the signals are expressed
relative to the median value in dB the deviation is about 7dB. Pulses lowering
negative charge are defined as positive pulses by the observers.

The pulse shape is initially concave, rising slowly for about 5us when the
source is the first return stroke and for about lus with subsequent strokes. The final
rise to the peak is very fast, occurring in a time of order 0.lus or less. This
difference is reminiscent of the difference in the current waveforms themselves
(Figure 1). The decay time is approximately 50us for the first stroke and 20us for
subsequent strokes, but the pulse shape is complex. Several subsidiary maxima appear
after the main peak (see Figure 5).

First return strokes are preceded by a stepped leader, and the pulsed
curren* s of this leader generate a train of unipolar E-field pulses. Their rise times
are " :ss than lus, and typically about 0.3us: the lower limit is not known. The pulse
wid n is 0.5us and the amplitudes increase just before the return stroke, reaching
10 V/m (10 km distance). Subsequent return strokes may be preceded by a dart-stepped
leader, which produces a similar train of fast E-field pulses: dart leaders yield no
such train, but the fast part of the return stroke pulse following these leaders is
typically 80 V/m in amplitude.
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In contrast to the unipolar form of the pulses produced by return strokes and
leaders to ground, the basic wave shape of large pulses from a cloud process is bipolar.
The initial half-cycle is usually positive if the event is a precursor to a ground
3 flash, and usually negative if an isolated cloud discharge is developing (see Figure 6).
Several faster, nearly unipolar pulses of the same sign as the first half cycle may be 3
superimposed upon it or precede it. These pulses have about half the amplitude of the
main bipolar pulse. A typical amplitude for the main pulse is about 20 V/m at 10km

k distance, and the total duration is about 50us with approximately equal positive and

negative sections. The time intervals between the fast unipolar pulses superimposed on .

the first half cycle are approximately 8us for positive and 15us for negative waveforms.

Their rise times are less than 0.2us, widths about luys and amplitudes about 10 V/m.

They resemble the pulses produced by stepped leaders to ground.

Quite regular sequences of fast, approximately unipolar pulses similar to
those just described may appear without the bipolar pulse at times, in intracloud
discharges. A single sequence may last 100 - 400us.
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(d) Relation between E-field Pulses and RF Radiation

During large intracloud events the RF radiation and fast E-field pulse are
nearly simultaneous, reaching a maximum usually in the initial negative half-cycle. In
contrast, the RF radiation during first return strokes in Florida storms reaches a
maximum 10 - 30ps after the start of the E-field pulse., During subsequent return strokes
the delay is between 200 and 600us. Obviously different mechanisms obtain for the two
types of discharge, but these have not been described in detail.

(e) Parameters of the Current Pulse

From observations of the radiation patterns it is deduced that the rates of
current rise in a leader step lie in the range of 0.6 - 2.6 kA/us or 6 - 24 kA/us
according to different authors. The current amplitudes lie between 2 - 8 kA. In return
strokes the mean rate of rise is estimated to be 35 - 40 kA/us, comparable with the
values measured directly.

3. DIPOLE MODEL OF RETURN_ STROKE

3.1 The Dipole Field

The return stroke has been intensively studied as a source of EM radiation, with the
emphasis frequently on effects at very great distances of 100 km or more. The channel
length is then relatively short, so that the whole can be regarded to a first approxima-
tion a single dipole. It may be treated as a series of shorter dipoles plated end-to-
end if the fields very cleose to the channel are of interest.

The vertical electric field E(t,d) and horizontal magnetic flux density B,(t,d) at a
time t and distance d from a channel length 2(t) carrying a current I(t) iIs described

to a good approximation by the variation in the current moment M(t) = 2I(t)2(t), accord-
ing to

t
d _ 1 M(t)dr M(t) . 1 dM(t)
E(t + E’d) = ﬁ—eo f d3 + 57— + V- ca (1)
8 cd c’d
d HoC M) 1 dM(t)
B.(t + =,d) = —— — t 3 (2)
¢ ’ s cd 02d dt

where c = (uoeo)_%, the velocity of light in free space: (Uman 1869). Note that the

fields depend on currents at earlier times, allowing for propagation delay. Electric
and magnetic field wave shapes are clearly identical except at very short distances.

The equations are valid provided both

d > ¢
C

and I >> 2 or f << Vi

where f and X are the frequency and wavelength of an emitted disturbance., These restric-
tions permit the radiating channel to be considered as a small coherent element, giving
the simple forms (1) and (2). The three terms in the electric field equation are known
as the electrostatic, induction, and radiation fields respectively, and are equal at a
distance d, = €/2nf,. For d >> d, and f § f, or f >> f, and d & dy the radiation or
'far' field term dominates. For a return stroke channeg of length 2 km or more, equa-
tions (1) and (2) will only be valid for distances above 20 km. To obtain fields close
to the channels, it is necessary to perform an integral summing radiation from elements
along the whole length. This approach is desirable to include the variation of current
along the channel.

Fields due to shorter radiating elements may be scaled to closer distances.
3.2 Empirical Representation of Current Waveforms

One of the earliest and most widely used empirical approximations to the return stroke
current waveform at ground is due to Bruce and Golde (1941):

I(t) = Ig(e™@t - o "BT (3)

where I5 = 20kA, a = 2 x 10“5-1, 8 = 2 x 1065”1 for the first return stroke, and Ig =
10kA, @ = 2 x 10%s=1 and B8 = 6 x 105s-1 for subsequent strokes.




Dennis and Pierce (1964) included the variation of channel current with height, which

2 removed the assumption that charge was transferred instantaneously from ground to the

2 current wavefront. Only the far fields were calculated, and these are in good agreement
with experimental data at low frequencies.

The far field radiation from K-changes, which has also been modelled in this way
(Arnold and Pierce 1964, Cianos and Pierce 1972, Pierce 1977) is in fair agreement with
experimental data for the low frequency amplitude spectrum. K-pulses of 3 vm~1l at 10km
are predicted (Pierce 1977).
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The Bruce-Golde waveform can be criticised for its poor representation of the initial
rise to peak current., Currents measured at ground show an initial concave rise (see
Section 1.5) rounding only near the peak current, while the double exponential form
commences at maximum slope and has a convex rise to peak: the high frequency content of
™ these will be different. One way tc introduce a concave initial rise with zero slope at
t=0 is to add a multiplying term to form a triple-exponential pulse (Figure 7):

I = Io(e @t-e™BY) (1 - 7YY (4)

This waveform is closer to reality at the initial rise and its Fourier spectrum is
reduced at high-frequencies compared to the Bruce-Golde waveform (3). It ignores all
fine structure in the current pulse, so predictions made from (%) would underestimate
the high-frequency components. The waveform (3) introduces such components in an
unrepresentative way, but it is a simple form of great value in predicting the field
of the return stroke.

4. TRANSMISSION LINE MODELS OF A RETURN STROKE

.1 Introduction

The return stroke of a lightning discharge in a cloud-to-ground flash can le represented
in a very simple way if the charge on the initiating leader channel is ignored. The
capacitance of the cloud then contains all the electrical charge present, and the leader
channel is a resistive and inductive element in a simple series LCR circuit. The final
step of the leader acts as a switch which completes the circuit. The representation
cannot, of course, provide any information about the progress of the return stroke
current pulse along the leader channel. The current pulse shape is regarded as iden-
ical at all points along the channel.

Prinz (1977) discussed this model and evaluated its self-consistency in terms of the
relationship between known parameters for natural lightning. The action integrals
calculated are two to three times larger than those observed in natural lightning
strokes. This is good agreement for such a simple model. The overestimate arises
because actual lightning pulses are more peaked than the e¢xponential decaying form
produced by a discharging capacitor.

If the charge on leader channel is included in the model, tbe final step is equivalent
to a switch connecting a charged transmission line to a terminating resistance

(Figure 8). When the channel connects to the ground, usually through a short answering
leader propagating from ground level, the charge on the channel flows to ground and
contributes to the current pulse., Neglect effects due to the ground streamer for the
moment. Because the channel charge is closer to the ground than the cloud charge, the
inductance of its connecting path is lower. The channel then will contribute a fast-
rising current pulse. The charge from the cloud contributes only to the later current

flow.
Cloud Etlement of Element of
resistance channel inductance chanrel resistance
A —_— ./
LN RN
Rg Re
Co G C; Cnat
Cloud J Element of ) Earth
capagcitance channel capacitance resistance
Co
Figure 8. Lumped parameter transmission line as a representation of a lightning return

stroke.
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This modification clearly allows peak currents of shorter duration to appear, and

thus should lead to more realistic values of the action integral. The leader channel
may be treated as a uniform transmission line as a first step. Price and Pierce (1877)
describe the development of this model (neglecting the cloud capacitance) from the
first discussions of a line excited by a source at the base by Bruce and Golde (19ul).
They consider finally a finite, lossy, uniform transmission line terminated in its
charateristic impedance and initially charged to a uniform potential. The current at
the ground is found to rise instantaneously to a maximum value and then decay, exponen-
tially at first. A similar onset is predicted for current flow at all points of the
channel, but the magnitude of the current peak falls as the height above ground
increases.

The behaviour of the current at ground level is in general accord with observation,
though peak values of dI/dt occur at t=0, whereas there in a delay begore this peak
occurs in real lightning. At very long times the current falls as t~% and this has
some correspondence with the intermediate current often observed.

The fact that the line is lossy is important, since a loss-free line produces a current
in its terminating resistances that is constant between abrupt step-changes. Such a
current waveform is not typical of lightning current pulses. Resistance reduces the
importance of reflections, and any model of a lightning channel must include resistance
if a realistic current pulse at ground levcl is to be reproduced. The effective
channel resistance per metre R* is often taken to be constant with time, but in nature
the lightning channel resistance varies very greatly during the pulse. It is difficult
to assess a useful mean value.

The inductance per metre L* and capacitance per metre C%* of the uniform line can_be
chosen tQ give the observed velocity of propagation of the return stroke (2 x 107 to
1.1 x 108m s=1) (Price and Pierce 1977, Schonland 1956, Berger 1877).

It is desirable to derive all the line elements from physical arguments rather than
from any matching of propagation velocities, making simplifying assumptions where
possible. We consider only the return stroke.

4.2 Capacitance elements

If the leader channel is regarded as a vertical charged conductor of small radius
extending toward the ground and at the same potential as the cloud, the electric field
and therefore the linear charge density is greatest at tip - Golde (1973) assumed an
exponential form for the decay of charge density with height as an approximate descrip-
tion.

An accurate solution for the field distribution between the complex electrode formed
by the cloud and the channel combined and the ground plane can be found by numerical
methods. The POTENT code at Culham Laboratory uses a finite-difference method to

find solutions for such problems (Thomas 1974) and similar codes exist in many
establishments, Then from the electrostatic field E around the channel at a radius r
the charge on the channel per unit length A\ can be determined if it is regarded as a
cylindrical conductor, since A=2mregE. Thus the capacitance per metre C* can be calcu-
lated from the potential V; C#*=1/V. The tip nearest the ground may be regarded as a
hemispherical cap carrying a charge Q=2nr2eoE where E is now the field at a distance r
from the tip. The additional capacitance is found as before and added to the last
section of the channel. Figure 9 shows some typical results (Little 1978).

The charge distribution is determined by the geometry of the cloud and the channel, but

the general shape of the field lines around the channel always appears as in
Figure 10(a).
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For each channel segment the geometrical capacitance is now known at the beginning of
the return stroke. These values may be used as approximations, throughout the pulse,
introducing some inaccuracies. The passage of the return stroke releases more charge
or the channel, however, and this extra charge has not been calculated. It is available
from the leader channel because roughly equal amounts of positive (largely nitrogen)
ions and negative oxygen ions are present throughout the leader channel. After a pulse
of leader current (electron flow) the electrons attach to oxygen molecules and their
space charge is neutralised by the positive ions present. After the connection to
ground is complete the high electric fields at the tip of the advancing return stroke
detach the electrons once more, and they are free to participate in the return stroke
current pulse.

On the transmission-line model, an underestimate of the stored charge means that C* is
underestimated. This implies that the velocity of a current pulse along the line will
be too high.

4,3 Inductance Elements

When current flows from any segment to ground, displacement current flows in the space
between the segment and ground. If the field distribution is assumed to be stationary
this current (eodE/dt) flows along the field lines already calculated. The inductance
associated with this flow is determined by the area under the field lines. This is
shown by the sum of the shaded and dotted zones in Figure 10 for the nth element at the
beginning of the return stroke.

The total inductance associated with the next lowest element (n+l) is determined in a
similar way by the area shown by the dotted zone in Figure 10. It is appropriate then
to associate the difference between these two inductances, determined by the flux in
the hatched area S of Figure 10 with nth line segment. This defines the inductance

Lp of the nth loop of the ladder network of the computer model.

The exact shape of the outer boundaries of $ is not critical. Circular or rectangular
approximations (Figure 10(b)) within the same limits give essentially the same values
for Lp. The inductance of a line segment may be estimated by regarding it as the
inner of a coaxial line whose outer conductor is remote, so making L, constant during
the pulse.

[ Resistance Elements

The effective resistance per metre R* is a complex function of height and time. At a
given height R* = R#(t) may be estimated from the physics of a uniform arc column, if
the current waveform is known. Hill (1971) calculated the heating of an arc column

for the Bruce-Golde current waveform, and from his work R#*(t) is found to fall from
about 500Q/m to about 12/m in the first 1Cus (Little 1979). This rapid variation means
that great inaccuracies would be introduced by the use of an average value. R¥*(t)
needs to be calculated for each element of the ladder, network at each time-step for

a self-consistent current waveform.

Strawe (1979) used the spark channel model of Braginskii (1958), This relatively simple
model assumes that a conducting channel has been established prior to the initiation
of the spark by prebreakdown streamer, and/or leader processes. The resultant arc
radius, temperature, pressure, etc. are determined from the spark current time history.
The current is assumed to heat (iR loss) the initially conducting arc plasma to
higher temperatures and tens of atmospheres of pressure. This condition produces a
hydro-dynamic shock wave in the air surrounding the spark channel resulting in rapid
channel expansion. Braginskii uses the strong shock approximation to simplify the
physical picture of the expansion process. This picture produces an essentially
uniform electrical conductivity determined from channel temperature and pressure which
is nearly constant in time. The channel resistance per unit length is determined from
the conductivity and the arc radius a(t).

Braginskii ultimately assumes o0 to be independent of time and temperature so that only
a(t) need be determined to calculate the resistance R. He neglects radiation in favour
of conduction losses, and thus arrives at excessively high temperature estimates.
Strawe uses these assumptions in his Model I computation. A second Model II is
developed from Model I by modifying the basic equations to include the effect of lost
and reabsorbed thermal radiation from the channel, the variation of thermal and
electrical conductivity with time, and a closer account of the momentum transfer.

For both models, the final equations are solved numerically at each time-step of the
time-domain code CIRCUS. This code can deal with large numbers of the ladder sections
used to represent a transmission line, and Strawe ensures that his results are indepen-
dent of the number of line segments chosen by making this number very large, about 100.
Earlier calculations used far fewer sections and thus cannot in principle be as accurate




4.5, Terminations

The resistance of a hemispherical earth conductor as computed by Weisinger is (Prinz

1877)

R, = 8.3 & (5)
E Tmax

where p is the specific resistivity of the ground. This gives Rp = 10 - 100Q for
Imax = 10 - 100 kA as the ground termination. No inductance or capacity is present.

At the cloud a resistance in series with a capacitor may be used as the terminating
impedance. The resistance is uncertain, and the capacitance varies with the size of
the charge pockets in the cloud.

4.6 Initial Conditions

Usually the capacitors on the transmission line are assumed to be charged to a uniform
potential in the range of 10 MV to 100 MV to represent the charged leader column. To
represent the answerlng leader from ground in the commonly-occurring negative stroke
the capacitor in the lower elements of the line are left uncharged. At t=0 a switch
connection is made between the upper and lowe» sections and a current pulse travels in
both directions away from the junction point. The height of the switch can be chosen
at will; it is usually placed between 25 m and 100 m.

It should be noted (Little 1979) that a switch can be positioned close to the cloud to
represent the result of a leader initiated at ground level. Positive discharges usually
are associated with long ground leaders (Berger 1978) as we remarked in Section 2.1. A
positive stroke is described then by a long section of line at earth potential and a
short section at cloud potential. The electrostatic charge distribution is then very
different from that used to determine C* for a negative stroke. However, in view of

the additional charge held by negative and positive ions within the column the same
values of C* may be appropriate for both types of stroke to a good approximation.

It has been suggested (Anderson 1971) that there is a substantial voltage gradient
along the leader column at the time when the junction to ground is made. This would
have a significant influence on the velocity of the return stroke, because it would
affect the heating of the column and hence the variation of R* with time at all heights.

4.7 Possible Improvements to the Model

Some complicating factors have been omitted from this model of the return stroke which
could have considerable influence.

(a) The branching of the leader channel results in the creation of addition-
al charged transmission-lines, capacitatively-coupled to the main channel as well as
directly-connected to it. This introduces additional fast pulses into the main current
pulse as it moves along the channel, making the form of the pulse more complex with
extra high-frequency components.

(b) The main channel is not precisely vertical, but may be nearly horizontal,
or even fall rather than rise. This range of directions is important in assessing the
fields due to the channel. The tortuous nature of the channel should also be recognised.

(c) The junction between the cloud leader and the ground leader is not well
understood. The high-frequency current components initiated at this point are expected
to represent the upper limit of the frequencies in the current pulse.

(d) The physics of the process by which the tip of the return stroke advances
has not been adequately represented. This seems to be dependent on some form of shock
wave (Section 6)

(e) The arc channel, carrying heavy currents, is likely to experlence
significant magnetic pinching forces. This has not been included yet in any analysis.

5. RESULTS OF THE TRANSMISSION LINE MODEL

5.1 Solution of the Circuit Problem

The circuit elements of the lumped-parameter ladder network are established from
physical arguments or by assigning L* and C* from the observed return stroke velocities.
The behaviour of this network under the chosen initial conditions can be followed by
analogue or dlgltal computations. Digital codes of varying degrees of complex1ty exist
in many institutions and analogue computers, usually less flexible, are alsoc available.
It is not difficult to handle up tc ten segments of a ladder network, and this is
sufficient for a simple analysis that gives the main features. Accurate results require
many more segments, but the phys1ca1 basis of the model used must also then be more
accurate to justify the computing effort needed.
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5.2 The Current Waveform

It is generally agreed (Kim et al 1977, Little 1978, Strawe 13979) that the highest peak
value of the current pulse in the channel occurs at the point of intersection of the
cloud leader with the answering leader from ground. The details of this junction
process have not been described sufficiently well to allow an accurate assignment of
R#(t) (or indeed C* or L*) to the line segment which includes the junction point near
t=0, but the uncertainties here do not affect this general conclusion.

The peak values of dl/dt also appear at the junction point. These are independent of
R#(t), since at t=0, I=0 and

a | v

dt - L

where V is the potential across the gap and L is the gap inductance. If L = 2 puH/m
(a typical value) and V = 20 MV for a gap of 50 m then

& = 200 kA/us

which is ncar the extreme upper limit of observed values. As the current pulse propa-
gates, the peak value of dI/dt falls much more rapidly than the peak value of the
current itself. Figure 11 shows some results of Little (1978) for a simple eight-
section representation of a 3 km channel where R* was taken to be constant. The peak
dI/dt value falls by about two orders of magnitude as the distance from the junction
point increases. The current falls only by a factor three approximately along the
channel, and becomes much smoother in form.
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This implies that the greatest threat to aircraft appears near the junction point as

far as induced voltages are concerned. For a negative stroke this is near ground level.
For the rarer positive stroke, the greatest threat is near the cloud or at a great
height. Intra-cloud discharges may perhaps have similar values for the maximum dI/dt at
the junction of a probing streamer with a charge pocket (onset of K-change) because the
ratio V/L determining this value should be comparable with that for earth strokes. The
peak currents are lower, however (1 kA rather than 30 kA).

The difference in the waveform of positive and negative strokes observed at ground level
is explained by the difference between the heights of the junction point. When a
negative stroke is observed the current pulse is seen close to the switching point: for
positive strokes the pulse is seen after transmission along the larger part of the
column. Figure 1) indicates the effect of distance on Little's model, and Figure X2
from Strawe (1979) shows the difference in pulse shape (on his accurate calculation) at
different heights along a 9.6 km channel when the junction point is 100 m above ground.
The increase in rise time with height is clear: Strawe derives values of 87 kA/us at

SO0 m and 0.87 kA/us at 9 km. These conclusions are similar to those of Little (1978).
Positive strokes observed at ground would be expected then to show slower rise times and
a much smoother profile than negative strokes.

If the aircraft actually forms part of the lightning channel it will carry the current
pulse without affecting the current waveform, provided that the rise time of the pulse
is slow compared to the period of the lowest resonance frequency of the aircraft. The
discontinuity in the tfansmission line due to the presence of the aircraft will excite
oscillations in the skin currents if this condition is violated. Resonance frequencies
would be expected to be within the range 2 MHz - 20 MHz, so that rise times below O.2us
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Figure. 12. Calculated current pulse shapes (a), rates of current rise and ratio of
return stroke velocity to the velocity of light (b), as a function of height

should excite airframe resopances. Such fast rise times are observed in radiated
E-field pulses produced during the breakdown phase, and by leader pulses, in K-changes
and in the fast portions of the E-field pulses due to return strokes. This suggests
that current pulses in intracloud and in ground discharges are fast enough to excite
airframe resonances.

Measurements on negative flashes at ground (Anderson and Eriksson 1979) show that for
first return strokes about 2% have rise times faster than lus, and for subsequent
strokes 85% have such rise times. Indeed, 15% have rise times faster than O.lus.
Aircraft struck near the ground by a negative stroke, or near the junction point of the
leaders for any stroke, are likely to display current oscillations,at their fundamental
frequency. A crude calculation (Little 1979) suggests that oscillating currents of
about 1 kA amplitude may appear in an aircraft 50 m long. The corresponding potential
difference along it would approach 1 MV if its inductance is about 50 uH and the
frequency about 3 MHz. At a point on the channel remote from the leader junction no
such oscillations would be excited, because the current pulse rises too slowly.

5.3 Fields Near a Lightning Channel

Transmission-line models have been derived on the basis of radiated fields measured

at great distances (20 - 50 km) from the flash, largely by Uman and his co-workers (see
Uman et al 1973 and references). Currents so obtained are more sharply peaked than
those observed directly (Berger et al 1975, Golde 1977, Berger 1978). The radiation
field at one point does not give a unique solution for the current waveform, and further
the electric field at distances under 10 km calculated in this way displays features
which are not observed experimentally (Uman, Brantley et al 1975). TFigure 13 shows
their calculated fields at 1 km distance (curve U). The insert shows the E-field and
B-field pulses observed at about 2 km distance.

An improvement in modelling the near field waveform is due to Price and Pierce (1977},
who .onsider the channel as an initially charged transmission line which is suddenly
terminated by its characteristic inpedance at ground. The resulting disturbance which
propagates up the channel is subject to resistive losses. The far field obtained in
this way is similar to that of Uman, but the near field now follows that observed quite
closely after the initial rise, as shown in Figure 13 for a stroke 1 km aw. (curve

P & P). There is scope for extending this work to include the first sharp change in
electric field when the current surge just begins. Its omission means that the high
frequency content is very poorly simulated. The step rise is accompanied by a peak in
natural lightning pulses.

We present also a diagram from Pierce (1975) which models the frequency spectrum of
electric and magnetic fields at 300 m distance from severe ground and intracloud
discharges (Figure 14), Details cf this work are lacking, but it seems that a trans-
mission line model was employed. Values at high frequencies are not unreasonable by
comparison with far field radiation amplitudes (compare Figure 2).

It is well-known that a conducting filament carrying a travelling current pulse radiates
as if the fields emanated from the ends of the filament., Umar, #cLain and Krider (1975)
used this result without taking into account the tortuous nature of the return stroke
channel. In a real strike radiation will appear from every point where the channel
changes direction. Le Vine and Meneghini (1978) included this effect and found that

the electric field changes observed can be better accounted for as a function of time.
The spectrum radiated is also better described (Le Vine 1978: Oetzel and Pierce 1969:
Horner 1964). The effects of the tortuous channel have not yet been included in calcu-
lations of the fields near the return stroke., Fields so calculated might lead to more
accurate values of induced currents in aircraft.
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pulses at 1lkm distance from
a return stroke, computed
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Figure 14, Frequency spectrum at 300m

distance from intracloud and
ground strokes according to
Pierce.

The model of Uman, Brantley et al (1975) has been used by Perala, Cook and Lee (1979)
to deduce the electric fields 2C m from a 200 kA return stroke, as shown in Figure 15.
The maximum E-fields occur horizontally, reaching 800 kV/m. Experience with laboratory
long sparks suggests that 500 kV/m is the greatest field (averaged across a gap) when

virgin air breaks down.
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The greatest vertical field found by Perala et al ic 100 kV/m.

Figure 15

Computed field strength
(horizontal) due to
severe lightning stroke
at 18m distance.

At distances of 2 km, observations suggest that E is of order 300 V/m (Figure 13).
Inverse scaling with distance to 20 m (which is unjustified) would lead to E-fields

of order 30 kV/m, but it is not likely that the stroke creating these fields was carry-
If it was an average stroke (30 kA) then E-fields of 200 kV/m in the
severe stroke considered by Perala would be expected by simple inverse scaling.

This leads to some slight independent support for the order of magnitude of the fields
derived: if other terms than the radiation term dominate at short distances, they must

ing 200 KA.

exceed 100 kV/m.

airframe resonances in some aircraft,

The computed pulses are fast enough to be capable of stimulating
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The unipolar pulses due to stepped leaders (Figure 5) observed by Krider et al (1977)
at distances of 10 - 20 km form the basis of another extrapolation by Perala (1979).
He estimated fields of 10 kV/m close to the leader channel.

It seems unlikely that a stroke could approach an aircraft as closely as 20 m without
forming a direct attachment to the aircraft. Normal leader steps are about 50 m, and
streamering from the aircraft in the high ambient fields near a thunderstorm is very
likely to occur. The closest nearby strikes should probably be regarded as at least
50 m away from the aircraft.

The size of the aircraft should have some influence on the minimum separation S needed
to allow a leader to pass it without attachment. The geometrical disturbance of the
electrostatic field due to the induced charges on the aircraft extends over a distance
proportional to the aircraft's dimensions; however, any streamer activity taking place
increases the effective size of the aircraft. Some guidance as to the value of S may
be obtained from the generally accepted striking distances Sy to ground structures

(Golde 1977a). These are known to be correlated with the current in the return stroke
following. If the peak current is 20 kA, Sy = 30 m: if the peak current is 100 kA,
So = 120 m. TFor severe strokes the values of S near 100 m would seem appropriate.

No computations have been published dealing with fields near a transmission-line model
of a lightning channel carrying self-consistently-derived current pulses in the manner
described in the previous section. Thus the basic physics of the discharge has not been
taken into account in much detail. The current pulse description, however it is

arrived at, can be inserted into the general expressions for the electric and magnetic
fields due to a straight vertical channel of length H (McLain and Uman 1971).

6. FUTURE DEVELOPMENTS

The numerical model of the channel as a transmission line has employed either a
prescribed current pulse or constant line elements in most of the work. The calculation
of time-dependent elements and current pulses in a self-consistent manner with a
sufficiently large number of line segments is beginning to give more realistic answers.
In the future more of the physics of the arc channel should be included.

The breakdown process, including the advance of the leader, requires to be better
represented and so does the transition from leader to return stroke. Shock waves in
the electron fluid (Fowler 1974, 1976) need to be considered. Electrons advance under
forces due to their own pressure as well as the electric field, and when the electron
temperature or density is changing rapidly the pressure differences may dominate. In
this advance more electrons are created by ionisation of the gas present, whether this
is previously conducting or not. A shock condition exists at the leading edge between
the neutral gas and a region where the electric field E and electron fluid velocity v
change rapidly while the gas temperature T and electron density n vary slowly. Behind
this region E and v are zero, but T and n are s*ill variable.

This theory leads to the conclusion that in breakdown conditions where the direction
of the electric force on the electrons is in the same direction as the wave propaga-
tion (proforce waves) the speed of advance is proportional to the electron mobility,
and determined directly by E at the leading edge. For breakdown propagation in the
opposite direction (antiforce waves) the shock speed is proportional to the electron
pressure which in turn is proportional to E. Numerical results agree well for wave
speeds above 3 x 106 m/s with experiments on shock tubes and with observations on
lightning, both leaders and return strokes. Photoionisation is not thought to be
important except at low pressures.

In a negative stroke the (proforce) leader moves in steps. From a shock tube model
standpoint we have a self creating shock tube growing steadily longer, alcng which
successive shocks are launched as the apparatus becomes charged up to permit them. The
initial wave hypothesized to exist by Schonland (1938), and named the pilot leader,

is a necessary feature. Its nature must be a weak discontinuity proforce shock wave
whose velocity should be close to that observed in the laboratory by Wagner (1966) for
proforce avalanches.

When the column reaches a distance above ground slightly longer than one step, it is
usual for an antiforce wave (the leader from ground) to leave a sharp point on the
ground and move to the column to make the final connection. Again the wave is a shock
wave, and it derives its large speed from the fact that its local potential is
essentially the same but of opposite sign to that end of the column, while its radius
i5 very small because its electron needs are met by a solid electrode. It is, in fact,
of the same character as a long spark in the laboratory.

This small radius, fast moving, antiforce wave not only reaches the column, but pene-
trates it, taking advantage of tve large amount of energy stored during formation in
the column by radial diffusion and attachment. These electrons and the energy which
their charge separation represents are easily available to the strong electric fields
generated by the return stroke via collisio%al detachment, so the strcke can proceed
ms~! driven by a wave field 106 volts/m-

from ground to cloud at speeds up to 2 x 10
torr.




Restrikes behave like the first return stroke, if the leader is stepped. Dart leaders
are very similar to the rekindling waves, in speed and every other aspect. Their
behaviour, however, furnishes one more point of contact with theory. Because the
channel is-extremely hot after the passage of the préevious return stroke current pulse
theory predicts and the experiment confirms that no breakdown wave is possible until it
cools. During the interval it will conduct freely any charge supplied at the upper end

- the continuing current.

All these processes seem to be describable by a shock theory which uses the fluid
dynamics of electrons that multiply by collision processes. This shock-wave model
provides a physical basis yet to be exploited for developing a theory of the processes
which lead to the appearance of sub-microsecond rise-time in the EM pulses radiating

from lightning leaders and return strokes.

7. COMPARISON WITH ELECTROMAGNETIC PULSES FROM NUCLEAR EXPLOSIONS

The electromagnetic radiation pulses emitted from a nuclear explosion induce skin
currents in nearby aircraft which may create significant voltages and currents in the
electrical systems of the aircraft. Hazards created by nuclear electromagnetic pulses
(NEMP) have been intensively studied, but the field has developed largely in isolation
from the work on lightning hazards. Part of the reason for this is that the direct
effects of lightning current pulses were emphasised in the early work, and damage of
this type occurs only when the aircraft is struck. Also, early work on lightning
testing was generally restricted to frequencies below about 300 kHz, and this was

another reason for separate development.

Part of the analysis pursued in order to

understand NEMP involves a study of the coupling from skin currents into interior

circuits which is relevant to direct strikes.

More obviously, the skin currents induced in aircraft near a lightning stroke can be
analysgd in much the same way as the currents induced in aircraft near a nuclear
explosion. We may refer to EMP from lightning as LEMP as distinct from NEMP.

For both direct strikes and nearby strikes it is necessary to describe the distribution
of skin currents, magnetic fields and electric fields around the aircraft. These
disturbances can couple into the interior of the aircraft in a varietvy of wavs, which

are discussed in a later lecture.
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LIGHTNING TEST CRITERIA FOR AIRCRAFT AVIONICS SYSTEMS

Don W. Clifford
McDonnell Aircraft Company

SUMMARY

Lightning testing of aerospace systems and avionics equipment is governed by various test specification documents in the United
States and in Europe. A new generation of criteria documents has been developed in the last few years, each of which attempts to set
forth test criteria in terms of the various current and voltage waveforms to be used in lightning tests. The simulation waveforms are
based upon statistical summaries of the natural lightning environment. Modern test criteria documents account for the dynamic nature
of the lightning interaction with aircraft by using the zonal concept to more accurately identify the threat to specific systems and
equipment. Test techniques can affect simulated lightning test results and the modern criteria documents include recommended
practices for achieving accurate and consistent results.

The evolutionary history of the new criteria is presented, along with a summary of the salient features and the rationale for selection
of the parameters specified in the modern documents. Some predictions of future evolutionary changes in the criteria documents are
made on the basis of information about the lightning threat based upon recent measurements of natural lightning.

INTRODUCTION

Laboratory simulation tests have been used for many years to evaluate the effects of lightning strikes to air-raft systems and equip-
ment. However, because of the complexity of lightning phenomena and the difficulty of the simulation task, there needs to be generally
accepted and standardized criteria for conducting such tests. Standardized criteria help to ensure the highest reasonable level of
accuracy in testing and also serve to produce consistent test results among different test facilities.

Significant efforts have been underway in NATO countries during the past several years to standardize lightning testing by generating
accepted test criteria documents. The purpose of this lecture is to identify and describe the various test criteria which have been estab-
lished, and to discuss the rationale used in their selection. The discussion focuses upon the selection of test waveforms and the associated
lightning/aircraft interaction criteria which determine their application. Specific test techniques will be addressed in a separate lecture,
as will detailed discussions of the natural environment.

Background and History

Until recent years the only governing criterion for lightning tests in the U.S. was Military Specification MlL-B-5087Bl, exceptina
very few cases where criteria documents were written to govern the testing of specific systems or components. For example, FAA
Advisory Circular AC 20-532 (which superceded AC 25-3A) and Military Specifications MIL-F-38363B3 and MIL-C-383734 concern
the protection and testing of aircraft fuel systems against lightning. Also, MIL-A-9094D5 specifies strenuous simulation tests of lightning
arrestors which are to be used with radio receiving and transmitting antenna systems. MIL-STD-461A6 and MIL-STD-4627 identify
general electromagnetic interference design and test requirements. However, the only specification document governing the design and
testing of lightning protection for aircraft and other military systems in general was MIL-B-5087B.

MIL-B-5087B concerns electrical bonding and lightning protection for acrospace systems. Paragraph 3.3.4, entitled “'Class L bonding
(lightning protectionj (except for antenna systems)™ addresses the lightning protection and testing requirement. It is quoted in its
entirety below. (Based on Amendment 2 dated 31 August 1970).

*“Lightning protection shall be provided at all possible points of lightning entry into the aircraft and shall be proven by test.

(a) Navigation lights (f}  Antennas (see 6.3.1)

(b) Fuel filler caps (g) Radomes

(¢) Fuel gage covers (h) Canopies

(d) Refueling booms (i) Pitot-static booms

(e) Fuel vents (j) Wiring not protected by metal

or body structure

The following bonding requirements are designed to achieve protection against lightning discharge current carried between the
extremities of an airborne vehicle without risk of damaging flight controls or producing sparking or voltages within the vehicle in excess
of 500 voits. These requirements are based upon a lightning current waveform of 200,000 amperes peak. a width of 5 to 10 micro-
seconds at the 90-percent point, not less than 20 microseconds width at the 50-percent point. and a rate of rise of at least 100,000
amperes per microseconds. When flight safety is not a factor, 100,000 amperes peak with a rate-of-rise of 50,000 amperes per microsecond
may be used at the discretion of the procuring activity.”

Other paragraphs in MIL-B-5087B deal briefly with lightning protection design considerations, but the paragraph quoted above has
been the sole governing criterion for lightning testing of aerospace systems, other than the specifications for particular subsystems
mentioned earlier.

The “A” version, MIL-B-5087A_ dated 30 July 1954, specified a basic peak current of 100,000 amperes, but the value was raised to
200.000 when the “B™ version was released in 1964, 1t is interesting to note that the peak current values used in this specification
were not based on tiic measured values of natural lightning which were available at the time the specification was written. Rather, the
values were based upon the damage observed on aircraft struck by lightning and the laboratory test currents which were necessary to
reproduce the damage.8 The 200.000 ampere value has carricd over to the modern criteria documents and is now seen to be at the
99 percentile level (one percent of all strikes are higher than 200,000 arps).

The Need for New Criteria
As aircraft technology expanded during the 60's and carly 70°s, pressure mounted within the industry to develop more adequate
cniteria for lightning protection and verification, Fxpanded research efforts, which were prompted by new technologies such as advanced
composite materials and computerized flight control systems, led to improved testing techniques and to a better understanding of many
ot the ightning, aircraft interaction processes. [t was soon realized that peak current is only one factor in the production of physical
damage. The energy dissipated is also @ major factor and s represented by the “action integral™. The value of the integral over time of the
current squared ( _i=dt) represents the potential energy of the current pulse In addition, other aspects of the lightning current flow <uch
as the continuing current and intermediate currents were shown to be very signiticant in the design and protection of some systems, It
was later recognized that the actual threat from lightning is different for different regions of the aircraft and that fact also needed to be
accounted for.




The actual waveform specified by MIL-B-5087B is virtually impossible to produce ex; ..incntally in any realistic test object. A test
waveform .onstructed from the information specified is shown in Figur: ' The fast rise to peak coupled with the slow decay and the
unipolar requirement are all difficult to simulate. A ~rit.ria uocument was needed which spelled out reasonable test waveforms and
criteria for applying them. In addition. tosung techniques needed to be standardized because widely varying test results were being
reported from different "hoaiories.
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FIGURE 1
HIGH CURRENT WAVEFORM SPECIFIED BY MIL-B-5087B

In regards to the protection and testing of avionics equipment, the adage of ‘‘keep the current on the outside of the aircraft and all
will be well” no longer generated much confidence. The “500 volt maximum” criterion specified by “5087"" is not generally acceptable
for modern solid state equipment, and the questionable shielding qualities of new materials does not ensure that even the 500 volt limit
will be realized on all circuits. In fact, the need for full scale vehicle tests was being expressed as the potential problems related to
induced or indirect coupling were realized.

The Development of New Criteria Documents

In 1972, a committee of government and industry workers was formed in the U.S. under the aegis of the SAE Committee AE4 to
draft a new lightning test criteria document. Soon after, lightning specialists at Culham Laboratory in the U.K. were commissioned to
develop a similar document for Great Britain. Cooperation between the SAE committee and the British team led to the development of
two separate, but generally consistent test documents. Growing out of the U.S. and British work, a NATO Standardization Agreement
(STANAG) was proposed in 1978 and is now being circulated among member countries for review and comment. Similarly, a new U.S.
Military Standard based upon the NATO document is also in the review process.

The proposed NATO STANAG and U.S. Military Standard address only those lightning tests which simulate the better understood
and non-controversial aspects of the lightning environment. The tests in these documents are considered to be Qualification or Demon-
stration tests, as opposed to Engineering or R&D tests. The SAE and U.K. documents address not only the Qualification tests, but also
other lightning simulation techiniques which are not as standardized, but which still provide valuable engineering information.

Within the U.S. there have been other criteria documents developed over the same timie poriod, independent of the SAE effort,
which address a specific program or system. Two of these are noteworthy because they attempt to carry the specification criteria
further than the otiior documents mentioned. The NASA Space Shuttle Criteria document? attempts to specify or define interpretive
guidelines for evaluating clectrical transients on internal wiring systems. “Transient Control Levels’ are defined which establish margins
of safety based upon the degree of analysis and test performed. The Air Force MX missile program has accountea ior the most recent
measurements of fast rising iightning current waveforms in their criteria document!0 and has specified a 200-nanosecond. 100,000-
ampere first return stroke current pulse for the design and testing of the MX missile.

Other than the specific differences mentioned above, the criteria documents which have been developed for specific programs are
generally very similar to the four general documents mentioned earlier. Therefore, the remainder of this lecture will be concerned with
the development and description of the four related criteria documents, These four documents are further identified as:

1. NATO Draft STANAG 3659AE dated 20 August 1978, Subject: Lightning Qualification Test Techniques for Aircraft and Hardware
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2. Proposed U.S Military Standard MIL-STD-XXXX, “Lightning Qualification Test Techniques for Aerospace Vehicles and Hardware”

3. J. Phillpott, “Recommended Practice for Lightning Simulation and Testing Techniques for Aircraft’”, UKAEA Report CLM-R163,
1977

4. “Lightning Test Waveforms and Techniques for'AerOSpacc Vehicles and Hardware™, report of SAE Committee AF4L. June 1978

NATURAL LIGHTNING PARAMETERS

The selection of lightning test criteria for aerospace systems must be based upon three factors: a) our best understanding of the
natural lightning environment as it impacts the operation of systems, b) the physics of its intcraction with aerospace systems, and ¢)
the limitations and capabilities of laboratory equipment used to simulate the interaction processes. Each of these factors is very complex
and difficult to fully understand and characterize. Yet the importance of the problem requires that attempts be made to standardize
testing at cthe h hest level of simulation which is economically reasonable.

A large number of measurements of natural lightning parameters have been made and reported in the literature. However, in
establishing the values of parameters to be used in lightning testing, it is desirable to consider a statistical summary of all the various
parameters which might impact aircraft operation. In recognition of this need, a most help(ul summary and analysis of measured
lightning parameters was published in 1972 by Cianos and Pierce. Their report. entitled “A Ground-Lightning Environment for Engi-
neering Usage! ! presents statistical summaries of all the major return stroke parameters such as peak current, charge transfer, rate of
rise and restrike values. Examples of their statistical summaries are shown in Figure 2 for peak currents, continuing current charge
transfer, rates of rise, and decay time to half value. As an end result of their summary, Cianos and Pierce proposed the severe negative
lnehtning flash current waveform shown in Figure 3, The Cianos and Pierce report summarized published measurements of cloud-to-




ground retumn stroke current pulses which have been assumed as the principal threat to aerospace systems operation. Table 1 summarizes
the parameters of the Cianos and Pierce severe current waveform.

Another important source of information on the natural environment is Uman'’s book “L.ightm'ng”,l2 and Golde’s recent two volume
work by the same name.!3 Table 2 reproduced from Uman’s book summarizes many of the important lightning parameters besides
return stroke current and their range of values. These books and others in the literature provide the aerospace community with reason-
ably up-to-date knowledge of all aspects of the lightning environment which may be of concern to the operation of airborne equipment.

Since the publication of the referenced summaries, much new information has been developed which is of particular interest to the
operation of avionics equipment, Measurements of submicrosecond risetime current pulses,14 high frequency emanations from inter-
cloud precursor events!S and stepped leader activity! 6 indicate that these sources of electromagnetic activity may well excite significant
transients in sensitive aircraft avionics systems. However, such data are still scarce and much additional work is required to establish
statistical distributions of parameters such as frequency spectra, amplitude and energy content before any standardized test criteria can
be established. Therefore, lightning test criteria are seen to be in a state of change, particularly as far as the factors affecting electro-
magnetic coupling to avionics systems are concerned. Despite this consideration, however, the well established return stroke current
threat and the precursor voltages are still an important factor in the design and operation of avionics components and equipment. These
threats are the ones which will be addressed in the remainder of this paper.
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STATISTICAL SUMMARIES OF RETUAN STROKE PARAMETERS - FROM REF (11)
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TABLE 1
SEVERE-LIGHTNING-MODEL PARAMETERS (BASIC MODEL) - FROM REF (11)

T Cantinuing cursent = 400 A dutetion = 300 ms;
§ Frnal-stage continuing current = 200 A; duration = 160 ms, charge transfer = 32 C.

Ouration = 09s
Action wategrat = 106 A2

arge transter = 120 C

) TABLE 2
DATA FOR A NORMAL CLOUD-TO-GROUND LIGHTNING DISCHARGE
BRINGING NEGATIVE CHARGE TQ EARTH*

Return Strokes Intermediate
Time Current
Stroke c:::ekm Charge Between c:::::l . Model Continuing
Order kA (c) Strokes (KA} ° ki Charge Current
{ms) (kA) {c)
1 140 ~8 144 3 4
2 70 ~a 10 72 4 4
3 30 ~2 60 3 0 0
4 0 ~2 60 31 4 4
5 30 ~2 60 31 0 0 Continuing
6 30 ~2 300 31 0 0 Current?
7 30 ~2 60 31 4 4
8 30 ~2 60 3 4 4
9 30 ~2 60 31 0 0
10 30 ~2 60 3 0 0
Final S!age§
Totals:  Charge transterred = 200C GPO1 0131 6

* From Uman, Ref 12

values fall between these limits,

The words maximum and minumum are used in the sense that most measured

Tt Velocties of propagetion are generatly determined from photagraphic data

and thus represent “two-dimensional’ velocittes. Since many lightning
tiashes are not vertical, values stated ar¢ probably shight underestimates

of actuat values.

Frrst return strokes have slower average veloaities of propagaiion, slower
current rates of (ncrease, longer times 10 current peak, and generally larger
charge transtes than subseguent return strokes i a flash,

Current measurements are made at the ground.

3

A hghtning Brash Jasting 15 1o 20 sec has been reported by Godlonton (1896).

Minimum** | Representative | Maximum**
Stepped Leader
Length of Step, m 3 50 200
Time Interval Between Steps, us 30 50 125
Average Velocity of Prapagation of
Stepped Leader, m/st 1.0 x 105 1.5 x 105 2.6 x 109
Charge Deposited on Stepped-Leader
Channel, Coul 3 5 20
Dart Leader
Velocity of Propagation, m/st 1.0x 108 2.0 x 108 2.1 x 107
Charge Deposited on Dart-Leader
Channel, Cou! 0.2 1 6
Return Stroke
Velocity of propagation, m/st 20x 107 5.0 x 107 14 x 108
Current Rate of Increase, kA/us% <1 10 >80
Time to Peak Current, us § <1 2 30
Peak Current, kA § 10-20 110
Time to Half of Peak Current, us 10 40 250
Charge Transferred Excluding
Continuing Current, Coul 0.2 25 20
Channel Length, km 2 5 14
Lightning Flash
Number of Strokes per Flash 1 34 26
Time Interval Between Strokes in Absence
of Continuing Current, ms 3 50 100
Time Duration of Flash, sec 102 0.2 29
Charge Transferred including
Continuing Current, Coul 3 25 a0
GPOY D1V 17
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TEST WAVEFORMS

Return Stroke Current Simulation

If the severe lightning current waveform proposed by Cianos and Pierce and shown in Figure 3 represents accurately the critical
lightning threat to aircraft avionics systems, then the question of how best to simulate that threat in practical terms must be answered.
Is it necessary to faithfully reproduce every detail of the waveform including each individual current pulse with the specified time
intervals and duration? Or, can the important features of the threat be summarized in a simple waveform which could be more readily
used in design analysis and test planning?

For testing purposes, it is immediately obvious that complete natural lightning flashes cannot be duplicated in the laboratory;
particularly the rapid sequence of many high current pulses. However, most of the characteristics of an individual lightning current
pulse can be duplicated by laboratory generators. Therefore, as a result of the complex nature of natural lightning discharges and the
limitations of laboratory facilities, it is necessary to define an equivalent lightning waveform for test purposes that contains the major
destructive features of natural lightning.

For airworthiness purposes, a four component severe model waveform has been agreed upon as a waveform which will give direct
damage effects equivalent to those produced by the most severe natural lightning. The idealized (straight line) waveform is shown
schematically in Figure 4. The waveform comprises four components designated as Current Components A, B, C and D. The waveform
parameters for each component are listed in the figure.

Component D (Restrike)
Peak Amplitude 100 kA + 10%
Action Integral 0.25 x 106A25 + 10%

< 500us
Component A {tnitial Stroke)
Peak Amphtude 200 kA * 10%
Action Integral 2 x 106425 + 10%

Time Duration < 500us

Component B {Intermediate Current)
Maximurn Charge Transfer 10C
Average Amphitude 2 kA £ 10%

Component C {Continuing Current)
Charge Transfer 200C + 20%
Amplitude 200-800A

Current {Not to Scale)

—
I
I
Il

:
—

<5x 10‘35———I-—-— 0.25s< T<1s ——I Time {Not to Scale)

FIGURE 4
IDEALIZED CURRENT WAVEFORM COMPONENT FOR QUALIFICATION TESTS
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The following comments may help to clarify some of the rationale for stating that this waveform is equivalent for damage testing
to the multiple component waveform in Figure 3. First of all, note that Figure 4 is not a test waveform. It is a straight-line schematic
representation or idealization which may help to vizualize the relative character of the various components. It is not drawn to scale
either in amplitude or in time. Rather, it is the component parameter values called out in the figure which govern the actual design and
testing.

Note that Component A, representing the initial return stroke current pulse, has a magnitude of 200 kA. This value is in keeping with
the traditional severe threat level used in the U.S. for many years. By itself, it represents the 99 percentile level of peak current ampli-
tudes, as opposed to the 140 kA, 98 percentile level chosen by Cianos and Pierce. However, it is rationalized that by selecting the 200
kA level, the multiple restrikes at levels below 70 kA can be ignored and need not be included in the simulation.

One high peak current restrike is included in the model waveform because many times the mechanisms of interaction of lightning
with the aircraft will result in exposure of some portions of aircraft to subsequent strokes, but not to initial strokes. The intent is not
to require both initial and restrike components in the same discharge for all cases. As with the other components of the model wave-
form, the restrike is of importance primarily to structural and fuel systems.

The concern for avionics systems from the current components in Figure 3 is in the possible damage to externally-mounted electrical
hardware, and in the introduction of lightning currents via electrical wiring directly into the avionics equipment. In addition, for
avionics system concerns, induced electromagnetic transient effects related to the return stroke current waveform can be produced by
resistive voltage drops along the length of the current flow path and by magnetic flux linkage generated by fast changing current pulses,
Therefore, the peak current values associated with Current Components A and D can produce indirect effects without getting directly
onto internal wiring. The magnetic coupling effects are proportional to the rate of change of current, di/dt, a parameter which is not
specified in the model waveform of Figure 4.

Induced (Indirect) Coupling Test Criteria
An additional test criterion has been developed for magnetic coupling effects. Rather than specify rate-of-rise or time-to-peak on the
model waveform, a severe rate-of-rise threat of 100 kA/usec has been established for indirect effects testing. This value is shown as the
98 percentile level in the statistical distributions of Cianos and Pierce. As discussed in Reference 14, however, the Cianos and Pierce
summary is based on average rates of rise which may be 3 to 10 times lower than the maximum rate which occurs during the fast
transition portion of the pulse.
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For testing purposes, it is recognized that very fast rising current pulses cannot be produced at the peak current threat levels in most
test articles of interest because of the electrical impedance of the test articles and the limited driving voltages produced by laboratory
generators. In order to overcome this difficulty, the linearity of the magnetic coupling phenomenon is employed to allow testing to be
conducted at reduced peak currents and rates of current rise. Measured transients can then be extrapolated to the full 100 kA/usec
threat.

An auxiliary fast rate-of-rise current waveform has been defined in the four criteria documents mentioned earlier for induced
(indirect) effects qualification testing of electrical components. The waveform and its derivative are shown in Figure 5 with the para-
meter values of interest. Note that this waveform is an actual waveform for test purposes. The amplitude of 50 kA was selected because
it is within the capabillties of most lightning test laboratories when testing small electrical components, and it requires only a factor of
4 extrapolation. The U.K. criteria document specifies a 100 kA peak, presumably because the Culham facility is able to produce that
level in the range of test article impedances which they anticipate.

—————— e Current Rate
l \: ~ ~ of Rise
~ 50 kA/
Current - 50 kA : \ ks
I
I
l
| 25 kA/us
|
1 Time Time
FIGURE 5
CURRENT WAVEFORM E Gro1 01319

Current Waveform E is defined with a minimum rate-of-rise requirement of 25 kA/usec, and that minimum rate must persist for at
least 0.5 psec. The minimum duration is specified because of the response time of both the test instrumentation and the equipment
under test. The induced voltages produced by this waveform must be extrapolated to threat level by multiplying the peak induced
voltage by the ratio of 100 kA/usec to the actual rate-of-rise measured on the test waveform. Note that current waveform E is a mini-
mum waveform. Test facilities are encouraged to test with a waveform as close to the actual threat waveform as possible. However, in
order to limit the range of extrapolation, the minimum values of peak current and rate-of-rise are established.

Some test facilities may be able to meet the minimum requirements of Current Waveform E with the same generator used to produce
Current Components A and D described earlier. Therefore, provisions are made in the criteria documents to allow induced effects to be
measured during the direct effects test if the minimum rate-of-rise criterion is met.

Full Scale Vehicle Testing

Current Waveform E is specified for qualification level testing of components. Recognizing the need to conduct ground tests on full
scale operational aircraft, an attempt has been made in the S.A.E. and U.K. documents to define waveforms which can be used for
engineering evaluations. It is realized that the large electrical impedance of full scale aircraft will prevent fast rising high peak current
pulses from being used. It is also realized that there are many complexities to full scale vehicle testing which are not present at the
component level. However, with the rapid introduction of flight critical avionics equipment into new technology fighter aircraft. there
is a pressing need to conduct whatever reasonable test is possible.

Consequently, two optional approaches have been defined in the U.S. SAE document for engineering evaluation purposes. The first
approach employs a double exponential (unipolar) 2 x 50 psec current pulse with a minimum amplitude of 250 amps. This waveform is
designated as Current Waveform F and is shown in Figure 6. This waveform is passed through the aircraft structure and the resulting
transients produced on internal wiring systems of interest are simultaneously measured. This 2 x 50 usec waveform is a miniature
version of Current Components A and D. In this case, the measured transients may be extrapolated on the basis of peak current only,
as long as the time-to-peak is held constant.

Ty - 2us £20%
T2 = 50us  50%
Peak Amplitude

50% of
Crest
Amplitude

Current

Time (Not to Scale}

GPO1 0131 10

FIGURE 6
CURRENT WAVEFORM F
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The second approach employs a pair of damped oscillatory waveforms designated Current Waveforms G| and Go (Figure 7). Wave-
form G| is a low frequency waveform for assessing diffusion flux effects and G4 is a high frequency waveform for evaluating aperture
coupled effects. Extrapolation of measured induced transients is again necessary with the basis for extrapolation being peak current in

the case of G| and rate-of-rise in the case of G3,

Current

1
Ty
Waveform Gy <26 kHz
Waveform G < 300 kH?z

\./\,

GPO1-0131-11

FIGURE 7
CURRENT WAVEFORMS Gq AND G2

The U.K. document does not define specific waveforms for full vehicle tests but only recommends that minimum current amplitudes
of 4 kA and minimum rates-of-rise of 2 kA/uscc be observed.

Because of the uncertainties which are present in full scale vehicle tests, they are not included in the proposed NATO STANAG or
the U.S. Military specification documents.

Voltage Waveform Simulation - Qualification Tests

As illustrated by the Cianos and Pierce statistical summary, the current waveforms associated with lightning return strokes have been
studied extensively and are therefore fairly well characterized. However, it is apparent from observations of aircraft damage that the
high voltages associated with lightning are also capable of producing significant effects on aircraft. The high fields experienced at the
aircraft as the stepped leader approaches give rise to corona and streamering activity which are the basis for establishing lightning
attachment points on the aircraft, flashover vs punch-through or rupture of dielectric surfaces, and possible ignition of fuel vapors.

Unfortunately, the precursor voltages and fields of lightning are not well characterized at all. In fact, little is known beyond the kind
of information summarized in Table 2. Therefore, it is difficult to specify voltage waveform criteria which can be rigorously defended
on the basis of natural lightning measurements. At the same time, it is obvious that the voltage effects must be accounted for in the
design and testing of aircraft systems.

Of particular concern to the avionics engineer is the knowledge of whether lightning will attach to electrical compcnents on the air-
craft and how dielectric materials such as radomes or light covers will withstand puncture and subsequent damage.

In specific instances such as these, it is possible to approach the voltage waveform definition problem from the standpoint of test
conservatism and the knowledge of how systems will respond to different waveform parameters. In particular, for qualification testing
of electrical components incorporating dielectric materials, it is known that fast-rising voltages stress the dielectric more than slow rising
pulses. Therefore, to ensure a conservative, or worst-case test, a very fast rising voltage pulse can be specified. This approach has been
taken in all of the subject criteria documents,

The Voltage Waveform A, shown in Figure 8, is specified for testing full scale hardware. It is only identified by the 1000 kV /usec
rate of rise. No peak voltage or decay time is specified because the ramp will terminate itself when flashover or puncture occurs, To
ensure that the arc closes before the peak is reached, either the air gap between the test object and the high voltage electrode, or the
peak voltage can be adjusted. A | meter gap is recommended, which would require around 0.7-1.0 megavolt peak voltage to ensure arc
closure on the wavefront. Whether or not lightning fields as seen on the aircraft will change as fast as 1000 kV/usec is not at issue, It is
thought to be unlikely, however, that they will change much faster than that.

Voltage Voltage Voltage
Waveform Wavetarm Wavetorm
A Cc o}
-
3 l |
8 I Fiashover F isshover
g 4 I 4 |
} s I s |
: | |
> | [
' |
2us 50 to 250 us
FIGURE 8 arot 0121 1

1IDEALIZED HIGH VOLTAGE WAVEFORMS
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Voltage waveform A is also specified for full-scale hardware attachment tests where it is desired to learn where lightning may attach
to the detail geometry of a part. This test application is not universally accepted, however, because it is known that slow rising voltage
waveforms will produce a wider range of attachment points than will fast rising pulses, Therefore, the U.K. document recommends a
200 x 2000 long-front wave for attachment testing.

Scale Model Attach Point Testing - Engineering Test

Long spark testing of aircraft models is used to determine probable lightning attachment points on aircraft. As mentioned earlier,
the characteristics of natural lightning voltages and field changes have not been measured. However, the parameters of the test voltage
waveform can have a significant effect on the results of the test. Figure 9 illustrates how fast and slow fronted voltage waves might
produce different attachment patterns on a model aircraft.

Fast Front Waveform Stow Front Waveform

2us HV Electrode HV Electrode

Sparks take a direct route Sparks propagate
to closest hugh field regions erratically and may
on the 1est object attach to tow field
regions on aircraft

FIGURE9 Gro1 013 14
VOLTAGE WAVEFORM EFFECTS ON ATTACHMENT BEHAVIOR

In the full-scale hardware dielectric punchthrough/flashover test, the test waveform was set to give the worst case results, thus en-
suring a conservative test. This approach has also been recommended for model attach point testing, and for this reason, the UK.
document recommends a 200 x 2000 usec slow front waveform for mode! testing. However, the U.S. SAE document has selected a
fast-fronted wave as the primary waveform because the observed test results using fast waves appear to agree better with in-flight
experience. A slow front waveform is also included as an optional approach if very conservative results are desired. These two test
waveforms are shown in Figure 8 as Voltage Waveforms C and D. (Voltage Waveform B is used for fuel ignition tests and is not addressed
here).

Because of the waveform uncertainties and other factors (such as questions about the validity of scaling the attachment process) the
model attach point test is not included in the NATO STANAG nor in the U.S. Mil standard documents. The test is for engineering informa-
tion and is not a final verification. It is therefore included in the Engineering Test section of the SAE document.

LIGHTNING/AIRCRAFT INTERACTION

Swept Stroke Phenomenon

In most cases the question of how lightning interacts with the aircraft is the subject of, and the reason for, laboratory tests. However,
there are some a priori effects which should be taken into consideration before defining the tests to be conducted on specific pieces of
equipment. The most important of these considerations is what is referred to as the “Swept Stroke” phenomenon.

During the return stroke phase of a lightning strike to an aircraft in flight, the lightning channel is effectively stationary in space with
the aircraft becoming locally part of the channel. However, due to its forward speed, the aircraft moves relative to the stationary channel
during the duration of the strike. When lightning attaches initially to a forward extremity such as a nose or wing mounted engine pod,
the aircraft moves through the lightning channel. Thus with respect to the aircraft the lightning channel is swept back over the surface,
as illustrated in Figure 10.

The basic mechanism of arc sweeping, is shown in Figure 11. The arc first attaches to point A and then as a result of the movement
of the aircraft, the arc distends along the surface until the configuration shown in Figure 11 is produced. There is then a possibility of
a re-attachment to the surface at point B if the voltage across the gap BC is sufficient to break down the air gap and any insulating
coating on the surface. The dwell time at any one point is therefore a complex functios, of the local geometry, nature of the surface,
the current waveform and the speed of the aircraft. Consequently, the attachment point may dwell at various surface locations for
differing periods of time thus resulting in a skipping action across the surface of the aircraft. The other initial attachment point often
occurs to a trailing edge and therefore carries the full current associated with the flagh.
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The amount of damage produced at any point in a swept stroke region is related to the type of material, the arc dwell time at that
point and the waveform of the lightning current. Both high peak current restrikes with intermediate current components and con-
tinuing currents may be experienced. Restrikes typically produce re-attachment of the arc at a new point because:

a) the magnitude of the voltage across gap BC is large due to the large inductive voltage developed by the restrike current buildup, and

b)if the flash is discontinuous for a brief period a new (dart) leader will travel along the previous channel since it will still be hot.
Consequently, a high electric stress can be produced at the aircraft surface. The resulting voltage could be higher than the
inductive voltage produced by the changing current and consequently puncture of non-metallic surfaces or dielectric coating is
more likely to occur,

When the lightning arc has been swept back to a trailing edge it may remain attached at that point for the remaining duration of the
flash. If an initial attachment point occurs at a trailing edge then of course that particular attachment point cannot sweep.

The significance of the swept stroke phenomena is that portions of the aircraft that would not be targets for the initial attachment
of a lightning flash may nevertheless be involved in the lightning flash process as a result of the rearward sweeping action. Under these
circumstances it should be noted that except at trailing edges it is unlikely that the total energy associated with the flash will flow into
one point. For this reason it is convenient to divide the aircraft surface into zones for damage and assessment purposes. The following
zonal definitions have been incorporated into each of the modern criteria documents,

X Statonary Arc Channel
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FIGURE 10 FIGURE 11
AIRCRAFT AERODYNAMIC INTERACTION WITH LIGHTNING CHANNEL MECHANISM OF SWEPT STROKE ACTION

Lightning Attachment Zones
Aerospace vehicle surfaces are divided into three zones, with each zone having different lightning attachment 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.

ZONE 2: Surfaces of the vehicle across which there is a high probability of a lightning flash being swept by the airflow from a Zone 1
point of initial flash attachment,

ZONE 3: Zone 3 includes all of the vehicle areas othcr than those covered by Zone 1 and Zone 2 regions. In Zone 3 there is a low
probability of any direct attachment of the lightning flash arc. Zone 3 areas may carry substantial amounts of electric current, but
only by conduction between some pair of initial or swept stroke attachment points.

Zones 1 and 2 are further divided into A and B repions 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 is low probability that the arc will remain attached and a B type region is one in
which there is a high probability that the arc will remain attached. Examples of zones are as follows:

ZONE [ A: Initial attachment point with low probability of flash hang-on, such as a leading edge.

ZONE 1B: Initial attachment point with high probability of flash hang-on such as a trailing edge.

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

ZONE 2B: A swept stroke zone with high probability of flash hang-on such as a wing inboard trailing edge.”

Note that the above definitions define each zone, but do not provide dimensions or other description of where the zones are located on
particular aircraft. Establishment of the zone locations is therefore the first step in design of protection for a new aircraft. The first
step in this determination is to establish the initial strike points (Zone 1) on the aircraft, This determination is usually accomplished
by conducting a long spark attachment test on a scale model of the aircraft.

Once the forward Zone | locations are identified. the Zone 2 and 3 regions are established by definition. Figure 12 shown the various
zones on a commercial jet aircraft.
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FIGURE 12
SWEPT STROKE ZONES ON A LARGE AIRCRAFT

APPLICATION OF WAVEFORMS

In the earlier section of this paper, the natural lightning threat was established and criteria were defined for simulating the lightning
current and voltage waveforms. In addition, aircraft zones were defined which now allow the local threat at different points on the
aircraft to also be defined. That is, the proper test waveforms to be applied to any specific piece of externally mounted electrical
equipment, depending upon its location on the aircraft, can be specified.

The application of waveforms is defined and summarized in Table 3. The type of test is identified in the first column, the total
location of the equipment to be tested is listed in Column 2, and the test waveform to be used is indicated in the appropriate waveform
column. Table 3 has been adapted from the criteria documents and has been tailored to exclude those tests which do not directly relate
to avionics or electrical systems tests.

The table identifies the current components that can flow through an aircraft structurz or component in each zone. There may be
some cases, however, where not all of the components specified in the table will contribute significantly to the failure of the part.
Therefore, in principle, the non-contributing component(s) can be omitted from the test. If components are to be omitted from a test
because they are deemed to be non-contributory, the proposed test revision should be agreed upon with the cognizant regulatory
authority.

The test matrix in Table 3 makes it clear that not every waveform and test described in the new criteria documents should be
applied to every system requiring verification tests. The documents are written so that the specific aspects of the environment can be
called out for each specific program as dictated by the vehicle design, performance, and mission constraints, The decision of which
systems or equipment should be tested is left to the cognizant regulatory authority or contracting agency. So is the determination of
pass/fail criteria. The criteria documents seek to give guidance only on how equipment is to be tested after it has been determined that
it shall be tested.

TABLE 3
APPLICATION OF TEST WAVEFORMS FOR AVIONICS TESTS

Voltage Current
Test Zore | wayeform | Waveform
Damage Effects, Structural 1A A B
{Direct Effects) 18 A BCD
2A 8,C,D
28 B,C.D
3 A C
Induced Effects, External
Electrical Hardware E*
Full-Size Hardware Attach 1A A
Point Test 18 A
tnduced Eftects, Complete N/A For
Vehicle Test N/A G1, G2
Model Aircraft Attach (Fast} N/A Cc
Point Test {Slow) N/A D

. GPOYOIYY 1B
Note induced eftects should aiso be measured with current

components A, B, C, and O a3 appropriate to test cone
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Test Techniques

In addition to the proper definition of test waveforms and locations where they are to be applied, the techniques of testing can
also affect test results. For this reason, test techniques are defined in criteria documents to the extent necessary to ensure reliable
and consistent test results. Where it has been shown that test conditions can affect results of the test, a specific approach is recom-
mended as a guideline to new laboratories and for consistency of results between laboratories. The test techniques are kept as general
as possible to allow for improved, innovative techniques and to cover as many test situations as possible.

The modern criteria documents attempt to address the test techniques appropriate to each type of test identified. The technique
criteria specify test object configuration, test waveforms to be applied, the physiczl arrangement of current carrying conductors,
test electrode configuration, spacing between electrode and test object, measurement requirements, instrumentation, and in some cases,
techniques for making measurements. In a few cases, where it is felt to be important, specific test arrangements and procedures are
spelled out and specified in some detail,

It is not the intention of this lecture to discuss the details of the test technique criteria. That information will be discussed in a
subsequent lecture in this series. It is emphasized, however, that test technique is an important factor in obtaining accurate and
meanineful test results.

FUTURE DEVELOPMENTS

It was mentioned earlier that there is much that is not known about the natural lightning environment and there are many uncertain-
ties regarding the response of aircraft and other aerospace systems to the total lightning environment. New information is being obtained
through continued research of natural lightning by the academic community. In addition, both the U.S. Air Force and NASA are initi-
ating in-flight measurement programs aimed at characterizing the fields and voltages associated with lightning at flight altitudes.

Some data are already available indicating that aircraft electrical systems may respond to high-frequency components of radiated
fields as well as to direct strike current pulses. Laboratory experiments indicate that the natural elect “ical resonances of aircraft can be
excited by voltage znd E-field changes associated with nearby lightning and by pre-return stroke events during a direct strike. For example,
the attachment of the stepped leader to the aircraft and the passage of a dart leader preceding a restrike can both cause rapid changes in
charge density on the aircraft. These rapid changes result in changing internal fields and subsequent induced transients on wiring ' 'stems
and avionics equipment.

Recent measurements of return stroke currents indicate that submicrosecond rise times are typical. The 100 kA/usec rate of rise used
in the criteria dJocuments may therefore represent a typical strike rather than a worst case condition. If rise times on the order of 200
nanoseconds are considered, then the response of a full-scale vehicle will include high-frequency oscillatory ringing because the
resonances of the aircraft will then be excited.

Most observers agree that the total lightning environment must be considered in determining the threat to avionics systems per-
formance. However, it is still too early to establish standardized criteria for specifying the high-frequency components of lightning and
for defining techniques for systems testing. However, considerable research and development is now underway in both areas, and it is
reasonable to expect that future modifications or additions to the criteria documents will be made in these areas within a few years.

The SAE AE4L committee is now engaged in an attempt to define test waveforms for evaluating internal avionics equipment
directly. The proposed document will specify a family of damped sinusoidal waveforms which would be representative of transient
signals induced on aircraft wiring by lightning striking the vehicle. The intention is to provide the system designer with a standard set
of waveforms which he can choose from to specify to his avionics suppliers. His choice will be determined by the anticipated shielding
or attenuation provided by the airframe balanced against the cost of hardening the avionjcs equipment. Although this work is still in
the early stages, it illustrates the desire of government and industry to address the problem at the earliest opportunity. Such efforts as
this will eventually impact the formulation of criteria for evaluating the impact of the total lightning environment on avionics systems.

SUMMARY

This paper has attempted to summarize the criteria which have been established for lightning simulation testing. The discussion has
concentrated on working from the natural lightning threat to the definition of simulation test waveforms, both for current and for
voltage. Aerodynamic interaciton of the aircraft with the lightning arc channel leads to definitions of zones on aircraft from which the
localized threat at specific locations on the aircraft can be deduced. These considerations led to a test matrix which defines the test
waveforms to be used in evaluating any particular piece of externally mounted electrical or electronic equipment on the aircraft as a
function of its position or location on the aircraft surface.

For internal equipment, full-scale vehicle tests have been defined as engineering evaluation tests. These tests for induced transient
levels require extrapolation of measured transients to predict actual threat level values. The full vehicle tests are still in the develop-
mental stage and may be modified as more information is obtained about the high voltage and high frequency aspects of lightning and
and about the way large systems respond to various laboratory excitation sources. [t is generally agreed that the new criteria documents
which have been developed over the past few years represent a major improvement over the previously existing guidelines. Yet. because
of the importance of new technology avionics equipment and new information about the lightning environment, it is anticipated that
many changes are to come in future years. Much work remains to be done and workers in this field are encouraged to be aler: for
opportunities to understand and to minimize the lightning hazard to future generation aircraft.
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LIGHTNING TESTING FOR AIRCRAFT AVIONICS SYSTEMS

Don W. Clifford
McDonnell Aircraft Company
St. Louis, Missouri

SUMMARY

Laboratory tests can be used to evaluate the performance of electrical components and complete avionics systems in aircraft exposed
to lightning, Direct damage tests can be conducted on externally-mounted electrical hardware such as lights, probes and antennas by
applying high-current or high-voltage arcs representative of natural lightning directly to a representative component. Externally-mounted
equipment is tested in this manner both to vvaluate the extent of damage to the component and to determine it high transient voltages
or currents are produced on internal wiring attached to the component. These tests are standardized in criteria documents and are
categorized as Qualification Tests.

Tests of avionics equipment located internal to the aircraft are not well defined nor standardized. Problems exist in dzfining the
actual threat to the equipment. taking into account the complex response of the total aircraft 1o lightrning excitation. An accurate
definition of the transient signals appearing on avionics systems wiring must be based upon analyses or tests of the electricul response
of the total aircraft to lightning excitation, the degree of airframe shielding, and coupling of external fields onto internal wiring.

Despite the lack of good definition, tests of complete vehicles or large full-scale structures can be conducted to assist in determining
the total avionics system responses to lightning. The high electrical impedance associated with complete aircraft preciudes full threat
currents from being passed through the vehicle. Present test techniques therefore use low-level current pulses through the structure to
devetop engineering information about the transient signals induced on internal wiring. Since these tests are not well developed yet they
are categorized as “Engineering Tests.”

This paper will describe the test techniques used to evaluate lightning effects on avionics equipment. The facilities necessary to
produce the current and voltage waveforms specified in the criteria documents will be briefly described as will the sensors and instrumen-
tation used to measure and record the test data. Where test setup details can affect test resu'ts, the , . ferred techniques will be
described. Newly developed techniques for full vehicle tests will be discussed briefly as they may impact the next generation of criteria
documents.

INTRODUCTION

Laboratory tests can be used to evaluate the performance of aircraft exposed to lightning. The test equipment and technigues
employed specifically for tests of aircraft avionics eqnipment and systems arc the subject of this paper. Test waveforms and application
criteria are defined in recently published documents which are discussed in a companion lecture in this series. The mechanisms of
electronic failures, either damage or momentary disruption. while of interest in determining the susceptibility of avionics equipment to
lightning-produced transients, is outside the scope of this paper. The test techniques described herein are based solely upon consider-
ations of natural lightning currents and voltages and the secondary fields produced internally by circulating currents on the surface of
the aircraft.

Direct and Indirect Lightning Effects

The lightp'ng eifects to which aerospace vehicles are exposed and the effects which are reproduced through laboratory testing with
simulated lightning waveforms are divided into “Direct Effects” and *“'Indirect Effects.” The direct effects of lightning are the burning,
ernding. blasting, and structural deformation caused by lightning arc attachment, as well as the high-pressure shock waves and magnetic
forces produced by the associated high currents. The indirect effects are predominatly those resulting from the interaction of the
electronagnetic fields accompanying lightrung, with electrical apparatus in the aireraft. Hazardous indirect effects could in principle be
produced by a lightning flash that did not directly contact the aircraft and hence was not capable of producing the direct effects of
burning and blasting. However. most indirect effects of importance will be associated with a lightning flash to the aircraft. In some cases
both direct and indirect effects may occur to the same component of the aircraft. An example would be a lightning flash to an antenna
which physically damages the antenna and also couples damaging voltages into the transmitter or receiver connected to that antenna. In
this document, the physical damage to the antenna will be discussed as a direct effect and thie voltages or currents coupled from the
antenna into the communic,tions equipment will be treated as an indirect effect.

Qualification Versus Engineering Tests

Two categories of lightning tests have been defined in modern US criteria documents. Qualifications Tests are intended for final
demonstration or verification purposes. The natural lightning waveforms and the interaction mechanisms relevant to these tests are
believed to be understood adequately to standardize the test waveforms and testing methods, Qualification Tests include high-voltage
and high-current phyacal damage tests of fuel. structural and clectneal hardware as well as indirect effects associated with lightning
strikes to externatly-mounted clectrical hardware, Engincering Tests are tests designed to provide enginecring information for design
purposes rather than for final demonstration purposes. Enginecring Teste usually involve mechanisms or wavetform parameters which
are not as well defined as those for Qualification Tests, or for which widespread agreemont cannot be reached. The principat engineering
tests which are applicable to avionics systems are the model attach point test and full-scate vehicle indirect effects tests. A third
engineering test which will not be described is the swept stroke test which is used to determine are attachment behavior over inboard
surfaces. For the purpose of this paper, it is assumed that any electrical hardware located in an inboard region will be tested for direct
and indirect effects in accordance with the guidelines given in the discussion of Qualification Tests. Swept stroke tests could conceivably
be conducted to determine the arc hang-on time for a protruding clectrical component, but no such tests have been previously reported.

The tests categorized as Qualification Tests are included in a proposed NATO Standardization Agreement. Draft STANAG 3659AF,
entitled ““Lightning Qualification Test Techniques for Aircraft and Hardware.” dated 20 Augus? 19781 The STANAG includes brief
descriptions of recommended testing techniques for the tests covered in the document. in addition, recent criteria documents published
in the US2 and in the UK 3 include descriptions of testing techniques for both Qualification and Fngincering Tests. This paper will
seek to enlarge upon those descriptions and will preface the discussion of testing techniques with a description of the general luboratory
facilities and equipment used to simulate lightriing effects. The paper will conclude with a brief discussion ot work which is underway to
develop testing methodology for evaluating electronic equipments located within aircraft to determine their susceptibility to lightning-
induced waveforms.
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LIGHTNING SIMULATION TECHNIQUES

The luboratory cquipment used to simulate lightning etfects naturally involves high-voltage and high-energy clectrical discharge
technology. Of these two technologies, the high-voltage luboratory techniques are well developed and documented. Numerous textbooks
are available to the experimenter as weln as a large body of published literature related mostly to clectrical utilits rescarch and develop-
ment. On the other hand. high-energy electrical discharge technology has mostly been developed over the past 30 years, and most of
that work has not been published in the open titerature. Much ol it is related to nuclear oriented R&D. cithe - weapons related
tsimulating transient phenomena) or fusion energy related, where very heavy electrical discharges are required to producd the high
temperatures necessary 1o achieve thermonuclear reactions. Capacitor banks storing tens of megajoules of energy have been constructed
tor fusion energy research.

The voltuge and current required for lightning effects testing are modest in relation to those associated with the equipment just
referred to. However, the techniques required to accurately produce the waveforms and to accurately simulate and measure the wide
varivty of lightning etfects of interest to aircraft designers are not trivial. Current pulses with magnitudes up to 200,000 amperes (98
percentile tirst return stroke) are not too ditficult to produce, given the energy storage capacitors. However, the challenge of accurately
simulating all of the wavetorm parameters of realistic lightning return stroke current waveforms is so great as to be unmet. Even a straight-
forward 2 x 50 psec current wavetorm (which roughly resembles a return stroke pulse) is possible only at low-current levels in most
luboratories. However, a worst case first return stroke current waveform actually includes an exponentially increasing front with a rapid
transition over the last 100 to 140 kiloamperes occurring in 200 nanoscconds or less. 4.5 The rapid tront of the wave is followed by a
stow decay which involves a very respectable action integral (12t) of over 100 an1p3-5cconds. The production of such a wavetorm.
particularly through a sizable test article, may be possible. However, the cost and complexity of tive required facilities are generally
considered to be both prohibitive and unnecessary.

The key to an cconomically feasible lightning simulation program is to simulate the important effects of lightning, rather than
attempting to reproduce the lightning itself. Although the effects may be many, and although they are almost certainly interrelated
(to some degree synergistic), for engineering purposes they can generally be separated and simulated independently. This fact has been
recognized in the formulation of recommended test waveforms in the modern criteria documents,

High Voltage Simulation

Conventional high-voltage impuise generators are used for generating high electric fields and long arcs tor the purposcs of determining
are attachment points on models or on full-sized aircraft components. These generators are also used for evaluating materials and
components for punch-through or flasnover characteristics. The voltage level and waveforms required for testing are dependent upon
the type of test and the size of the test object.

The impulse generators used for transient high-voltage tests are usually Marx-surge generators which are deseribed in high-voltage
texthooks.0.7 These generators are fairly simple to build if the only objective is to produce a fixed waveshape pulse, Several generators
of this type have been built and are in operation at lightning simulation laboratories in the U.S, and Europe. Qutput voltages of at least
several hundred KV are necessary tor long spark testing, Larger machines ranging up to S mV can be built economically for fixed wave-
form testing. A few generators are available with oatputs up to 10 mV with both wave front and tail shaping capability. These generators
are available at specialized high voltage facilities such as the General Electric High-Voltage Laboratory in the U.S. and similar laboratores
in Furope.

Figure | is a typical schematic representatior of a Marx system, These generators produce high voltage by charging a number of
“stages™ of relatively low-level capacitors (up to 100 kV per stage) in paraliel and then discharging them in series through a spark gap
switching arrangement. The voltage pulse produced at the output has a rise time determined essentially by the resistance and capacitance
of the output and external circuit, and a decay time determined by the RC time constant of the stack capacitance and any resistance to
ground. Figure 2 is a waveform showing the output of a machine with a very fast rise to peak. a slow decay as the stack capacitance
decays hack through the charging resistors. and then the fast drop as the air gap is closed by a long spark, dropping the total circuit
resistance from thousands of ohms to tens of ohms or less. Figure 3 i - photograph of a 4.2 mV Mara generator used in aircraft testing.

Very high-voltage DC rectifier sets are used in specialized applications such as corona streamering tests on diclectric materials or high
static-field generation. Moderately high-voltage DC power supplies (up to 100 KV Yare used as the charging supplics tor capacitor
banks and Marx generators, These power supplies are very low current supplics so cannot be used tor damage effects tests,
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FIGURE 3
4.2 Mv TEST OF FULL SCALE AIRCRAFT TEST ARTICLE

High-Peak Current Simulation

High-carrent simulation is conducted separately from long spark tests, because the voltage required to break down a large gap
(109 volts) is so high that the power necessary to generate up to 200,000 amps in the are quickly exceeds the bounds of feasibility.

The proposed STANAG high-current wavetorm is presented in Figure 4. Notice that the current covers three orders of magnitude and
the time scale encompasses nearly five orders of magnitude. The very high-current portions of these wavetorms are generally simulated
by discharging encrgy storage capacitors into the test sample. Large capacitor banks can be constructed easily to produce high-cnergy.
high-current discharges in very short ares. but, as mentioned earlier, some complexity is involved if a reasonable simulation of the actual
lightning current waveform is required.

The discharge from a capacitor bank can be represented by an equivalent LRC circuit, as shown in Figure S. and standard clectrical
theory can be used to predict the circuit current. The capacitance in the circuit is dominated by the capacitors: the inductance ol the
circuit is the combined internal inductance of the capacitors plus the external circuit: and the resistance is the combined effect of
internal capacitor resistance and external circuit resistance. which includes that of the test sample. The resistance, and especially the
inductance, of the test setup are often difficult to control because they are distributed quartities which are dependent upon the size
and configuration of the test object,

Upon discharge, the gencrator simply behaves like an LRC circuit in which a capacitor is discharged through a resistor and an
inductor by a switch closure. The output current wavetorm is then given by

Rt
kty= - ¢ 20 fsinet
wl
where Vs the charging voltage, w is the resonant frequency of the circuit given by
N | >
n R+ (t) ~
Lo,

w =
N
40

Rityand L are. respectively. the bulk cireait resistince and inductance. while Cg s the capacitance of only one generator stage. The
arcutt inductance is principally a result of the pulse generator’s internal inductance and for all practical test purposes it is unalterable.
This inductance limits the rise time of the generator and the resulting discharge is gene ally much too slow to obtain the model wave-
form’'s specified value of current rate of rise of 100 kKA usec.

Pepending on the resistive damping, the arcuit may resonate tunderdamped vase ) or the current may he ¢ treally damped or over-
damped. The underdamp-d case is commonly used by many laboratorics to obtam the high-peak current components of the heghtning
wavetform because it can be done easity with a minimum of cquipment. However. the underdamped ca s Tess desirable vor it o
ditficult to control the ¢r creyv an the discaarge waveshape. The total discharge energy is the sum of the encrgy deposited durmg cach
halt cvele of the oseldlatory current and s care fully specified in the mode! waveform . 1 the generator has sufficient energy and output
voltage. it can utilize resistive damping to eliminate oscillations. control the current and pulse width and still achieve the full peak
amplitude. The single polarity pulse thus produced is more representative of a natural discharge than an oscillatory pulse. Tests have shown i
that a unipolar discharge often constitutes 4 more strenous test condition than does an oscillatory discharge of equal peak amplitude and

energy content.
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HIGH CURRENT TEST SETUP AND EQUIVALENT CIRCUIT

Inductive energy storage is used in the UK (Culham Lab) based on technology developed in their fusion energy program.9 The 1
advantage of the inductive storage technique is that the large inductor acts like a fixed current generator, and in this respect is more 4
comparable to natural lightning than a capacitor bank. In addition, less capacitance is needed to generate the action integral specified |
in the criteria documents. However, the inductors are large and expensive to manufacture; they must be custom built, and the associated
. magnetic fields are very intense, possibly requiring extra shielding of other laboratory equipment.
; With peak currents up to 200 kA, it is both difficult and expensive to charge an inductor from conventional DC sources. To over-
come this, capacitive storage can be used to charge the inductor. The simplest method of achieving this is to discharge the capacitor
. via the test piece into the inductor. At the first current peak, all the remaining energy is stored in the inductor, and this can be fed
3 into the test piece by simply short circuiting the capacitor. (See Figures 6 and 7.)
This system of initial capacitance storage, discharged into inductive loads with a clamping or diverting switch, serves very well for
simulation of the current component A (Figure 4) where the peak current, rise times and pulse duration permit the design of a generator
having practical dimensions. The main limitation of this system, however, is the control of the rise time, which is a function of L and C.
Where high charge transfers and medium currents are required (such as in current components B and C), both C and L need to be large:
and this gives a very long rise time for current in the inductor. Faster rise times can be achieved by discharging the capacitor directly
into the inductor, and discharging the inductor into the test piece after the transfer of stored energy from capacitor to inductor has
been completed.

High-Charge Transfer Simulation
The continuing current type lightning stroke (lower level currents shown in Figure 4) has been simulated most readily by high-energy
DC rectifiers or by batteries in a series-parallel combination, The STANAG specifies 200 amps for one second as a simulation require-
ment for fuel systems; 200-amp DC supplies are not difficult to obtain, but a complicating factor is the necessary driving voltage. Many
test objects reyuiring high coulomb tests are resistive in nature and often even metallic materials are covered by good dielectric paints.
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'! Consequently, the arc may extinguish or fail to strike if the sustaining voltage is too low. When resistance is a problem, or when larger
! arcs are needed, capacitor banks are often used because of the higher charge voltages. However, capacitor banks are limited in the total
charge which can be stored. Inductive energy storage systems are particularly useful in this application.
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FIGURE 6
EQUIVALENT CIRCUIT FOR CLAMPED INDUCTOR DISCHARGE HIGH-CURRENT TEST ]
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FIGURE 7 1
CURRENT WAVEFORMS PRODUCED BY CLAMPED INDUCTOR DISCHARGE i
INSTRUMENTATION
Diagnostics ]

The two basic measurements required in the lightning laboratory are current and voltage. Cutrent measurements can be made by using
either low inductance resistive shunts or magnetic probes, pickup coils, or Rogowski coils.

Shunts are most useful for the intermediate cutrent and continuing current phases, where the di/dt is low, the duration relatively
long, and the circuit can tolerate the shunt inductance. Sensitivities vary from 100 A or so to some tens of kiloamperes, Calibration
is absolute: and the diagnostic is durable, consistent, and reliable. The shunt must be able to carry the J7i2. dt of the high current
circuit, and it must be introduced at the ground point only. Care must be taken not to introduce ground loops.

Current transformers, Rogowski coils, and magnetic probes may be used for the higher peak value currents (> 104A) and di/dt values
(> 5 kA/us). The Rogowski coils have the advantage of absolute calibration, but their high frequency performance is poor. These two
sensors have no metallic connection with the high current circuit and, therefore, they do not require reference to ground. They are.
however, more susceptible to high frequency pickup and hash originating from the very high peak current trigger pulses and other
switching noises.

An extension of the Rogowski coil is the modern commercially available current transformers. These units have fair to good
frequency response, depending on cost; they are well shielded against RF interference and they come in a variety of sizes for different
applications. Balanced twin lead cables can again be used for connection to recording equipment,

Voltage measurements are usually accomplished by atrangement of capacitive or resistive voltage dividers. These measurements can
be very difficult to accomplish with great a-curacy and confidence if very high voltages with rapid rates of change are involved. This is
especially true if the divider unit is exposed to radiated fields from the high voltage generator. Well-shielded cabling must again be
employed. Compensated dividers are available commercially and construction techniques can be found in textbooks. 6.7

Alteratively, electric field sensors are inherently high frequency devices and can yield very accurate measurements of high-voltage 1
waveforms. Accurate quantitative measurements of peak voltage levels are more difficult to make with field sensors because of
uncertainties in field gradients generated by corona and streamering across the air gap containing the sensor.

In open arc work, photography can be employed to great advantage; either still or high-speed movies may be used as appropniate,
Pressure sensors, thermocouples, infrared sensors, and other transducers have an important role to play for appropriate tests. However,
with any electrical sensor, great care must be taken (because of the intense EM environment during generator discharge) to ensure that
the recorded output signal is truly representative of the actual parameter to be measured.

Messurement Equipment and Techniques
Care must be taken in the arrangement of the diagnostic equipment used for induced coupling measurements. The physical circuit
must be arranged to ensure that the diagnostic equipment is not influencing the system response. The discharge of laboratory gener-
ators produces intense el~-tromagnetic fields over a wide range of frequencies. High-frequency RF energy from spark gap switches
\ and rapidly changing elc..  fields accompany the magnetic fields produced by th high-peak current surges. This intense EM field
environment will induce currents in any exposed electrical conductors, including exposed signal leads, building power lines, and measur-
ing instruments. These spurious signals can easily mask the desired signal if care is not taken in the design and installation of the
instrumentation system.
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In addition to the problem of shielding the instrumentation system, the frequency response of the total measurement must be fast
enough to detect the very sharp high-frequency transients which often occur at the instant the generator is triggered. For small
component-sized test articles, system resonances and coupling modes other than magnetic or resistive are not under study. Therefore,
the upper frequency limit requirement will be determined by the test waveform. For example, direct effects tests on external hard-
ware may employ fairly slow current waveforms (10 to 20 usec to peak). On the other hand, indirect effects tests using Current
Waveform E from the proposed STANAG will need to be able to see induced transients rising to peak in a tenth of a microsecond.
Therefore, a bandwidth upper limit of at least 10 MHz should be used in those tests.

Where full-scale aircraft testing is involved, system resonances become very important. Therefore, instrumentation capabilities must
be extended into the 30-MHz range, at least for small aircraft. Responses in the 100 MHz range may become viewed as important as
more is learned about the coupling of lightning produced transients onto signal cables.

For component-level tests, the instrumentation may be installed in the same shielded enclosure on which the test object is mounted.
Such installation requires adequate volume in the enclosure, as well as good ventilation for cooling and quick access for data retrieval.
The advantages of this arrangement are that the measurement leads are short, and minimum additional effort is required in sheilding
of the instruments. A test of this type is illustrated in Figure 8.

In other instances, the instrumentation may be housed in a separate shielded room. The measured transient signals must then be
transmitted to the shield room via signal leads of some type. In this case, precautions must be taken to ensure that spurious signals are
not induced in the signal leads. The elimination of interference can be greatly facilated by the use of balanced twin cables, in solid
copper tubes. The copper tube must be kept directly against and in electrical contact with the high-current transmission line at its
lowest field point, trom the position of the diagnostic to the common ground point. Care must be taken, however, to ensure that
long-shielded cable runs do not load down the signal, either in frequency or magnitude. Care must be taken ir the design of impedance
matching devices and other interface circuitry to ensure that the signal is not distorted or masked.

Other low-noise signal transmission techniques include the following:

a.  Double-shielded duplex cable and differential readout instrumentation to eliminate common mode voltages.

b. Completely floating battery-powered instrumentation (elimination of ground loops and power line filtering).

¢. Fiber optics to isolate the readout instrumentation from both the electrical circuit under test and the transient generator (elimin-
ation of ground loops).

d. Fiber optics and very short instrumentation cables to minimize loading effects on the test circuit,

¢. solation resistors at the voltage pick-oft point to minimize the loading effects on the circuit under test.

Even after all these precautions have been taken. the elimination of noise in the measurement instrumentation system should be
veritied. This can be accomplished by delivering the test current to the shielded enclosure while monitoring the readout instrumenta-
tion with the leads disconnected tfrom the electrical circuit under test. This should be done under two conditions:

a. with the disconnected measurement leads open circuited, and

b. with the disconnected measurement leads shorted.

Since tiber optic tecl riques are fairly new, the following paragraphs will describe their application in more detail.
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FIGURE 8
COMBINED DIRECT AND INDIRECT EFFECTS TEST SETUP FOR
EXTERNAL ELECTRICAL HARDWARE

Fiber Optic Data Links

An attractive aiternative to multiply-shiclded. carefully grounded signal cables has become available in the form of fiber optic data
hinks These units have the advantage of completely isolating the instrumentation from the test environment and climinating the long
signal feads which act as antennas to pick up unwanted ficlds produced by the generator upon discharge. The instrumentation can be
enclosed 1n a shiclded room with no cable penetration other than shielded filtered power lines, In addition, the data can be taken from
a test article raised to very high voltages since there is no grounding of shiclds to worry about.

The disadvantages of fiber optics are disappearing as the technology matures. Good fidelity and lincarity can be achieved in analog
systems with bandwidths up to 100 MHz, A transmitter/converter receives the electrical signal, converts it to an optical encoding diode
where it is transmitted as a modulated light signal via a light pipe to the instrumentation room, There it is reconverted to an electrical
signal for d splay on an oscitloscope or for digital recording. A fiber optic data link set is shown in Figure 9.
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FIGURE 9
FIBER OPTIC DATA TRANSMITTER/RECEIVER SET

Recording and Data Processing

The recording of transient electrical signals is conventionally achieved by photographing oscilloscope traces with a Polaroid (or
equivalent) camera. Most oscilloscopes designed for transient applications are equipped with face-mounted cameras. The photographs
of the scope sweeps or traces have long constituted the final output data from the test.

The “scope camera” technique has disadvantages. Much time (and film) is ofter required to obtain the proper light levels and
triggering. Many data events are missed as a result of improper triggering, wrong exposure settings, or failure to reload film in the
camera. In addition, modern requirements dictate additional data processing of the measured transient. For photos of scope traces,
that means manual integration or differentiation of the signal, or manually digitizing the signal for computer processing. Despite these
disadvantages, the technique is still useful for verifying generator performance parameters and will likely remain popular for some time.

Transient digital recorders have many advantages for lightning-type tests and they are becoming very popular in the U.S. These units
have a recirculating memory which is constantly monitoring the input data line via an analog to digital converter. The memory can be
frozen at any time by triggering internally on the leading edge of the signal to be measured. By adjusting the “pretrigger time” the
data record can be stored beginning a set time before the event begins. This feature prevents losing data on the leading edge of the pulse.

The commercial units are being improved rapidly, but current models have effective bandwidths up to 100 MHz and storage times out
to 100 microseconds. Because the memory has a set storage capability, the time resolution is reduced as the storage time is increased. That
is, a short record, say ten microseconds full scale, will have more discrete data points available to record the data per microsecond than if

the record is stretched out to 100 microseconds.
Once the datum is stored in memory, it can be manipulated at will for display on different time and amplitude scales, and it can be

transferred into a digital computer for further processing. A simple application of this capability is the calculation of the action integral
of a high current waveform, as required by the new criteria documents. Another application where this capability is almost essential, is
in the measurement of induced transients in full-scale aircraft tests. These transients are generally in the form of damped sinusoids with
a mixture of diffcrent frequencies. In order to understand the coupling processes. the time-domain record must be converted to a
frequency domain record by taking the Fourier transform. This operation requires a computer if any number of data events are to be
analyzed.

An example of a typical data trace from a fiber optics/digital recorder system is shown in Figure 10, along with the Fourier transform.
The data is typically filed on magnetic tape and piotted out with an X-Y recorder for presentation or reporting. No film or photography
is involved.

The computational tasks for lightning test data processing are not extensive and can generally be met by a programmable calculator
or a small laboratory microcomputer.

Summarizing the discussion of simulation and instrumentation techniques, Figure 11 is a block diagram of a One-Megajoule High-
Current Damage Test facility, showing the relationship of energy storage systems for the various current components, the charging
systems, the diagnostics and the instrumentation.

TEST TECHNIQUES

Having discussed the general simulation and instrumentation techniques for lightning testing, the specific procedures and rationale for
different types of tests will now be described. The tests are categorized as Direct Effects or Indirect Effects tests and they are also cate-
gorized as Qualification Tests or Engineering Tests. These terms have been defined previously. The order in which the tests will be dis-
cussed follows roughly the order in which the tests would be conducted in a typical program. Thus, the first test is the model attach
point test, which is an Engineering Test, followed by three Qualification tests oriented to externally-mounted electrical hardware, then
concluding with the fulkvehicle indirect effects test which is an Engineering Test.

Model Attach Point Test (Engineering Tests)

The initial laboratory test used in the development of lightning protection for an aircraft is often a scale model lightning attach point
study. It is important for aircraft designers to know precisely where lightning may strike on a new aircraft. It is known that lightning
initially attaches primarily to the extremities of the aircraft. Most attachments are to wing tips, nose, horizontal and vertical fin tips
and other protuberances such as antennas, probes or external stores. However, there are questionable areas on most aircraft where a
simple examination is not sufficient to determine, with any confidence, whether lightning will strike there or not. If there is a question
of attachment probability, then it is likely that the probability of an attachment there is low. However, where safety of flight is con-
cerned, even low probabilities must be considered. In such cases, more information is needed for making important design decisions
regarding lightning protection. The placement of electrical hardware, the incorporation of protective measures, and the routing and
shielding of critical avionics wiring may be influenced by the location of attachment points.

e g P T P (oGP

ey AT £ g

IR




o b e R 5 P O I L A SN 5100 ARG 1 T s 1 G Sl - Al 7 el

: 7-8
3 20 ]
15 —
Time Dormein
2 0 I}
o
>
g 5
- 0 anads
>
§ -5
1 ? -0
1 £
j -15
-20 L
i 0 04 08 12 16 20 24 28 32 36 40
M Time, Microseconds
ﬁ 0 ] | | 14.5 — v(vm Rlsolmna
g Cylinder Resonance —10.2 Frequency Domain
€ |
8 - N JZ‘IJS_ :
§ 10 7.25 — Nult Null :
& N r\f :
w
g :
-2
- 00 25 5 7.5 10 126 15 175 20 226 25 :
Frequency, MHz
GPOYV.0132 26 ;
FIGURE 10 ;
TRANSIENT DIGITAL RECORDER RECORD OF 1
INDUCED TRANSIENT WITH FOURIER TRANSFORM H £
|
Spark i
Gap . 4
Wave- ;
300 kJ ..O O_. Shaping ° , o
200 kA Cap. Resistor Lo
Current Bank :
(HPC) (110kV)
4 Peaking Wave :
Cap. Shaping >
A — Bank Resistor
330 kJ ]
100 kA Cap. _O shwa:"i:g N ]
Restrike Bank Resistor b
{110kV)
- :
= o Isolation :
Limiting
" Cap.
Resistor Bank L :‘
= Sample ,
480 kJ .
Continuing Cap. Cutoff Isoal:t‘;on
Current Bank 7] Circuit i
{11 kV) Waveshaping
High High Time Coaxial
Voltage Voltage Delay Current 1
Pulser Pulser 120 ms Shunt =
1 4
Putse
“Fire” 10/1 C
Signal r’ 39:(;':, ‘J Attn. D
Current
| O Xducers
Dual Beam Dual Beam
1solated r__IScope '_ﬁsmp' QD
Power -
System 100/1 =
VIV]H]H VIVIH]|H Attn =
GPO1 0132 2%
; FIGURE 11
I SIMPLIFIED BLOCK DIAGRAM OF IMJ HIGH-CURRENT LIGHTNING GENERATOR
n CONNECTED FOR SEVEAR MULTICOMPONENT LIGHTNING TEST




o e e AN Il i AP - 1

e

o1 wtuiada aton

e i b i e b . i B 3

79

A scale model lightning attach point study can assist in this determination. The study is typically performed by placing a conductive
model of the aircraft in an air gap between electrodes of a high-voltage impulse generator. The air gap is overvolted, causing a long spark
to propagate between the electrodes, The spark is intercepted by the aircraft model, and the points on the mode! where the spark
attaches are recorded as possible lightning attachment points. The model is rotated in small steps through all three axes of roll, pitch
and yaw, and spark discharges to the model are triggered in each position. In this manner, lightning strikes to the aircraft from every
direction are simulated.

Typically, three to ten shots are taken with the model in each orientation. Photographs, usually taken with two cameras positioned
at right angles to each other, are used to identify and record the attachment points, Data from the photographs can then be used to
tabulate all attachment points or to construct diagrams of various types showing capture angles or probability distributions.

In planning a model attach point test, a number of questions arise concerning various test parameters such as model size, construction
and accuracy, air gap spacing, electrode geometry, electrode polarity, high-voltage waveform, grounding of the model and the number
of discharges at each model orientation. It is difficult to specify these variables exactly, because a detailed knowledge of the mechanisms
of propagation of natural lightning and the associated fields does not exist. The results of experiments which have been conducted for
the purpose of determining the effects of these variables and their impact on the test are reported in References 10 and 11.

In view of the fact that model attach point tests may be relied upon to make important lightning protection design decisions, the
test should be conservative, but as realistic as possible. The large number of laboratory variables which must be considered makes the
establishment of a standard test procedure difficult. However, agreement has been reached on most aspects of the technique, with
optional procedures defined in the principal areas of uncertainty.

The questions surrounding the proper choice of high-voltage waveshape and polarity are probably the most complex, and at the
same time the most significant in terms of the effect of the choice on the results of the test. It has been shown that the use of high-
voltage pulses with fast wavefronts, such as the standard 1.5/40 wave (1.5 usec rise, 40 usec decay), results in a limited distribution of
attach points, mostly in high field regions. However, if slow rising waves are used, such as a 50 usec rise time switching pulse, then the arc
propagation mechanisms are altered, and the arc tends to meander in an erratic fashion. As a result, the arc attachment points become
more scattered, resulting in a larger number of attachment points, including some at inboard regions. Since the model attachment points
produced by the slow wave are more scattered, the test is seen as being more conservative, thus producing greater confidence that all
attach points have been considered. On the other hand, fast rising waveforms have been used in most of the previous model tests,
resulting in fewer attachment points but good correlation with flight experience.

As a result of the waveform controversy, a double-option approach has been agreed upon by workers in the U.S. and Britain. Two
test waveforms have been defined for model attach point testing. The first is a fast-fronted waveform which is to be used for what is
termed “Fast Front Model Tests.” The second waveform is a slow rising waveform which is to be used for *‘Slow Front Model Tests.”

The voltage waveform for the fast front model test is a chopped voltage waveform in which flashover of the gap between the model
under test and the test electrodes occurs at two psec (+50%). The amplitude of the voltage at the time of flashover and the rate-of-rise
of voltage prior to breakdown are not specified. Attachment points on models obtained by tests using this waveform are all automati-
cally designated as Zone 1 (direct attachment) regions.

The voltage waveform used for the slow front model tests has a rise time between 50 and 250 usec so as to produce a more erratic
arc attachment behavior. It should produce a greater spread of attach points, possibly including attachments to low field regions. There-
fore, the test data obtained must be analyzed by appropriate statistical methods to arrive at the definition of Zone | regions. In other
words, some judgment must be exercised in interpreting the results of the slow front test, whereas the fast front test results are used
directly. Neither criteria for judgment, nor the “appropriate statistical methods™ to be employed in the slow front test analysis, have
been specified.

A model attach point test on a scale model of the Space Shuttle in the launch configuration is shown in Figure 12. The simulated
plumes are attached to help in determining if lightning could attach to the main engine nozzle on the Orbiter.

arer 01178

FIGURE 12
MODEL ATTACH POINT TEST ON SPACE SHUTTLE WITH SIMULATED PLUMES
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High-Voltage Attachment Tests on Full-Scale Hardware (Qualification Test)

Electrical equipment is often mounted on the external surfaces of aircraft and many times the location is on or near extremities of
aircraft where lightning flashes may attach. Many times antennas or other electrical components are covered by radomes or noncon-
ducting fairings or glass lenses. High-voltage, long-spark tests are used to determine whether lightning can be expected to puncture
dielectric covers and attach to the internal components or whether the stroke will flash over the surface of the cover and attach less
harmfully to metallic structure. The tests are also used to identify detailed attachment points on complex metallic structures where
it is desirable to know exact attachment points or detailed current flow paths.

A fast rate of rise voltage waveform has been defined for arc attachment tests on full-scale hardware. This waveform is designed to
produce worst case results on dielectric puncture/flashover tests, but may not be worst case for attach point distributions on metallic
systems. For situations where conservative test results are desired on all metal systems, an optional slow rate of rise waveform is also
defined. The two waveforms, designated voltage waveforms A and D, respectively, are shown in Figure 13 along with the relevant
parameters. The rationale for the definition of the test waveforms is discussed in a companion lecture iin this series. An attachment
test of a light/antenna group on a vertical stabilizer is shown in Figure 14.

In the fast waveform test, it is important that flashover occur on the rising front of the waveform in order to ensure that worst case
stress conditions are being applied to the test article. Since a one-meter gap is also specified for the test, a high-voltage generator with a
peak output voltage of one megavolt or greater is required.
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IDEALIZED HIGH VOLTAGE WAVEFORMS
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FIGURE 14
LONG SPARK ATTACHMENT TEST OF LIGHT AND ANTENNA
CLUSTER ON VERTICAL FIN

The qualification test specifications which have been developed for this type of test specify the following criteria.

4. This test s performed on full size structures that include nonmetallic surfaces and is used to determine the possibility of puncture

and any other paths taken by the lightning current in reaching a conductive element.

b. This test method is applicable to radomes, canopies. wing and empennage tips, antenna fairings, windshiclds and any other
assemnblics located tn a direct strike zone and constructed of nonmetallic materials which might be vulnerable to puncture and
damage trom a lightniag strike.

. The test apparatus required includes: A high-voltage generator capable of producing voltage waveform A with a peak voltage of
at least 1.5 million volts, high voltage measuring and recording instruments, and photographic equipment for recording strike
points.
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d. The test object should be a production-line hardware component or a full-scale prototype. All conducting objects within or on
nonmetallic hardware that are normally connected to the vehicle when installed in the aircraft should be electrically connected to
ground (the return side of the lightning generator). Surrounding external metallic vehicle structure should be simulated and
attached to the test object.

e. The test electrode 1o which test voltage is applied is positioned so that its tip is one meter away from the nearest surface of the
test object. Dimensions of the test electrode are not critical. If model tests or field experience have indicated that lightning
flashes can approach the object under test from several different directions, the tests are repeated with the test electrode oriented
to create strokes to the object from these different directions.

If the test object is so small that a one-meter gap permits strokes to miss the test object, or if a one-meter gap is inappropriate

for other reasons, shorter or longer gaps may be used.

f. A typical test procedure would include the following steps:

1. Set up the high-voltage generator, test electrode and photographic equipment.

2. Inspect the high-voltage equipment and area for safe operation.

3. Insert a dummy test object beneath the electrode, or place a conductive bar over the actual test object such that wavefrom
checkout discharges cannot damage the test object.

4. Fire a dummy discharge to the test object to check the voltage waveform and establish that the specified waveform is in fact
being applied and check out the operation of the photographic equipment.

5. Place the test object beneath the test electrode and begin the tests by firing one discharge at the test object.

6. Fire the specified number of discharges from each position. Inspect the test object after each discharge and record the strike
attachment points. This may be accomplished by moving either the electrode or the test object to cause the discharges to
approach from each of the other direction(s) from which a natural lightning strike might be expected to approach. Repeat
steps 5 and 6. If a change results in the air gap between the electrode and the test object, step 4 must also be repeated.

7. Tests may be commenced with either positive or negative polarity. If test electrode positions are found from which the
simulated lightning flashovers do not contact the test object or do not puncture it if it is nonmetallic, the tests from these
same electrode positions should be repeated using the opposite polarity.

8. Correlate photographs with strike attachment points observed on the test object.

g- The data taken should inctude:

1. Environmental data such as temperature and humidity;

2. Description and photographs of the test setup;

3. Date, personnel performing the tests, and location of the test;

4. Test voltage waveform oscillographs;

5. Photographs of discharges and attachment points on the test objects.

Test Rationale - The new STANAG and the SAE report (Reference 2) upon which it is based advise that tests begin with the high-
voltage electrode at either polarity and suggest that tests in which no punctures occur be repeated at the other polarity to make sure
that the same result holds, since either polarity may exist in flight. Plumer, in Reference 12, concurs in this recommendation, but has
found, in most cases, that somewhat more punctures occur when the high-voltage electrode is at positive polarity. This is probably
because streamering is more profuse from a positive electrode, permitting streamers to move closer to the test object (and apply a more
intense field to it) prior to being intercepted by a streamer emanating from an external conductor.

Until recently, it was considered appropriate to apply many discharges to the test object to cover scattering effects. It is now apparent
that partial breakdowns occur within some dielectrics found on aircraft, resulting in punctures after several withstands. This effect is
most pronounced in fiberglass materials, including multi-ply or filament-wound laminations and foam or honeycomb-filled sandwich
configurations. If such a material will withstand three discharges without puncture, it may be considered to have passed the test, since
few such structures would experience more strikes than this (at the same location) during their lifetime.

If three discharges are insufficient to evaluate scatter effects, the test object should be rotated to expose an untested surface if
available: otherwise, additional test objects should be used. The inside and outside surfaces of the test object should be inspected after
each discharge to identify the attachment point(s) and punctures, if any. Each point should be marked so that it will not be confused
with attachments produced by subsequent discharges. In addition, each discharge should be photographed so that the path taken by the
flashover can be identified.

Restrike Simulation - In cases where the lightning current decays prior to a restrike, an intense electric field similar to that which
preceded the original strike may be applied to the aircraft. If the aircraft has moved forward during this time, this field may be applied
to surfaces aft of the original attachment point. This possibility must be assumed to occur over any surface that may experience a
swept stroke (as in zone 2A). Since the dart leader preceding the restrike may follow the original path, the electric field may be most
intense between points C and B beneath the channel, as shown in Figure 15.

The possibility of a puncture beneath such a restrike can be evaluated using this test technique by placing the high-voltage electrode
several centimeters above the surface. The rate of voltage rise should be 100 kV/us as in the initial attachment point test, but since the
flashover path(s) is shorter, flashover will occur at an appropriately lower voltage.

Multiple paths are common, and care should be taken to assure that all such paths are identified. There are cases, for example, in
which both a puncture and a surface flashover will occur simultaneously. A camera placed inside the test object may be utilized to
identify internal streamers or punctures.

Protection Development Tests - The high-voltage test may be utilized to evaluate the performance of protective devices, such as
diverter strips, or to determine the maximum separation permissible without puncture. Such tests can often be performed upon flat
samples of the dielectric wall material of sufficient size to allow diverter strips to be attached and spaced similarly to the desired aircraft
installation. The high-voltage probe is positioned one meter above the surface, equidistant between the diverter strips being tested, as
shown in Figure 16.

Successful coordination of diverter spacing with internal conductor-to-wall spacing is achieved when the voltage and time necessary
to flashover from any point on the external surface to the nearest diverter strip is lower than the voltage and time required to puncture
the skin and attach to a conducting object beneath. The latter path includes the dielectric skin material as well as the air gap, but is
must be remembered that the voltage withstand capability of a path through several different materials is less than the sum of the
separate withstand voltages. Thus, the withstand or puncture voltage of a structure cannot normally be determined by testing its
components individually. The complete structure should be tested. Further discussion of the subject is presented in Reference 12.
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FIGURE 16
TEST ARRANGEMENT FOR DETERMINING DIVERTER SPACING (D) AS A FUNCTION
OF PROXIMITY (g) TO AN INTERNAL CONDUCTOR - FROM REF (12)

Tests to Determine Zone Boundaries - The tests described thus far have been designed to identify puncture possibilities. The fast
rising test voltage, which is provided by voltage waveform A, enables the electric field to reach sufficient intensity to puncture the
dielectric skin before streamers drawn from external conductors further away reach the high-voltage electrode. If the test voltage were
increased at a slower rate, external flashovers would begin to predominate.

In some cases, however, it is desirable to encourage streamers from more distant, less probable locations, to identify the boundaries |
of a zone over which direct lightning strikes are possible. Here a slower rising test voltage is desirable. If the range of electric field rates-
of-rise possible from natural lightning is as broad as the range of return stroke current amplitudes (a likely possiblility since both are
related to charge in the leader), voltage rates two orders of magnitude lower than waveform A may also be possible.

A voltage waveform which rises to crest in 50 microseconds has been identified as waveform C in Reference 2 for use in certain
engincering tests. Waveforms with rise times of up to 250 microseconds are permitted by the definition of waveform C (50 to 250 us)
and the particular rise time is not critical. Tests with this waveform would be used to determine how far inboard Zone 1 should extend
on wing tips with large radii of curvature and to evaluate worst case attachment distributions on complex arrangements of componerts
in Zone | areas,

High-Current Direct Effects (Qualification Tests)

When an aircraft is struck by lightning, high current damage effects may be produced when the aircraft forms part of the total lightning
path. Lightning currents flow between the two or more attachment points on the aircraft. Direct (damage) effects are most generally
produced in the localized vicinity of arc roots or attachment points, although current flow through joints or high impedance paths can
produce damage away from the arc. Because of the sweeping action of the lightning arc in the windstream, arc attachment points on
forward parts of the aircraft often move aft in the windstream. This sweeping action may expose externally-mounted electrical hardware
to arc attachment and damage although not mounted in a direct strike zone. The high current threat characteristics depend upon
location on the aircraft because of the time-varying nature of the current and the sweeping action. The direct damage effects include
burning, eroding, blusting, and structural deformation caused by arc attachment, as well as high-pressure shock waves and magnetic
forces produced by the associated high currents.

The severe model current waveform used in the modemn criteria documents was shown previously in Figure 4, along with the numeri-
4 cal vaiues of the various components (A-D). In addition, current waveform E, shown in Figure 17, may be used to test for direct effects
which are dependent upon inductive effects. These effects might include sparking or surge arrestor damage, for example.

The swept stroke zones are defined in detail elsewhere. Briefly, however, Zone 1 regions are subject to direct (initial) attachment,
Zone 2 regions are swept stroke zones aft of forward Zone 1 regions. Zone 3 regions have low probability of arc attachment. Category A
zones have high probability of arc movement (sweeping action), whereas Category B zones have high likelihood of arc hang-on.
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FIGURE 17
CURRENT WAVEFORM E

With this background, the proposed STANAG test specification includes a waveform application table, shown below as Table 1.
The STANAG test procedure for Qualification Tests for Direct (Damage) Effects includes the following criteria:
a.  This method is used for determining the direct effects resulting from the interaction of lightning currents with aerospace
vehicles and hardware.
b.  This test method is applicable to aerospace vehicle structures and components which are susceptible to lightning current
attachments or transfer. This includes probes, booms, antennas, lights, and other hardware located in zones 1 or 2.
¢.  The test apparatus required includes a high current generator(s) capable of producing the specified waveforms, and high
current measurement and recording instruments.
d.  The test object shculd be a production-line hardware component or a full-scale prototype. All conducting objects within or on
nonmetallic hardware that are normally connected to the vehicle when installed in the aircraft should be electrically connected
to ground (the return side of the lightning generator). Surrounding external metallic vehicle structure should be simulated
and attached to the test object.
The test setup should be such that the simulated lightning currents are delivered to and conducted away from the test object in a
manner representative of the condition where the aircraft is struck by lightning. Care must be taken to assure that magnetic forces
and other interactions which are unrepresentative of the natural situation are minimized.
CAUTION: There may be interactions between the arc and the test conductors. Care must be taken to assure that these interactions
do not influence the test results.
e.  Arc-entry tests tor zones I and 2 are conducted using electrode materials which are good electrical conductors capable of
resisting the erosion produced by the test currents involved. Yellow brass, steel, tungsten, and carbon are suitable electrode
materials. The electrode is a rod with a rounded end, which is firmly affixed to the generator output terminal and spaced at
a fixed distance away from the test object.
f.  The gap spacing must be sufficient to ensure that arc-jet and blast pressure effects do not influence the test results. Normally !
the gap will be at least SO mm for Component A or D and at least 10 mm for multiple component tests. A fine wire such as
No. 30 copper wire can be used as required in the gap to assist in the current discharge of low-voltage-driven current generator(s).
g The electrode polarity of the Waveform Components A and D can be either positive or negative. The electrode polarity of
the Waveform Components B and C must be negative.
h. Conducted entry tests for tests of objects in zone 3: the test current is conducted directly into and out of the test object in a
‘ manner representative of the actual lightning current paths in the aircraft. This test can be combined with the zone 1 and 2 -
i tests described earljer. »
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i.  Normally, the test waveforms are applied as follows:

Zone 1A:  Apply Wavetorm Components A and B in order.

Zone 1B:  Apply Waveform Components A, B, C, and D in order. but not necessarily in one continuous discharge.

Zone 2A:  Apply Wavetorm Components D, B, and C in order. The total current discharge time shall be limited to 50
milliseconds or to a time period previously determined through a swept-stroke attachment test or analysis
(see Table I, Note 1),

Zone 2B:  Apply Waveform Components B, €, and D in order.

Zone 3: Apply Waveform Components A and € in order.

Iz Lightning damage may be in the form of pit marks or burn-through holes on skin panels, weakened or distorted structural
joints, structural deformation from blast pressures, puncture or delamination of composite structures, etc. Structural tests
and/or nondestructive inspections may be required both before and after tests for damage evaluation.

k. Thc actual test procedure will include the following steps:

Set up the high-current generator, discharge circuit and diagnostic equipment.

Inspect the equipment and area for safe operation.

Insert a dummy test object beneath the electrode, or place a conductive bar over the actual test object such that

wavetorm-checkout discharges cannot damage the test object.

4. Fire a discharge to the dummy test object 1o check the current wavetorms and establish that the specified waveform(s)
is in fact being applied and check out the operation of the diagnostic equipment.

5. Place the test object in the discharge circuit.

6. Fire the specified number of discharges and inspect the test object after cach discharge and record the rusuits,

I The tollowing data should be collected:

Environmental data which may aftect the test results:

Description und photographs of the test setup:

Date, personnel performing the tests and location of tests:

Test object photographs both before and after lightning tests:

Test current wavetorms,

n. ll is important to ensure that the test instrumentation shall be adequately shiclded from electromagnetic fields associated
with the lightning test currents and other sources. In cases where inductive sparking may be a problem. a test with current
wavetorm b may be advisable,

An example of 4 high-current damage test is shown in Figure 18, where both physical damage and induced voltages are being assessed.

Additional claritication and rationale for some of the recommended procedures may be helptul. Hansen has discussed the importance

of proper simulation of current paths and are root and length effects. His arguments are summarized below.
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FIGURE 18
COMBINED HIGH CURRENT DIRECT AND INDIRECT EFFECTS TEST
ON AN EXTERNAL FUEL TANK

Stmulation of the Fightonnyg Carrent Paths - In the natural environment, the charge s simply transterred trom one clowd area to
anothier. or trom clowd to ground. The aircratts theretore in free space with no retam path carrent magnetic ficlds to mtluence
the behuvior of the hephiinme corrents tloseme throughate In Taboratory condittons, return path conductors e alway s associiated
Wil the tost procesamd ther assocuted magmetic tields can mtluence the test results, In tests on components in zones 1 and 2
whoere open ares dre usedd the arc path can be severely dhstorted by magnetic torces, and in zone 3 tests the path taken by the cur-
oot tr e the fost obgect can beomituenced By the position ot the retum carrent condiuctorns,

O abition o this preblem s to have mulh-re tum paths so arranged l’l the idinadual magnetic fichds sum tozerto m the wexon

Crhetest ob o Bnnost cases this can be achieved wath three o toar wfam conductors, In some cases, only two wide transmis
soer e e b necessary s With very Lirge obectscand particalar v tor coteents with Bneh it an assesment must be mele ot
weer e towall Hewaed ow they walbredstairure themselves dunmge the palses The et conductor geometny many then
B dosiered toreproduce that ettect. Thas tinal dessen will usualbly be i compromise between the load inductance requirements,
and the environment simulation requirements,




Arc Length and the Arc Root - In early work on arc root bum t'  of metal panels. the results were stronghy influcn. e’ ry the
arc length. This was found to result from the presence of electro: . hese jets are emitted from arc roots on both electrodes
and consist of a jet of ions, neutral particles and clusters of neut iicles. High-speed cine film shows that these jets are very
active for up to 50 mm from each electrode, and have a strongi ciac. " with each other. In a natural stnike 1o an arcratt. only
the jet associated with the attachment point to the aircraft itself exi ind there is no jet corresponding to that emanting fron. the

test electrode in a laboratory simulation. It is therefore desirable to separate the electrode jet from the current channel and direct
it away from the test object. Since the electrode jet is always emitted normally to the surface of the electrode at the arc root. the
jet may be directed from the test object by redirecting the arc root to a suitable angled facet of the electrode by means of a suitable
insulator.

Experiments with this type of electrode have given results which are sensibly independent of arc length, indicating that the elec-
trode jet effect has been virtually eliminated. Where this type of electrode is not used, much longer gap distances are required to
avoid the effects of jet interaction. Ideally, a distance of about 150 mm is required to ensure no jet interaction, but practical dif-
ficulties of arc stabilization and driving voltage forces some compromise. The proposed STANAG recommends 50 mm for current
components A and D and 10 mm for combined waveforms. This reduced length of 10 mm is in general a more severe test.

The Effects of Forward Speed - The forward speed of the aircraft causes the lightning attachment points to sweep rearward in dis-
crete steps. For arc burn through tests in the swept stroke region, it is useful to know the maximum arc dwell times. Techniques
for establishing dwell times are described by D. Ciifford and P. Little in References 14 and 15. Where it is not possible to firmly
establish a maximum possible dwell-time, however, a dwell-time of 50 ms should be assumed.

Experience has shown that when a restrike occurs in a swept stroke region, a new attachment point is always formed, so tests for
zone 2A, therefore, have the current components applied in order of D (representing the restrike) followed by B and C (representing
the subsequent intermediate and continuing currents). Tests for zone 1A require only current components A and B, as the attach-
ment point will have swept backwards before the event of the continuing current (Component C) or the restrike (Component D ..
Zone 1B is an initial attachment which cannot sweep anywhere else and will, therefore, see all current components of the strike in
the order in which they occur viz A, B, C, and D. Zone 2B, however, does not see the initial retumn stroke, but could see all the fi
remaining components in the order in which they occur, i.e., B, C, and D.

Data to be Collected - The principal data to be collected from damag= tests is a description and, in some cases, an evaluation of the
damage produced, along with documentation of the actual test parameters (current waveforms, action integrals, coulombs, etc.).
Generally, damage is documented by pretest and post-test photographs, but in some cases damage is not always visible and other
inspection techniques may be required. For example, x-ray inspection may be necessary to determine the extent or type of damage
to internal wiring or connections in a light or antenna assembly. Nondestructive testing (NDT) of structural members can sometimes
reveal internal damage which is not visible to the naked eye. This is particularly true in laminated composite structures.

High-Current Indirect Effects Qualification Tests

Lightning strikes to electrical equipment mounted on the external surface of an aircraft may produce undesired currents and
surge voltages on internal wiring, either by direct contact of the lightning arc to the electrical circuit or by electromagnetic coupling
due to the intensive fields produced by the lightning strike. These undesired transients may not only threaten the operation of
avionics equipment connected directly to the external components, but may even couple electromagnetically into other unrelated
circuits and equipment within the airframe.

The objective of this test is to determine the magnitude of voltages and currents produced on aircraft wiring when lightning at-
taches to externally-mounted electrical hardware. The object to be tested (a production-line hardware component or an accurate i
4 prototype) is mounted on a shielded test chamber, so that access to its electrical connectors can be obtained in an area relatively

free from extraneous electromagnetic fields produced by the discharge of the high-current lightning simulator. The test object is
mounted on the test chamber exactly as it is mounted on the aircraft, since normal bonding impedances can contribute to the voltages
[l induced in the electrical circuit. Inside the shielded enclosure, connectors and wiring representative of the flight installation may be
used to connect the test object to either the actual equipment or to a simulated load impedance. Usually a dummy load is used
since the test is designed primarily to measure the levels of voltage and current appearing on the wires. The measuring instruments
may also be located in the same shielded enclosure or in a separate shielded room connected by a suitably shielded instrument cable.

A laboratory generator capable of producing the prescribed lightning waveform is used to inject simulated lightning currents into
the test object at the various points where lightning can attach. The test object is grounded via the shielded enclosure so that cur-
rent flows through the test object in a manner representative of the aircraft installation. The conducted and induced voltages pro-
duced in the related electrical circuit are measured at the terminals of the circuits with suitable measuring equipment. The technigue
is described in greater detail by Clifford in Reference 16.

It can be seen from Table 1 and from the zone definitions that electrical hardware located in either zone 1 or zone 2 will receive
either current Component A or Component D, or both. Each of these current pulses in nature may exhibit very fast rates-of-rise.
although the rate-of-rise is not specified in the waveform parameters for these components. Rate-of-change of current is an impor- ;
tant parameter, since magnetic coupling effects (ex d¢/dt) are directly influenced.

Since the model waveform does not specify rates-of-rise of current, a specialized current waveform designated as Current Waveform
E, Figure 15, has been defined for use in tests for induced coupling effccts. Current Waveform E is not intended to resemble a
particular lightning strike component in terms of energy content, and is not used, therefore, in damage effects testing. It is intended
to simulate the early-time initial wavefront of the return stroke current pulse (either initial strike or restrike), where di/dt’s (rate-of-
change of current) can reach 100 kA/usec or higher.

As discussed earlier, undesired voltages and current surges can be preduced in aircraft wiring by either arc attachment to the
wiring or by induced coupling. Therefore, a complete evaluation of zone 1 or zone 2 externally-mounted electrical hardware should .
include tests with the proper waveform components from Table 1, plus a fast rate-of-rise test with Current Waveform F. If the
Component A or D waveform actually used in the direct effects test has a fast rate-of-rise conforming to the requirements for Wave-
form E, the separate fast rate-of-rise test is not required. However, Current Waveform E is often used separately for induced coupling
measurements because it is a low-energy waveform and can be applied repeatedly with no damage to the test article.

When the direct effects test is conducted, measurements should be made of voltages appearing on internal wiring. Even if the wave-
form used does not have the fast rate-of-rise required to meet the induced coupling requirement, voltage may be produced by other
mechanisms. The arc may attach directly to the wiring, as discussed earlier. or the high-peak current may produce resistive voltage drops
which can appear across the wiring. When a direct effects test is conducted the high-current electrode is placed a small distance trom the
desired arc attachment point on the test object. leaving an air gap of a few centimeters. If a separate Waveform E test is conducted. the
output of the generator may be clamped directly to a point on the test object, especially when it is desirable to minimize damage to the
test article.
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. The points of attachment are determined from separate high-voltage, long-spark attachment tests to the full-scale components.
3 Numerous current flow patterns may be indicated by these tests, possibly leading to a requirement for several induced coupling tests to
s determine the worst case attachment point. The point or points thus determined can then be used in the direct effects test.

Although not required by specification, it is desirable to conduct the induced coupling test at a number of different peak current
levels (maintaining the same waveshape) leading up to, or beyond, the 50 kA level. The measured voltages at each driving current level
can then be plotted to verify that a linear relationship exists. This linearity is important, because it is necessary to extrapolate the
measured transients to correspond to a full threat level waveform. Indirect effects measured as a result of Waveform E must be extra-
polated as follows: :

a. Induced voltages dependent on resistive or diffusion flux should be extrapolated linearly to a peak current of 200 kA. :
: b. Induced voltages dependent upon aperture coupling should be extrapolated linearly to a peak rate-of-rise of 100 kA/usec. )
E‘ Further interpretation of the'measured transients and the rationale for extrapolation are given by Burrows in Reference 17, and are
] summarized below.

Resistive/Diffusion Flux Induced Voltages - When the construction of the test object is such that the simulated lightning current pro- E
duced voltages arising from resistive volt drops in the test object or its mounting system, then the voltage so generated will be related to 4
- the current amplitude and waveshape. Extrapolation should therefore be up to 200 kA. That is, voltages and currents measured with a

N test rpulse of say 50 kA peak should be scaled up four times to give the equivalent 200 kA value.
Y The important characteristics of these voltages are:

a. There is no instantaneous jump in voltage at t = 0+; the waveform starts at zero and may then (1) commence to rise at finite slope
simjlar to the current waveshape (especially in very resistive materials like carbon fiber or thin wires) or (2) show a dead time (i.e., :
zero slope) for a short period before rising (as would be observed in high conductivity materials like aluminum).

b. Peak voltage does not occur at t = 0+, but will normally occur at or near peak current, often somewhat early when measured with-
in carbon fiber/metal structures; and in high conductivity materials may occur late, owing to the time delay introduced by the
diffusion process.

Fast Flux (*‘Aperture”) Coupling - When the magnetic flux surrounding conductors carrying the simulated lightning pulse couples with
loops (e.g., in unshielded pitot heater wires, etc.), then the induced voltages will be proportional to d¢/dt in that loop. The flux external
to a conductor, and flux within apertures having insulating covers is instantaneously proportional to the current, and hence d¢/dt = di/dt.
Therefore, the voltage waveform will normally bear a strong resemblence to the first derivative, di/dt, of the current waveform, and 9
therefore extrapolation will be up to 100 kA/us. That is, an induced voltage of di/dt type caused by a current pulse whose peak di/dt is -3
say 40 kA/us should be multiplied by 2.5 to give the 100 kA/us value. ko

The important characteristics of these waveforms are: ,

a. A fast step in the waveform amplitude occurs at t = 0+, at the commencement of the current pulse. The waveform is often accom- 3
panied by 5 to 50 MHz components, and the first zero crossing will be at peak current where di/dt = 0.

b. The peak voltage attained will normally occur at the initial transient at t = 0+. (If peak voltage occurs at or near peak current, the
mechanism cannot be aperture coupling.)

Choice of Simulated Load Impedances for Indirect Effects Tests - The simulated load impedances should be chosen to make the effec-
tive load presented to the test object wiring as representative as possible over a broad frequency 1ange. Where possible, actual circuit
components should be used, or replicas thereof. so that low, medium and high frequency impedance is duplicated. It is not sufficient to
load a 5052 antenna cable with 50£2. The radio receiver/transmitter unit will normally only match the cable with a 50-§) over a small
frequency range. During a lightning test, the circuit might act like a very low impedance to low frequencies if the receiver includes a
shunt choke to ground, or be very high impedance if there is.only a small series capacitor. Therefore. some knowledge of the real cir-
cuitry into which the feeder operates is required so that meaningful measurements might be made. -

This point can be illustrated by the combined direct and indirect effects test on an aircraft anti-collision light as shown in Figure 8. The ’
transient vcltages induced in the internal wiring were first measured for a series of applied 2 x 50 usec current waveforms with increas-
ing magnitudes. The induced signals are shown in Figure 19. The light is mounted near the upper tip of the vertical stabilizer and employs
solid-state circuitry.
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FIGURE 19
TYPICAL ‘POWER OFF’ AND '‘POWER ON’ VOLTAGES INDUCED
IN TAIL ANTICOLLISION LIGHT CIRCUIT




Tests were performed at four low-level driving current levels to confirm linearity under these conditions:
(1) Power off - simulating unpowered aircraft on ground or combat flying conditions.
(2) Power on - the light was operating in a flashing mode.
(3) Simuiated power on - power in a flashing mode was simulated to simplify induced voltage measurement. It was determined that
the induced voltage waveshape was almost indentical to that in (2) above, although the absolute magnitude was slightly different.
The peak induced volitages are plotted in Figure 20; it is seen that these voltages must be extrapolated or “’scaled™ to a 200 kA peak
driving current, or 100 kA/usec ratc-of-rise. This test shows that if the light were struck by lightning with a 200-kA peak and a time-to-
veak of two usec, a peak induced voltage of 368 volts could be expected for a power-on condition; 606 volts would be produced in a
.power-off condition, because of different circuit loading characteristics. It is noted that the induced voltage in the power-on condition
is lower than that obtained for the simulated power-on condition. This is believed to be due to the impedance loading effects of the
flasher unit and the 400 hertz power supply, which are slightly different when the units are operating normally and when the operation
is simnlated. Because of observed differences such as this, it is reccommended that induced voltage testing be conducted when the subject
equipment is operating normally.

N
N
I

Simulated Power on

8
T

QO Poweron
18 O simulated power on
16 D Power oft

Peak induced Voltage {voits)
iy
i 1

10—
8 b—
61
4
2
0 1 | 1 1 1 1
0 1 2 3 4 5 6 7 8
Peak Transient Generator Current (kA) Geo1 0132 16
FIGURE 20

ACTUAL INDUCED VOLTAGES INTO TAIL
ANTICOLLISION LIGHT CIRCUITRY

Tests for Full-Scale Vehicle Indirect Effects (Engineering Tests)

The characteristics of electrical transients induced in aircraft wiring and avionics systems are affected by the system response of the
entire aircraft to the lightning stimulus. Although induced-coupling tests may be conducted cn electrical hardware and associated wiring
at the component level, the final determination of voltage and current levels induced internally must take into consideration the com-
plex response of the total structure and the subsequent coupling of magnetic and electric fields generated by currents on the external
surfaces to internal regions of the aircraft. The lightning current waveform will be modified by the resonant responses of the structure.

‘The complexities of full-scale vehicle testing are extensive and are probably not fully appreciated, even by those working in this area.
However, ‘he rapid advent of new avionics and equipments which utilize sensitive elements leads to a real need to evaluate and verify
the performance of the critical equipment as it is integrated into the total system of the vehicle. Therefore, whatever testing can reason-
ably be conducted now must proceed.

The electrical impedance of a fullscale aircraft precludes the use of even the 50 kA current pulse used for component indirect
effects tests. Consequently, lower level current pulses must bz used to evaluate the nature of transients produced by the lightning return
stroke. The transients produced on internal wiring by current flow through the structure must be measured and then extrapolated to
threat level conditions. For flux coupled voltages which are proportional to di/dt, the transients should be extrapolated to 100 kA/usec.
Resistive voltage must be extrapolated to 200 kA.

Based upon linearity arguments, Walko, et al.18 developed a test based upon the use of a very low-level 2 x 50 usec double exponen-
tial current pulse with a peax magnitude as low as 200 amps. This current pulse theoretically contains all of the frequency components
of a 200,000-amp 2 x 50 psec waveform, therefore allowing induced transients to be scaled directly. The pulse is passed through the air-
craft structure (from nose to tail, for example) and the resulting transients produced on critical wire runs inside the aircraft are moni-
tored by connecting the leads of a shielded instrument cable across the circuit to be monitored. The peak values of the measured
transients are then extrapolated upward to the threat current level. In the case of a 200-amp 2 x 50 psec test pulse, the peak levels are
aiways multiplied by 1,000 to determine the anticipated transients for a 200,000-amp strike. Since the waveshape is the same as the
threat waveform, the di/dt and peak current have the same scaling factor.

Recognizing some of the problems which could be associated with interpreting such a low-level test, the U.S. Air Force Flight
Dynamics Laboratory has extended the test to higher current levels and has incorporated improved diagnostic and instrumentation
equipment and techniques.|9 These improvements include fiber optic data links, computerized data analysis and techniques for extract-
ing the signal from the desired circuit without introducing more pickup on the wires. The Air Force has reported tests with current
levels upwards of 30 kA with rise times of a few microseconds through a small fighter aircraft.20 The technique is referred to as the
Lightning Transient Analyzer (LTA) test.

Prior to the introduction of the LTA tests, a few full vehicle tests had been conducted using damped oscillatory discharges rather than
a double exponential pulse. These tests were sometimes conducted with both a fast and a siow discharge whose parameters were defined
by the limitations of the test generators. The fast waveform, in the 100-300 kHz range, was used to evaluate direct flux coupled tran-
sients which are dependent on di/dt. The siow waveform, in the range of a few kilohertz, was used to evaluate resistivity coupled tran-
sients and the effects of fields which diffuse through the skins.
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Both the double exponential and the damped oscillatory waveforms are allowed by the modern criteria documents, and each has
certain advantages. The primary advantages of the 2 x 50 waveform is that it is the same approximate shape as the natural lightning
discharge and, therefore, presumably contains the same energy distribution in the frequency domain. The pulse is produced by
¢ discharging a capacitor bank through a resistive element,.resulting in an overdamped waveform. This peak current is thereby reduced
. from the underdamped case, but faster times to a peak can be acinieved. The underdamped (oscillatory ) waveforms are simpler to
produce and have the advantage that the induced transients are readily identified by the oscillatory signature. The slow wave carries
considerable energy and at high peak levels are more likely to produce damage, either in the structure or in the avionics.

Each test is carried out by passing the test current through the complete vehicle while measuring the induced voltages and/or
currents. If possible, the aircraft equipment should be oeprating on internal (battery) power so the proper impedances are present and
so that operation of the systems may be observed. The addition of external power carts and other connections may slter the response
of the systems. Indeed, even the connection of the test generator will modify the system response and therein lies one of the major
difficulties with this test. The Cutham Laboratory in the U.K. has developed a modified hookup which seeks to eliminate facility effects
by the selection and placement of current returns and terminating imped:mce.21 These types of tests seem to indicate the most trouble-
some circuits and systems in aircraft on a qualitative basis, and that information is very valuable.

! The test current should be applied between several representative pairs of attachment points such as nose-to-tail, wing tip-to-wing tip, i
etc. Attachment points are normally selected so as to pass current through the parts of the vehicle where circuits of interest are located. ]
~ The current leads to and from the aircraft should be routed so as to minimize the biasing of current flow patterns on the vehicle. A '

coaxial arrangement is the most desirable. The LTA current return technique now used by the Air Force is adapted from the British
work at Culham which is shown in Figures 21 and 22. The technique uses wide aluminum sheets configured around the vehicle. This i
approach also reduces the inductance of the test setup and allows higher peak currents to be achieved. :
The instrumentation technigues are very critical for this test because of the size of the test, the high frequencies involved and the low J
levels of signals to be measured. The instrumentation practices described earlier should be employed. Noise-free operation of the instru- ;
mentation must be verified before testing. The sketches in Figure 23 illustrate how the aircraft grounding and generator hookup may |
be accomplished. |
]

]
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When testing operational aircraft, some care must be exercised in regard to the fuel system and any ordnance or pyrotechnic devices
employed on the aircraft. Fuel tanks should be inerted by topping off and purging with nitrogen gas. Alternatively, the fuel tanks can be
drained and then purged, but a lengthly purge time is then required with monitoring of the exhaust vapors to ensure a suitably low fuel
vapor content. Pyrotechnic actuators should be removed or otherwise made safe. After the test, an operational check of all systems

i should be conducted to ensure safety and proper operation of all systems during subsequent flight.
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FIGURE 22
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FIGURE 23
TYPICAL SETUPS FOR COMPLETE VEHICLE TESTS
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NEW TESTING DEVELOPMENTS

New test techniques which are now being developed are aimed almost entirely at the questions surrounding tull scale vehicke test-
ing for induced transient etfects on avionics systems. In addition to the upgrading of the LTA technique by the U.S. Air Force. other
approaches are also being proposed to address this problem. Three such techniques will be discussed briefly. They are the swept-
frequency CW test. the high voltage shock excitation test, and the LEMP test.

Swept-Frequency CW Test

This test is a low-level method which is proposed by workers at the Boeing Company as a supplement to pulsed methods. 22 The
technique was derived tfrom the nuclear electromagnetic puise (NEMP) testing and analysis of mulitary systems. The techaique emplays
a wide range R.F. oscillator and amplifier to produce a continuous sine wave whose frequency can be changed continuously from
near DC to 10 MHz. The amplitude of the current flow is typically a few amps. The swept CW current is passed through the aircratt
structure and the responses of selected circuits are measured, as with the pulsed test. However, the output of the swept CW test is the
transfer function of the system and circuit under test. The transter function is in the frequency domain and thus indicates the response
of the circuit as a tunction of frequency. A typical transter function is shown in Figure 24 as reported in Reference 22, when the
techniyue was applied to the wing of a 747 aircraft.
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FIGURE 24
TRANSFER FUNCTION FOR COMMON MODE VOLTAGE ON 30K SIGNAL LOAD
USING THE SWEPT CW TEST - FROM REF (22)

In order to utilize the measured transfer function. a considerable amount of analysis must be performed requiring a circuit analysis
computer code capable of computing transients on large circuits. The analytical model is compared with the test data and then refined
according to the flow diagram shown in Figure 25. Once the model successfully predicts the test results, the lightning threat waveform
is folded into the model and the threat level response of the circuit is calculated. The test 1s therefore a tool used to refine and venify
the accuracy of the analytical model. The output of the test does not yield information which directly predicts the performance of the
system without the accompanying computer model which must be developed for the particular aircraft under test, and then it gives no
information about nonlinearities in the physical response of the system at high current levels.

The advantages of the swept-frequency test are that it is simple and does not require specialized high voltage equipment. it clearly
dentifies the system/circuit resonances if properly setup, and the setup can be modified and the effects of the test setup can be iden-
tified relative to the computer model parameters. The concurrent development of an analytical model should yield additional insight
into the test setup and measured data.
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FIGURE 2%

SWEPT CW ANALYSIS/TEST PROGRAM FOR INDUCED EFFECTS OF LIGHTNING - FROM REF (22)
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High Voltage Shock Excitation Test
Questions surrounding some of the early LTA results led workers at the McDonnell Aircraft Company to study the induced coupling

phenomena more closely by utilizing a long cylinder with an internal wire pair; a simple system which could be modeled analytically.
Experiments conducted on the cylinder disclosed that the coupling phenomena were very complex, involving a number of test setup
effects, and at least three different excitation mechanisms. The cylinder was long enough (10 meters) to allow system resonances to be
excited which were measurable with the fiber optic instrumentation being utilized.

The results of the cylinder test indicated that fast oscillatory transients observed during tests of actual aircraft are system resonances
which can be excited by either a) pulsing the structure with a fast voltage step waveform, or b) passing a fast rise time current puise
through the system, or c) irradiating the structure with a fast changing E-field waveform. .

In order to isolate these different driving functions, the McDonnell team has developed a test technique utilizing high voltage arcs24
whose impedances can be adjusted to decouple the aircraft from the external test setup. The transients produced by each driving func-
tion are separated in time because of the finite time required for the long arcs to be established. By adjusting the circuit impedances, the
transients produced by the rapid voltage changes can be separated from those produced by the current waveform. The extrapolation of
transients produced by the current waveform can thereby be firmly related to the current waveform.

The interpretation of transients produced by the voltage function is more difficult and is still under study. The radiated E-field tran-
siénts can be related to measured E-field changes associated with nearby ligh.ning flashes. In most cases measured, however, those tran-
sients are small compared to the transients produced by the direct attachment voltages and currents.

The shock excitatiop technique highlights various phases of the lightning discharge process. Figure 26 illustrates the sequence of
events associated with a long spark discharge to an isolated conductive vehicle correlated with the E-field in the vicinity of the cylinder.
Figure 27 shows the differential responses of an internal wire pair to the various changes in the measured E-field. Of particular interest
is the observation that the isolated test article becomes charged to the potential of the arc channel at time T. At T3, when the leader
(or streamers) contact the ground. the charge on the structure quickly discharges to ground, generating a new transient excitation source

which is not present in the hardwired case. This excitation source was isolated and measured for the case of the cylinder. It was seen to

have a 50 nanosecond rise time and an amplitude of several thousand amps. This fast discharge source was seen to be a major contributor

to transients excited on the internal wire pair, but it is difficult to predict the effects of the analogous situation in the natural lightning
case. An understanding of all of the phases of the lightning discharge and the response of airframe and avionics system is the focus of

continuing research.

H.V. Electrode

’u"‘ Alt=Ty Blt=Ty Clt=T3
Generator - -
Shield [+ S ——— By
+. Fiold e =)
Ground
$erso" | Eiectrode

A)H.V. Applied to B) Primery Arc Attaches C) Cylinder Arcs
Output Etectrode to Cylinder to Ground

15 kV/ Meter/Division

oroY 013222

FIGURE 26
E-FIELD RECORD WITH ARC SEQUENCE
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TIME HISTORY OF TRANSIENT EVENTS

Lightning Electromagnetic Pulse (LEMP) Testing

As discussed in the previous section, transients can be produced on internal wires as a result of nearby lightning strikes. Or, more
generally, aircraft resonances can be excited by rapid changes in the ambient E-field. This situation is similar to the nuclear EMP
condition except that the frequencies associated with the field change are much higher in the EMP case. Extensive facilities have been
developed for testing military systems for NEMP. Although the facilities have not been used for LEMP testing, the technique is well
proven and could be adapted for lightning work if necessary. ’

The question of necessity should be addressed, however. If the aircraft has been protected and tested properly against a direct
strike, the need for an LEMP test is questionable. The direct strike case should include the extreme field condition and if a long spark
test is conducted on the aircraft, the EMP effects will be covered.

If, however, an existing aircraft which has not undeigoune high voitage te<ting is to be operated in a thunderstorm environment, it
may be exposed to numerous nearby strikes although it may not be struck directly. In such a case, it may be desirable to conduct an
LEMP test, if such a facility were available. The degree to which existing NEMP facilities would have to be modified to generate
lightning type fields is not clear at this time.

By way of note, some workers have reported LEMP tests of isolated instrument packages with interconnecting cables in a small
chamber. It is not clear that such a test would represent an accurate simulation of the field environment inside an aircraft. However,
the test may establish LEMP susceptibility limits of electronic systems for reference to anticipated field threats.

SUMMARY

This lecture has set forth the techniques used to test aircraft avionic and electrical systems for lightning. The discussion has
focused particularly on avionics system testing and has therefore not included techniques unique to other subsystems tests such as
fuel vapor ignition or swept stroke attachment or damage tests. Simulation facilities and equipment were briefly described with
emphasis on instrumentation practices. The techniques for conducting engineering and qualification tests as defined by the modern
criteria documents were described, including model attach point testing, high voltage attachment tests on full size hardware, high
current damage effects on full size hardware, indirect effects tests of components, and indirect effects on full scale aircraft. The paper I
concluded with a discussion of new developments in full scale vehicle test techniques.

In conclusion, the tests calssified as qualification tests are condisered to be well understood and well enough rationalized to be
standardized as non-controversial tests. The engineering tests and the new techniques now being developed are subject to more inter-
pretation and debate. It is clear that there is much about the nature of lightning and about the interaction of lightning with aircraft
which is not well understood. This is practicularly true where the voltage and field changes are concerned and where complex system ¥
interactions are involved. Lightning testing is moving from a routine engineering operation to a more sophisticated research and develop- *
ment activity which must be more closely coordinated with the academic studies of the natural phenomenon.
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THE COUPLING OF LIGHTNING FIELDS

INTO AIRCRAFT AND CABLES

P.F. Little
Culham Laboratory
Abingdon, Oxfordshire
England

SUMMARY

The current distribution in the skin of an aircraft struck by lightning is described and
the effects of airframe resonances are noted. Nearby strikes produce initially an
electromagnetic pulse which is scattered by the aircraft, creating circulating currents
in the skin: this process is considered. The magnetic fields at the surface diffuse
into the skin, ard significant currents flow on the interior after a time lag dependent
on the skin resistivity. In addition, the surface fields couple directly into the
interior through breaks in the conducting skin or through insulating panels. Methods

of calculating the magnetic and electric fields in the interior of the aircraft are
discussed, and the effects on electrical and electronic systems described. The screen-
ing of internal cabling is reviewed,.

1. INTRODUCTION

The effects of lightning arise either through a direct strike or a nearby strike which
does not attach to the aircraft. In the first case, the total current flow is determ-
i ined. In the second, an electromagnetic pulse (EMP) of radiation is scattered by a
‘ complex conductor, so that E-fields and B-fields are initially given and currents must
‘ be derived.

t In a direct strike to an aluminium-alloy skin of normal thickness the initial fast
pulse of current flows only on the outer surface of the skin, because a significant
time is required for the current to diffuse into the skin. The penetration time is
much less for materials of poorer conductivity such as carbon-fibre composites, titanium
or stainless steel. Larger peak currents appear on the inner surface of such skins
causing larger resistive voltages there. Apertures or breaks in a highly conducting

, skin allow the magnetic field of the surface current itself to enter the interior of the
aircraft, so that around cockpits, radomes, bay doors, etc., fast-changing magnetic
fields can induce voltages in the electrical circuits present. Considerable insight
into the processes occurring can be obtained in a two-dimensional analysis, assuming
that the conductor cross-sections are constant along its length. This is an approximate
representation of many fuselage and wing sections which will be considered here.

By ignoring the length of the conductor all resonance phenomena dependent on the length
are ignored. Streamers appearing before attachment, leader pulses, parts of the return
stroke, and intracloud discharges can create current pulses with high-frequency compon-
ents capable of exciting resonances in aircraft wings and fuselage (f > 2MHz approxim-
ately). The longitudinal current distribution must be superimposed on the distribution
around the periphery to obtain a full description of the surface currents. The ampli-
tude of the resonance currents will be afferted by the impecdance of the attached arc
channel in a direct strike, but both direct and indirect discharges can be analysed by
numerical methods developed for the problem of the nuclear EMP scattering. The
approaches to this problem will be reviewed, and some examples given of applications

to lightning problems in actual aircraft.

Whatever the mode of excitation of the structure as a whole, the penetration of electric
and magnetic fields of a given frequency into a given aperture is independent of the

i remote field pattern. The surface currents and charges in the immediate vicinity,

estimated from the solution to the general problem, can be used to obtain accurate

r solutions to two-dimensional problems or for small apertures. Simple cavities can be
treated in detail over a wide frequency range, but practical examples generally are

’ complex. Approximate methods of treating the coupling problems are considered,

Once the fields in the interior are defined, the effect on cables and wiring can be
calculated. Methods of reducing the disturbances produced in the circuits are reviewed,
and the importance placing the cable runs to best advantage is emphasised.

If dielectric coverings are punctured, it is possible for lightning to attach directly

1 to aerials or radar equipment, so 1njecting current immediately’into the electronic
system. Damage to a pitot may also permit direct injection of current into the
electrical system. Even without structural damage, cables leading to the exterior of
the aircraft enter a region of rapidly-changing magnetic field, and voltages may be
induced in the circuits connected to them. All cable entry points present special
hazards.

. Anoverall view of the way in which interference due to lightning couples into aircraft
circuits is given in Tablg 1, adapted from Corbin (1878).




TABLE 1

EXTERNAL EXTERNAL COUPLING CABLES INTERNAL
EXCITATION | —e{ RESPONSE [ TO — AND — EQUIPMENT
I,E,H jss0s INTERIOR WIRING
Lightning Skin Apertures Induced Electronic
Current Current Windows Voltages: Systems:
Induced Density Hatches Common Mode Communications
EM Fields ékin Door Seals Differential Navigation
Charge Exterior Flight Control
Density Cabling: Mission Equip-
Wing Span ment
Empennage
Radomes

Wheel Wells

Skin Coupling:
Diffusion
Joint

Resistance

We are concerned here with the central three boxes of this table. The lightning
sources, and the response of the equipment, are dealt with in other lectures.

Appropriate test procedures are discussed also in another lecture, but some of the
requirements which testing procedures must satisfy are briefly surveyed here.

2. DISTRIBUTION OF CURRENTS IN CYLINDRICAL STRUCTURES

Although all aircraft fuselages and wings vary in cross-section along their length,
the variation in a distance equal to the diameter is often small. To regard any
section as a cylinder . uniform cross-section is then a good approximation, provided
that resonances along the total length are not important. This is frequently true for
lightning interactions with aircraft. We may obtain some insight'into the behaviour
of the aircraft from an analysis of a hollow cylindrical structure of appropriate
cross-section. First we assume that the skin of the aircraft is continuous, and then
treat the effect of apertures (slots) assuming that cavity resonances may be ignored.

2.1 Cylindrical Structures with Continuous Skins

Consider a hollow circular cylinder of metal, having a wall thickness h and diameter
D. If this cylinder carries a step function current of amplitude I, Evans (1975)
has shown that the field E at some point distant X from the inner surface within the
tube wall is given by

Ioo [, n2 nmy
E(t) = =22 1+ 2 ¥ -1 cos [ (1
#Dh [ n=1 (eﬁ——t TM) ( h)]

where p is the metal resistivity and

2
Ty = }igh— = 1.27 x 107 n2/p (2)
m2p

assuming that the relative permeability of the metal is unity. The form of E(t) and the
surface current on the inner surface (x=z0) is given by the term in square brackets

in (1) if the cosine term is omitted. Figure 1 shows the result (Burrows 1975). A
delay occurs before the value of E(t) rises in a time dependent on Ty.
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For typical aluminium alloy 2mm thick Ty = 10us. The E-field and the corresponding
currents on the inner surface of an aluminium tube rise and fall much more slowly than
the current pulse generating them. The peak amplitude appears at t = 6 Ty or about 60us
in our example.

A current pulse of width less than Ty would obviously be much attenuated by such a
tube, which would act as an excellent screen. For any waveform I(t) the diffusion
response f(t, I(t), Ty) is given by

t

(1,10, Ty) = o3 /E(t-f) I(t)dr (3)
o

where E(t) is the response to a step function defined by (1). From (3) the response to
any waveform may be computed. Lightning current waveforms with rise times T, of 5us
at most (first return stroke} are heavily attenuated because T, < Ty.

Any other cross-section than circular is best analysed numerically to determine the
current distribution around it. A finite-difference code that solves Laplace's
equation with arbitrary boundary shapes can be applied (Thomas 1974) for example

to an idealised wing geometry (Burrows 1975). Figure 2a shows the magnetic flux
surfaces around such a 'wing' at t << Ty when no skin penetration.has occurred. The
lines drawn are also the field lines, and the distance between the nearest line and
the surface is inversely proportioned to the magnetic field strength, which in turn
determines the surface current density Jg. Obviously the greatest value of Jg occurs
at the sharp edge.

At times t >> Ty with a slowly falling current pulse the current will penetrate
completely into the skin, It will then redistribute itself around the wing profile so
that the current density is uniform, as in the steady state dc case. To do this, flux
must penetrate into the surface of the wing, as shown in Figure 2b, and this makes the
redistribution time very long in large structures of aluminium alloy.

//

NS

{a) High frequency (or transient) distribution }: =4 (b) D.C. or uniform current distribution

Figure 2 Magnetic flux contours (field lines) around an idealised wing.

It a wire parallel to the wing is positioned within it at points such as A, B, C, D and
attached to one end-cap of the wing, the signal on the wire for times much less than

the redistribution time is a measure of the E-field along the interior surface.

Similar measurements can be made on a circular tube with the same known current pulse
shape and in each case the response has the same form initially (Burrows 1975). The
amplitude seen with the circular tube agrees with the calculated value using equation (3),
and the variation in amplitude seen inside the wing is in accordance with the variation
in the skin current around the wing at early times. After about 200us significant flux
penetration appears, and after about 10ms approximately dec conditions are established

in an aluminium wing C.8m wide and 0.08m in thickness, with a 2mm skin.

A calculation of the penetration time T of a uniform magnetic field perpendicular to the

axis of a circular tube (Khalafallah 1974) provides an estimate for the redistribution
time of currents in non-circular conductors. If h << D we have

v = Llgfh )

For a thin-walled tube of any cross-section having a total cross-sectional area A and a
perimeter P it would be consistent to use

1=%§oﬁ (5)

For the wing configuration used we find t = 3.4ms, compatible with the redistribution
time observed.
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The transient distribution of Figure 2a may be thought of as inductively-determined

and the dc distribution of Figure 2b as resistively-determined. An alternative

way of deriving the transient distributions is to represent the body by a series of
long straight filaments of circular cross-section. Then we may calculate the self-
inductance of each filament, and the mutual-inductance between each pair. Since the
voltage across each is the sane, a matrix equation can be set up and solved to give

the current distribution. Results virtually identical with those obtained by the
finite-difference scheme can be obtained by this finite-element approach (Burrows 1979).
Using a filamentary representation removes the need to specify outer boundaries.

The arguments above apply to titanium, ¢tainless steel or carbon-fibre reinforced
plastics (CFRP). These have similar, relatively low, conductivities: for CFRP

p = 4 x 10”°Q-m compared to 4 x 10-8Q-m for typical aluminium alloys. A 2mm skin of
CFRP has a penetration time constant Ty = 13ns approximately, so that typical return
stroke current pulses penetrate qu1ck1y. The redistribution time constant t would be
3.4us for the idealised wing structure of Figure 2(a) in CFRP, so that a resistively
dominated current distribution would appear with a first return stroke (rise time 5Sus).
The potential along the inner surface would then follow the current pulse waveform, as
in a resistor. In practical structures thicker strengthening spars of CFRP, or metal
spars, are normally included, and current will redistribute into these areas in times
of order lus.

If a tube is made of metal that is a good electrical conductor with a strip of CFRP
forming part of the wall, it can be shown that the flux ¢, diffusing through the CFRP
creates induced voltages d¢D/dt of the same form as the resistive voltage along the
CFRP strip. These voltages appear in loops within the structure. They are greatest
for loops near to the CFRP, and least for those near to the metal wall. They may be
as large as the resistive drop along the inner surface of the CFRP strip. The same
general conclusions hold also for induced voltages beneath a CFRP panel mounted on the
metal skin of an aircraft. The finite length of the panel and the complex form of the
cavity beneath it affect only the spatial dependence of the amplitude -(Burrows 1980).

All this discussion has related to a direct treatment in the time domain. It is
possible to use Fourier analysis and work in the frequency domain. The electric field
E(w) on the inside of the skin is related to the current density Jg(w) on the cuter
surface by the transfer impedance Zp(w):

E(w) _

J—(—'T = ZT(N) = —v—n(— (6)
slw sinh (yh)

where n is the intrinsic impedance of the wall material (p —{ Jwilg p) and vy is the
propagation constant (y = ¥3iwu/p'). For small values of w (w < p/uh ) 2 p/h is
purely real (resistive). This condition is met at 11ghtn1ng frequenc1es gy CFRP skins
of normal thickness: it is equivalent to requlrlng wTy < 1/m2 Hence for such skins

E on the inner surface is predicted to be in phase with Jq, as seen in the experiments
above. The same would be true for thin titanium or stainless cteel skins. For
aluminium alloy skin Zp is complex and time-lags are predicted between E and Jg, as
observed. Jg will vary around non-circular cylinders as discussed above.

2.2 Apertures in Current-Carrying Cylindrical Structures

Apertures, which take the form of slots in cylindrical geometry, allow the main external
flux to couple into the interior of the hollow conductor. The fast changes in flux
induce voltages proportional to dI/dt in loops within the cylinder, rather than voltages
dependent on the resistive potential gradient in the wall or on flux which has diffused
through the wall, as discussed in Section 2.1 for cylinders without any slots. It is
assumed that the flux changes are not fast enough to excite any cavity resonances.

Figure 3

Flux surfaces
(field lines)
around a slotted
cylinder




The flux surfaces around a cylinder with a slot in it are shown in Figure 3. The
f surfaces-are labelled according to the percentage of the total flux around the

E cylinder that appears between the cylinder and the surface. The flux outside the
surface gives the ratio of the mutual inductance M for a wire at a point to the
self-inductance L of the cyllnder. For aircraft circuits the flux between a wire
and the cylinder is important: this is given by the transfer inductance for fast-
flux coupling

l Mg = L -M (7

i For times small compared to T the flux does not penetrate the metal at the edges of
f the slot, but the effective w1dth of the slot increases on the time-scale of the
redistributlon time 1. The value of L appropriate to high frequencies is needed in
(7 ). Obviously a loop near the bottom will experience voltages about two orders

H of magnitude less than a similar loop near the edges of the slot. These voltages
can be very large: wires in the vicinity of the slot could experience fields of
SkV/m along their length if dI/dt = 100 kA/us.

Similar plots have been made for models of a gap at the trailing edge of a wing, with
and without a central conductor, and for slots at the mid-chord of a wing (Figure 4,
Burrows 1975). Correction factors to allow the calculation of voltages in slots of
finite length are also given in that paper, so that voltages due to gaps down to

2mm length can be predicted. These factors are experimentally determined. The i
effects of cover plates are discussed.
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3. SKIN CURRENTS IN COMPLEX STRUCTURES

3 3.1 Currents Induced by Incident EM Radiation

) Early analytical work on the scattering of electromagnetic waves was carried through by

i frequency domain solutions. Scattering by perfectly conducting spheres and other

simple geometric forms (see for example Born and Wolf 1959) was treated as a boundary

value problem. With the advent of high speed digital computers integral-equation

techniques allowed solutions in the frequency domain to be obtained for scattering

from many bodies of arbitrary shape. Later time-domain solutions were developed.

Either integral forms of Maxwell's equations or the equivalent differential equations

can be solved directly in the time domain by numerical methods. Two types of integral ¥
equation have been derived for perfectly conducting scatterers, depending on which :
boundary condition is applied (either to the E-field or to the H-field at the scattering

body). Bennett and Ross (1978) review this work and give many references.
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The choice of approach depends on the problem and on available computing resources. The
solution of Maxwell's equations in their differential form by finite-difference methods
is a boundary-value problem, and resonances within the scattering body (defining one
boundary) must be carefully treated. The integral equation using the E-field boundary
condition is found to be well-suited to handling thin wires and open thin surfaces
(plates). The integral equation using the H-field boundary condition finds difficulty
in handling wires but is well-suited for problems involving closed conducting bodies.
For complex shapes like aircraft, a combination of the integral equations can be

applied to deal with wire aerials or struts protruding from a closed structure.

All these types of solution have been used to compute NEMP scattéring by aircraft.
Further details may be found in the Special Issue (1978) of the IEEE Transactions on
Antennae and Propagation, and in the US Air Force Weapons Laboratory Interaction Notes
on EMP. The IEEE International Symposia on EMC should also be consulted.

One simple point can be deduced from the formulation of the magnetic integral equation.
The skin current density J induced at a point on the surface includes a term 2n x Hjp,
where n is the outward normal at the scattering surface and Hy, is the field of the
incident wave. The greatest value of the term is clearly 2H7. This is the source term,
directly due to the incident wave, and it is supplemented by the effects of surface
currents elsewhere on the scattering body. These however will tend to cancel out
except near resonances, and thus at low frequencies the maximum skin current J nax
is

J 2 Hy (A/m) (8)

max

For a pulse of radiation whose peak energy appears at a frequency below the lowest
resonance of the structure this would be an approximation for Jpmax. It is appropriate
for LEMP hazards as a guide.

If a circular cylinder is illuminated by EMP radiation with the H-field perpendicular to
the axis, the skin current flows in one direction up the side illuminated and down the
shadowed side. This current follows the waveform of the H-field applied and its current
densities will be about 2H;. In addition body resonances will be excited if the EMP
contains appropriate frequencies. These current oscillations are superimposed on the
currents in phase with the source, but at the boundary between the shadow and the
illuminated side only the body resonance term exists because n x H; = 0. Long, thin
cylinders show the most marked resonances.

*3.2 Currents Caused by a Direct Strike

These can be analysed by representing the lightning channel in the same type
of way as the aircraft, according to the method of solution proposed. The driving
source is modelled with appropriate impedance, and if the differential equations are to
be solved, geometrical boundary conditions must be imposed. If the electric field
integral equation is to be used, the lightning channel must be represented by wires
connected to the wire-grid model of the aircraft; and similarly closed surfaces would
be employed if the magnetic field integral equation were used.

These techniques can be employed also to model lightning simulation tests on the
ground. It is an extension of the technique of representing the aircraft as part of a
transmission line, where much simplification is necessary and little information about
the current distribution in the skin can be obtained (Fisher and Plumer 1977).

Some examples of codes applied to LEMP and direct strike studies are given in the
next sections.

3.3 The Differential Equation Approach

A solution of Maxwell's differential equations in the time domain by a finite~difference
method was developed by Yee (1966) for initial boundary value problems. Merewether
applied this to NEMP scattering bodies of revolution (1971) and it was later extended

to three-dimensional problems by Holland (1977). An application of this finite-
difference code THREDE to an all-composite design concept for an aircraft is described
by Perala et al (1979). They study the effects of lightning on the Advanced Design
Composite Aircraft (ADCA) for both attached strokes and LEMP. It is a very complex
structure about 18m long (Figure 5).

For the NASA Space Shuttle model (1873) of the return stroke current pulse Perala et al

noted that the Fourier spectrum is 80 dB down at the principal aircraft resonances 1
near 6 MHz so that resonance phenomena should not be prominent. The results of a 4
THREDE computation with a faster pulse (250ns rise and fall time) indeed show that

the current waveform is substantially independent of position. The computed ampl® tudes
can be used for the slowepr (2us rise time) lightning current model with confidence,

for resonance phenomena are much less likely to appear with this slow pulse.
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Figure 5. Overlay of the THREDE mathematical model and the structural outline of the
ADCA.

The channel attachment as simulated in this computation is shown in Figure €. The
source impendances represent typical values for lightning channels (Wagner and Hileman
1962). The ground plane return distorts the current distribution around the fuselage,
and an approximate correction is applied when interior coupling to cables is considered.
The voltage waveform predicted on interior cables follows the applied current waveform,
as expected from the discussion of CFRP cylinders in Section 2.1. For the 200kA pulse
the worst case computed gives 4.7kV on one cable for the open-circuit voltage, and 2kA
for the short-circuit current. The methods of calculating the coupling from skin- -3
currents into cables will be discussed later).

JA(kA/m)

1 e e ] 1 1 i
0.5 1. 1.5 2.0 2.5 3. 3

Time (u sec)

Figure 7. Axial current
Figure 6. THREDE simulaticn of a direct density on the
lightning strike tcp of the
fuselage (LEMP).

The LEMP from stepped leaders and return strokes is also computed, but the former
cause only about 10V signals and is considered negligible. The return stroke is
represented by the transmission-line model of Uman, which assumes a very high velocity
of 2.4 x 108 m/s along a 4km channel. A double exponential current pulse of 200kA
amplitude flows, and the stroke is assumed to be as close (20m) as the length of the
aircraft - a verv pessimistic assumption. Horizontal E-fields of 800kV/m result.

When incident from the top, the axial current density in the skin of the fuselage is
found to be almost 3kA/m., Figure 7 shows the waveshape, which is predominantly of the
same form as the incident field with a high-frequency compcnent due to a dipole mode
of oscillation added. The skin current would be expected to be proportional to the
incident wave field strength. However, at the side, at the shadow boundary, only the
dipole resonance mode appears because the incident fielc Fy ir perpendicular to the
metal surface and n x Hy = 0 (nee Section 3.1).
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On the same cable as before, the peak voltage due to LEMP was 1kV and the peak short-
circuit current 180A, compared to 4.7kV and 2kA for the severe direct strikes., A
computation on the effect of a thin coating of flame sprayed aluminium suggests that
these LEMP values would be reduced by a factor 5 by the coating, a useful reduction
in the hazard.

Although results are obtained ror direct strikes and for LEMP from nearby strikes, it
should be noted that the slow direct strike lightning current model cannot be analysed
directly. THREDE can compute only about 103 time points without instability, and the
intervals i.e. the time-steps between these points are determined by the grid size used.
This allows only about lus computing time for this problem, even though THREDE is a
highly developed code. Moreover, it is definitely not a user-oriented code. The data
input, debugging procedures and the overcoming of numerical instabilities require
specialist skills. The same comments apply to most other scattering codes also.

Finite element techniques are being developed (Mei 1974) but have not yet been applied
to aircraft.

3.4 The Electric Field Integral Equation

Both time domain and frequency-domain solutions have been obtained for this equation,
some of which are summarised by Bevensee et al (1978). The approach is appropriate to
stick models, or to wire grid models. Figure 8 shows the model of a Learjet used by
Strawe et al (1978) with the WIRANT code.
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(a) Ground test data
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Figure 8. WIRANT model of Learjet.
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(b) Calculated response

Figure 9. Right wing sensor skin
current density (time derivative).

Diffusion through the metal skin is ignored here, because much stronger fast-flux coup-
ling through breaks in the skin is possible: gaps exist around flaps, windows, ailerons
etc. Skin currents and surface charges are sources of induced voltages and currents in
the aircraft cabling, which are treated as multiwire transmission lines (Strawe 1972).
The detailed models of the penetration mechanisms are described, and references given
for the analytical treatments. Circuit models as used in NEMP are applied in this work
to assess the LEMP hazard to the electronic equipment on the aircraft.

[
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The Learjet is modelled as a wire grid (see Figure 8) to represent a lightning strike
in flight but as a stick model for a lightning simulation test on the ground, because
the power supply and return conductors must be represented and the number of equations
that can be handled is limited.

The test current waveform actually used is reproduced well by a double-exponential
waveform and better by a triple-exponential. A comparison of the surface current
observed by dH/dt sensors on the aircraft with those predicted from the currents in

the wires show good agreement for amplitude, and in the general character of the
response. Figure 9 shows measured and calculated time derivatives of the skin current
density at the aft body sensor. Some high frequency behaviour is not reproduced because
details are not well modelled. The power supply cables influence the resonance response
of the cables within the aircraft, and internal battery power is recommended for

future tests.

Strawe (1978) also made calculations using WIRANT on a hypothetical all-composite F-18
aircraft, and obtained results consistent with those of Perala described in Section 3.1,
though for different conditions. He obtained very high values, up to 32kV on one cable.

The stick model obviously has poor geometrical resolution and azimuthal variations
cannot be included. Circumferential currents cannot be computed nor, in the scattering
problem, the source term (2p x Hj). Better resolution is obtained with the wire grid
model, but the results are Tensitive to the radii chosen for the grid wires. Care is
needed in interpreting the wire currents and charges in terms of surface currents and
charge densities, and large computer store size is needed. For example, the NEMP

code CHAOS3 (Garthwaite and Armour 1978, 1980) operates in the frequency domain with
about 750 wire segments, which allows the use of about ten wires per wavelength around
the perimeter of a fuselage. The code has been tested against the analysis of simple
geometries, by comparison with experiments on actual aircraft, and by comparison with
other computational approaches. The accuracy achieved is 30-40%. The limitations of
vire-grid modelling have been discussed by Lee, Marin and Castillo (1976), and their
requirements are partially met in CHAOS by making the total surface area of all the
wires equal to the surface are being represented. This makes the mesh inductance
approximately the same as the aircraft inductance. Field penetratjon with 10 wires

per wavelength is sufficiently small. Some problems with capacitance remain, and larger
aircraft would be more difficult to model. The code has not been applied to lightning
hazards but this should present no great difficulty.

3.5 The Magnetic Field Integral Equation Approach

This has been formulated in the time domain (Perala 1974) and the frequency domain
(Sancer et al 1976). Only the latter has been applied to aircraft, making use of
cylinders of elliptical cross-section to model wings and fuselage. No application to
LEMP has been made, and adding a current injection scheme in order to represent an
attached stroke is not trivial. This approach assumes perfect electrical conductivity
and cannot take account of the resistance of the aircraft.

3.6 Miscellaneous Techniques

Hybrid methods in which electric field integral equations are combined with the magnetic
field integral approach are known (Bennett and Ross 1978, Bevensee et al 1978). None
have been applied to LEMP problems. An analytical approximation to the electric field
integral equation has been applied to a simple six-stick model of an aircraft,
(Bedrosian 1977). This results in a relatively simple programme which could be used

by non-specialists. It has not been applied to lightning problems as yet.

Another class of solutions rely on geometrical scattering theory. These would not be
useful for lightning problems, for they apply when the wavelengths being scattered are
much smaller than the dimensions of the scattering body.

Bevensee et al (1978) give a large number of references to EMP codes in general and
others are quoted by Bennett and Ross (1978). The US AFWL Interaction Notes on EMP
should be consulted for more recent information.

3.7 Fourier Spectra of Lightning Currents and Fields

The excitation of resonances on the outer surface of an aircraft is likely to be much
less for LEMP than for NEMP because of the lower frequencies in the former. The near-
field LEMP from a severe lightning stroke as calculated by Perala et al (1979) from a
model by Uman is shown in Figure 10 together with an approximate analytic representation
of the form

0t Bt

14 eV (t-tp) (10)

rim
o

where

azux20*,8:25x20°%,v=1x10",t,=4x10.
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Figure 12. Fourier spectra of analytic approximations to lightning fields and currents.

The two spectra are compared in Figure 12. Aircraft resonances lie above about 2MHz
even for large aircraft, as shown in the figure.

It is interesting to compare the LEMP spectrum with that of the current themselves.
Figure 11(a) compares the median current waveform for the first return stroke with a
representation of the same form as (10), where

a = 2x10u,8 = 7x106,\) = leof’,'c° =7.5x156
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Figure 11(b) compares the median current in subsequent strokes with a similar analytic
expression, where

o = 1x10°,8 = 2x12°%,v = 2x10%,¢ = 1.5 x10°%
The Fourier spectra of the analytic approximations to the current forms is given in 1
Figure 12. The frequency range in again much less than that for NEMP.

It should be noted that even in return strokes the median current waveforms and the

LEMP waveforms calculated from models of the return stroke omit much detail. Higher
frequency components appear at the peak of the current pulse, and branching adds
complexity to the pulse shape. The twisted shape of the channel will further modify

the radiated waveform. Other phases of the flash, such as the leader pulses or intra-
cloud discharges, are known to be sources of HF and VHF radiation. However, all measure-
ments show a falling-off in radiated energy with frequency, so the greatest hazard

occurs at low frequencies.

The geometrical distribution of the current around an aircraft will be different for a i
direct strike and for a nearby strike. Inductive sharing dominates (Section 2.1) for
direct strikes when the aircraft skin is highly-conducting. In nearby strikes, when
LEMP is incident on one side of the aircraft, we recall that the body resonances are
prominent at the boundary between the side of the scattering body illuminated by the ;
EMP radiation and the dark side, that is, along the edges of the shadow (Section 3.1). i
Currents following the waveshape of the incident radiation are small at these shadow

edges. !

L. COUPLING TO THE INTERIQR OF THE AIRCRAFT

L.1 Diffusion Flux (Resistive) Coupling

For lightning current pulses in an all-aluminium-alloy aircraft this type of coupling i
is not generally 1mportant. It produces very slowly-rising voltage pulses of small !
amplitude along the inner surface of the skin of the aircraft or, during the current

redistribution around the cross- sectlon, in any conducting loop where the diffusion

flux ¢p penetrates. It is important in resistive materials such as CFRP, titanium

or stainless steel as discussed in Section 2.1.

Estimates of the magnitude of the effect in three-dimensional structures may be made
with sufficient accuracy by representing the structure around the region of interest
as a cylinder of appropriate cross-section (usually non-circular, as in Figure 2).

For very resistive skin materials, the voltage pulse in the skin has the same form as
the current pulse. The internal flux changes at a rate d¢p/dt roughly equal to ¢p/t
where T is the redistribution time. For large practical CFRP structures having thin
skins with thicker spars of CFRP present 1 is of the order of lus, and also for panels
of CFRP in aluminium-alloy skins 1 will be near this value. The magnitude of ¢
generally smaller than that of the aperture flux ¢ discussed below, and dé¢p/dt 1is much
smaller than d¢/dt. The magnitude of the d¢p/dt voltages is less than the resistive
voltages in the skin.

4.2 Aperture Flux (Fast-Flux) Coupling

The coupllng of flux through a slot in a cylinder is discussed in Section 2.2, where
empirical correction factors for slots of finite lengths are mentioned. These are
then apertures of rectangular shape in a cyllndrlcal body, and the flux in the cavity
behind the apertures is calculated in this section for fields whose frequency is too
low to excite resonances. The magnetic field due to an aperture may be calculated for
any frequency by obtaining the skin current that would have flowed if the aperture were
closed, and then determlnlng the field of this finite patch of skin current. The
geometry of the cavity behind the aperture must be taken into account. The actual
field due to the aperture is then the reverse of this field pattern, and is clearly
calculable from the local skin current density only, (see for example McCormick et al
1978).

The rate of change of the flux in the cavity is determined by the rate of change of the

outer flux around the aircraft, scaled accordlng to the magnltude of the aperture field.

Intracloud discharges and return strokes in ground flashes give significant rates of

change of flux, and the voltages induced in circuits within the aperture can be very !
large, as noted in Section 2.2. If, for example the inductance of a length of fuselage i
is 0.02uH/m and the rate of rise of current in it is 1011 A/s then the peak field on the i
outside of the aircraft is 20kV/m. At a point near the cavity wall, on the 1% contour i
of the flux plot within the cavity, this peak field would be 200V/m, and the waveshape

would be proportional to dI/dt. Wires running across the mouth of the cavity would

have fields of 5-10kV/m induced in them. Wallace (1978) gives details of numerical

calculations of these induced fields.

For return stroke current pulses the energy at frequencles capable of exciting cavity

rescnances is neglible, so this type of calculation is appropriate. Radiation from

lightning flashes as a whole extends up to 1GHz, though with decreasing energy at higher .
frequencies, so cavity resonances will be weakly excited at some stage. The methods K
of solving the general problem of aperture coupling are reviewed by Brittingham (1976). d
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Butler et al (1978) and Bevensee et al (1978) deal with this general problem also. It
is not likely that the excitation of cavity resonances by changing magnetic fields will
be very important in lightning studies.

4.3 Aperture Electric Field Coupling

When the charge distribution on an aircraft is changed rapidly, as for example during
the process of leader attachment, the E-field normal to the surface also changes.
Apertures allow the E~field lines to enter the aircraft and terminate on cables or
conductors within it. Ghanges are induced in this way on screens and wires, and if
the E-field changes rapidly currents flow in the screens or wires.

The electrostatic field distribution within a cavity can be computed, and the effect

of changing E-fields outside on interior conductors can be found. This is a form of
capacity coupling. The field within the cavity can be regarded as due to an array

of electric dipoles covering the area of the cavity, and again the local charge density
on the surface determines the interior field.

The equipotentialsiwithin and around a circular cylinder carrying a slot will be the
same as the flux surfaces shown in Figure 3. The normal E-field at the bottom of the
cavity Ep is about two orders of magnitude below the field Eg at the exterior surface
in this example. The highest rate of change of Eo is likely to be the maximum field
on the surface divided by the transit time of EM waves along the aircraft. The break-
down field in air for corona onset is ibout 3 MV/m and the transit time for a 20m
aircraft is about 70ns so dEq/dt = 10 1% y/m-s as a maximum. This might occur during
the leader attachment phase. The greatest fields at the bottom of the cavity of
Figure 3 are likely to be about 30kV/m with dE,/dt = 1012 v/m-s and a displacement
current density of about 100 A/m2., Part of the displacement current will flow in
screens or exposed wires which intercept the E-field lines.

5. COUPLING INTO CABLES AND WIRES

5.1 Direct Injection

Any conductor penetrating the skin to external equipment such as an aerial may carry
the lightning pulse into the aircraft. The equivalent circuit must be drawn for
lightning frequencies and an analysis performed of the injected current and voltage
waveforms to determine likely hazards. Transmission line theory will be required for
long cable runs and for multiwire cable bundles 3 (McCormick 1979, Perala et al 1979,
Strawe et al 1978). The general references for EMP (Section 3.1) should be consulted
also.,

5.2 Induced Voltages and Currents

The voltage induced in a loop of area A by a transverse flux ¢ changing at a rate
d¢/dt is simply d¢/dt or A dB/Jdt where B is the flux density. The loop inductance and
resistance must be estimated to give the impedance, and the equivalent generator is
then defined.

The effective loop areas of some typical cables are given below in Table 2. (Blount
et al 1974): work at Culhah Lightning Studies Unit supports these results also.

Table 2
Type Area for Im length
(m2)
Common Mode; any wire 5 x 10-2
Differential Signal; straight pair 2.8 x 1072
twisted pair 3 x 1079
shielded twisted pair 3 x 1076

The current I is induced by a normal field Ep within a cavity, changing at a rate
dE,/dt, in a wire of effective area S will be

I = CQ%EtnS

The capacity between the wire and the exterior couples the field changes outside to the
wire, so that the source impedance is capacitative.

Given the nature of the source impedance and the voltage or current waveform produced
the effects on internal circuits can be analysed as in 5.1 above.

5.3 Screening of Internal Circuits

Some- common screening connections, with comments, are given in Figures 13 and 1u
which are self-explanatory. Ground-return circuits (Figure 13) are liable to
disturbance by resistive voltages (IR) in the skin, and by magnetic flux-induced
voltages in loops. Two-wire circuits are at hazard only from the latter.
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Capacity coupled displacement currents will flow in the screen also, and these are an
additional hazard.
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4 6. FINAL COMMENTS

The current and charge distribution on the skin of an aircraft produced by a lightning
flash is difficult to calculate, though some valuable techniques have beer. developed

both for direct and nearby strikes. Very large computer storage is required for this
work. Induced voltages and currents on interior wiring due to a given distribution of

fields and currents on the skin can be more readily determined.

Grounq simulations of lightning give controlled conditions which can be analysed
experimentally. The currents and voltages induced in the skin and in internal wiring
can be measured, and need to be compared with theoretical predictions using the
o numerical approaches now available. The boundary conditions for the magnetic and
electric field configurations must be properly arranged (Burrows, Luther and Pownall
1977, Burrows 1978). Some pioneer work on E-field excitation has been done by Butters
et al (1878). In direct strike simulation the applied current pulse must have an
appropriate Fourier spectrum, with no false high-frequency components (Hanson 1977,
Burrows, Luther and Pownall 1977). The coupling to the aircraft must be made through
a high impedance (Perala 13973).
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PROTECTION OF AIRCRAFT AVIONICS FROM LIGHTNING INDIRECT EFFECTS

by
J. Anderson Plumer
Lightning Technologies, Inc.
560 Hubbard Avenue
Pittsfield, Massachusetts 01201
U.S.A.

SUMMARY

Once the magnitudes of possible lightning-induced voltages in
aircraft electrical circuits have been determined and the vul-
nerability of associated avionic components has been assessed,
the systems and components that are in need of protection can
be identified. In general, protection can be applied either by
designing the aircraft wiring so as to be less susceptible to
lightning-induced effects, or by applying surge protective de-
vices at the avionics terminals to clamp the induced transients
to levels that can be tolerated. In some cases a combination
of these approaches is necessary. This paper describes how to
estimate the magnitudes of voltages and currents induced on
shielded and unshielded wiring, and how shields may be utilized
to reduce the level of these effects in sensitive circuits. It
reviews circuit design practices that also can be utilized to
minimize induced effects, and reviews the various types of surge
suppression devices that are available and the advantages and
disadvantages of each. It concludes with a discussion of tran-
sient coordination and methods of verification,

ESTIMATION OF VOLTAGES AND CURRENTS INDUCED ON UNPROTECTED WIRING

The first step in design of protection for avionics is to estimate the magnitude of
the induced effects that must be protected against. In principle, the induced voltages
amd currents appearing on aircraft wiring may be calculated from the geometry of the air-
craft wiring and knowledge of the strength and orientation of the internal magnetic and
electric fields. However, calculation of the voltages and currents on actual aircraft
wiring may never be practical because of the mechanical complexity of most wiring har-
nesses. For estimation purposes, calculations may be performed for simplified geometries.
Such calculations will illustrate the scope of the problem and indicate the direction of
practices that minimize the voltages and currents, and hence minimize the risk of circuit
damage or upset.

The simplest geometry to consider is that of a conductor, or group of conductors,
placed adjacent to a metal surface and exposed to a uniform magnetic field oriented to
produce maximum voltage in the wiring. The geometry is shown in Figure 1.

If only common-mode voltages are considered and only cable systems short enough that
transmission line effects need not be considered, the induced voltage will be

- d¢ . dH
€=t T WAy M

where
A = area of the loop involved in meters squared

o = 47 %107 in henries per meter (permeability of free space)
= total flux linked in webers

magnetic field intensity in amperes per meter

= in seconds

= in volts

Expressed in inch units:

o e
n

e=8.11x 10‘101)%‘% (2)

where
= length of cable bundle in inches

= height above ground plane in inches
= magnetic field intensity in amperes per meter

(o G- -

= in seconds

It must be emphasized that the voltage so calculated is that existing between the
entire group of conductors (comprising the cable) and the aircraft structure. The voltage
will divide between the loads at the ends of the cable inversely as the impedance of the
loads. For worst case analysis, consider one end of the cable grounded with the other end

m———————
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Figure 1 - Response to a Changing Magnetic Field: Open Circuit Voltage.
(a) Geometry
(b) Ma%netic field waveshape
(¢c) Voltage waveshape

Line-to-line or circuit voltages will be less, generally by a factor of 10 to 200,
or 20 to 46 dB, down from the common-mode voltages because individual conductors arc
usually close together and are often twisted, thus reducing the total loop area.

The maximum cable current is that which flows when both ends of the cable are connec-
ted to the vehicle structure through a low or zero impedance. Such an impedance may be an
overall shield grounded at each end, or it may be a group of semiconductor circuits, each
having low input impedance. 1In the first case, the current will flow on the overall shield
with the current on the input circuits determined by the shielding properties of the shields.

In the second case, the current will flow directly through the input semiconductors and
their bias sources.

The short circuit current that flows (Figure 2) may be determined from the familiar
expression

e = L%% (3)

wvhence

I=1/L Iedt (%)
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where

Cable inductance may be estimated from the expression

or

where

The induced voltage, e, which drives the current, is proportional to the cable height, h,
but the cable inductance which impedes the flow of current, is proportional to the loga-
rithm of the cable height

1 = Amperes

L = self-inductance of cable in henries

e = open clrcuit induced voltage in volts
t = time in seconds

L = 2x 10" 71oge22

4h
qa Wm

5.08x 10 %10g X2 H/in,

d

h = height above a ground plane
d = conductor diameter
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Figure 2 - Response to a Changing Magnetic Field: Short Circuit Current. ‘
(a) Geometry I
(b) Equivalent circuit b
(¢) Magnetic field waveshape ?
(d) Current waveshape
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Transmission Line Effects

Conductors always have associated with them some distributed capacitance and induc-
tance, the values of which are determined by the size of the conductors and the distance
of the conductors from adjacent ground planes and other conductors. When these are con-
sidered, the effect of a changing magnetic field is to produce an oscillatory open cir-
cuit voltage. As shown in Figure 3, these oscillations will be superimposed on an under-
lying voltage proportional to the rate of change of the magnetic field. When the internal
magnetic field is of complex waveshape (as is the usual case) and not the idealized ramp
function shown in Figures 1lb and 3b, the resulting open circuit voltage may be of a very
complex nature. While the maximum voltage may be difficult to predict, given the complex
nature of the superimposed oscillations, the amplitude of the envelope can at least be
approximated from Equations 1 and 2. The frequency of the superimposed oscillations tends
to be inversely proportional to the conductor length. Conductors, such as shields,
grounded at one end, tend to ring as quarter-wave dipoles: for example, a conductor 10m
long tends to ring at 7.5 MHz. Even this simple relationship is difficult to apply,
since one conductor is seldom free of the influence of adjacent conductors.

(o)
H
(1]
(b) time
i
N e
}
| Nl A
0
/ \jﬁm.
(c)
Figure 3 - Oscillatory Voltage Response Excited by a Changing Magnetic Field. }}‘
(a) Geometry g

| (b) Ma etic field waveshape
i (¢) Voltage waveshape
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Aircraft wiring 1s grouped into bundles, the bundles usually contafining both short
and long conductors. The assembly, even if exposed to a magnetic field of simple wave-
shape will oscillate in a complex manner. Generally there will be one dominant frequency
with several frequencies, usually higher, superimposed. Each will have its own character-
istic decrement. Almost the only reliable generalization is that the cables associated
with large aircraft will be longer than the cables associated with small aircraft and
will characteristically oscillate at lower frequencies. On fighter aircraft, measurements
of induced voltages have shown the characteristic frequencies to be in the range 1 to 10
MHz.

Currents measured on bundles of conductors tend to be oscillatory, like the voltages,
as long as the conductors are part of a wiring group employing a single-point ground con-
cept. If the conductors are part of a wiring group employing a multiple-point ground
concept, the conductor currents tend not be be oscillatory but to follow the underlying
shape of the internal magnetic field.

Magnetic Field Zones

From the foregoing it can be seen that the task of assessing the possible induced
voltage or current levels in a conductor or shield depends on knowing the magnetic field
levels inside the aircraft. Accurate determination of these fields at particular loca-
tions would be a formidable task. A possible solution to the problem lies in establishing
characteristic zones. On a fighter aircraft, for example, the cockpit can be regarded
as a magnetically open zone exposed primarily to aperture-coupled magnetic fields. Within
reasonable limits, all fighter aircraft probably have approximately the same magnetic
field in the cockpit. Another zone characteristic of fighters would be the avionics bays
located in the fuselage. Many such bays tend to be alike, the differences, perhaps,
relating mostly to the type of magnetic field structure fundamentally different from
either the cockpit or the forward equipment bays. Accordingly, it should be possible to
divide an aircraft into a relatively small number of typical zones; to assign a predomi-
nant magnetic field intensity to these zones, and to provide rather simplified tables of ;
nomograms listing the characteristic transient likely to be induced in wiring of a given 4
length.

The concept of dividing an aircraft into magnetic field zones was first used on the
Space Shuttle (Reference 1). The zones so defined are shown in Figure 4 (Reference 2).
The electromagnetic fields assigned to each of these zones were estimated by a group of
engineers knowledgeable in the field. These magnetic fields were then refined during the
course of an extensive analytical investigation. The magnetic field amplitudes assigned
to each of these zones, based on the analytical study, are given in Table 1 (Reference 3).

[
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A THROUGHM D - MOST PROBABLE LIGHTNING ARC ENTRY AND EXIT POINTS

SHUTTLE ZONES
1 FLIGHT DECK 6 PAYLOAD BAY

2 CENTER EQUIPMENT BAY 7 AFT EQUIPMENT BAY

3 LOWER EQUIPMENT BAY 8 ENGINE COMPARTMENT
4 FORWARD 10P 9 VERTICAL STABILIZER

S FORWARD CENTER 10 WING

Figure 4 - Shielded Zones within the Orbiter Structure,

The fields were divided into two components, an A-component referring to fields coupled

through apertures and a B-component referring to fields coupled by diffusion through metal
surfaces. The A-component of the field would tend to have the same rapidly changing wave-

shape as the external magnetic field, while the B-component would have a much slower wave-

shape. In the Space Shuttle study the waveforms of the different components were taken to

be as shown on Figure 5 (Reference 4). In each case the field intensity was based on a

worst case 200 kA lightning current passing through the Orbiter vehicle. The field ampli- -
tudes of Table 1 were the maximum amplitudes calculated for any of the possible lightning

current entry or exit points.

Analytical studies of field intensity could well be supplemented by experimental 3
studies in which currents were circulated through an aircraft and the magnetic fields meas- | ]
ured. Aircraft used for such studies should be in realistic condition in regard to the .
mechanical soundness of the structures, particularly relating to the access panels, but ¥y
otherwise they need nnt contain complete electronic systems.




. TABLE I - Magnetic Fields in Different Zones of
- the SPACE SHUTTLE
ﬁ Aperture Fields Diffusion Fields
Zone A-component (A/m) B-component (A/m)
1 1200 800
; 2 60 200
3 0 200
t 4 50 150
L | 5 50 100
i 6 280 300
7 50 570
8 200 680
9 200 3700
10 65 300
5

2x10 A ——

2x107%% !
6

(a) 100x 10 s
—— =— SEE TABLE 11.1 FOR AMPLITUDE

2x10%% |
(b) 100 x 10”5

~

i
|
|
|
2 >
1

300 x 10”%s

1
(c) 600 x 1070

Figure 5 - Waveforms of aperture- and diffusion-coupled magnetic fields.

(a) Lightning current
(b) Aperture-coupled field, A-component
(e) Diffusion-coupled field, B-component

e wme SEE TABLE 11.1 FOR AMPLITUDE
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Aids for Calculation of Estimated Voltages and Currents

The magnetic fields established for each zone may then be utilized to calculate the
approximate voltage and current to be experienced by typical aircraft conductors or shields.
For this purpose, the following additional assumptions are made:

e The conductor (or shield) is of length 2, diameter d, and spaced a height, h,
above a ground plane which is the aircraft skin >r a floor.

e The magnetic field is oriented to produce maximum voltages in the conductor.
One end of the conductor is grounded.
The magnetic fields are of the shape shown in Figure 5.
These are the same assumptions as those illustrated in Figures 1 and 2 and upon which
Equations 1 and 2 were based. Under these assuuptions
e, o = Ky2hH N

where

K1 = 0.63 if 2 and h are in meters

-4

K 0.63 x 10 if ¢ and h are in centimeters

1

In all cases H is expressed in amperes per meter. The waveshape of the open circuit volt-
ages would typically be proportional to the derivative of the H field, and hence oscillu-
tory.

If we assume the conductor to be grounded at each end

Isc = Kzlhﬂ (8)
where K2 is given by Figure 6. Conductor length does not influence short circuit current.
The waveshape of the short circuit current tends to be the same as that of the magnetic
field.

" The height, h, of the cable bundle above a ground plane is difficult to specify be-
cause the ground plane is seldom purely a plane surface and because cable bundles are
frequently strapped directly to a supporting structure. For purposes of this analysis,
assume

e That the height, h, is measured to the nearest substantial metallic structural
member

e That if the cable bundle is laid directly on that member, h equalsone-half of
the cable diameter

e That if the cable bundle is elevated above the metallic structural member, h
equals the clear height above the member plus one-half the cable diameter.
(If the cable height differs along its length, use an average height.)

0057 Sr
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Figure 6 - K2 - Metric Units.
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Estimated Voltages and Currents in the Space Shuttle
Based upon Equation 1 to 8, Figure 5, and Table I, one may calculate the open-circuit
induced voltages and short circuit currents that would be developed on typical wiring.
The results are shown on Table II (Reference S5) for a conductor 4min length within each
of the 10 magnetic field zones established for the Space Shuttle and illustrated in
Figure 4.
0.12
0.10
0.08
R ]
£
2006
o
3 X
3} 0.04
! 0.02
0 ] Lt | 1 { J N
1 2 5 10 20h " 50 100 200 500 1000
/

Figure 7 - K, - Inch Units.
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Table IT - OPEN CIRCUIT VOLTAGE AND SHORT CIRCUIT CABLE
CURRENT IN THE VARIOUS ZONES OF THE SPACE SHUTTLE

h=1in. (0.0259m) h=2in. (0.0508m) h=Sin. (0.1270m) h=>10in. (0.254m)
Zone  Voltage Current Valtage Current Voltage Current Voltage Cusrent
(volts) (amperes) (volts) (amperes) (volts) (amperes) (volts)  (smperes)

-4 ppninl

B e aie

1 76.90 1333 153.8 1849 3846 3218 769.1 s

2 3.92 710 7.84 942 19.59 16.39 39.18 26.54
i 3 0.085 0.154 0.170 0.204 0.425 0356 0.850 0.576
‘ 4 328 5.89 6.5! 182 16.27 13.62 3254 22,08

s 323 5.85 6.46 1.76 16.14 13.51 3229 2187

6 17.99 32.59 3599 43.26 89.96 75.28 1799 219

7 343 6.21 6.87 8.26 17.16 14.36 34.33 23.26

8 13.08 23.64 26.11 31.38 65.27 54,62 130.5 88.44
~ 9 14.33 2596 28.66 34.45 71.65 59.96 1433 97.09
i 10 4.27 1.714 8.55 10.28 21.37 17.88 42.75 28.96

*All values based on cable length of 157.48 inches (4 m) and diameter of | inch (0.0254 m). For other lengths,
scale the voltage proportionately.

The voltages and currents of Table II are the
unshielded conductors and the airframe, or between
the airframe. In either case the source impedance
circuit voltage (ege) by the short circuit current

€oc

Z =
source ige

SHIELDING EFFECTIVENESS
Grounding of Shields

transients that will appear between
the shields of shielded conductors and
can be estimated by dividing the open
(ige) as follows:

(9)

I1f a shield is to be effective against magnetic fields, it must be grounded to the

airframe at either end. In this case,

the short circuit current determined from Table II

will flow in the shield, and this current will produce a magnetic flux that tends to cancel

S - -
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the original flux. If one end of the shield is left ungrounded, the calculated induced
voltage will appear between the ungrounded end of the shield and the airframe, and no
circulating current or cancelling flux will appear.

To illustrate some of these effects let us consider a series of tests (Reference 6)
that were made on a 5m long length of RG-58/U coaxial cable. The cable was placed adja-
cent to a metal ground plane and a magnetic field passed between the cable and the ground
plane. Measurements were made of the voltage between the center conductor and ground at
each end of the cable. These voltages thus represent the common-mode voltages that would
exist. The first set of results is shown in Figure 8. 1In an unshielded conductor or one
in which the shield on a conductor is not used, equal and opposite voltages appear at the
two ends if all of the loading impedances are balanced. The voltages at the two ends of
the conductor are of equal amplitude but opposite polarity, as would be produced if the
conductor were considered to have an equivalent voltage generator at its center, as shown
in Figure 8c. 1If the load impedances at the ends are unbalanced by the addition of a 508
resistor at one end (Figure 9), the total voltage induced around the loop remains unchanged,
but most of it appears at the end with the highest impedance. With reference to the equiv-
alent circuit of Figure 9c, the fact that there is any voltage at V2 implies the existence
of some capacitive loading as well as the desired resistance load; otherwise there would

be no voltage across V3.

INCIDENT MAGNETIC FIELD

H
END END 1
/ RG 58 COAXIAL CABLE Sm LONG |

v, 32v) v, (32V)
7/ / // vz yd 7777 Vol

(o)

S0V

=%
dt

TT77 777777777777 77777777 77777777777 7.
(d)

Figure 8 - Shield Not Grounded at Either End.
(a) Test conditions
(b) V1
(c) Vo
(d) Equivalent circuit

Grounding the shield at one end, shown in Figure 10 does not significantly affect
the common-mode voltage at the other end. The changing field induces a voltage between
the open end of the shield and ground. The conductor is exposed to the same field, and
there is thus the same voltage developed between the ends of the conductors as that be-
tween the ends of the shield. Because of the unbalanced load impedances, all this volt-
age must appear between the conductor and ground at end 1. Leaving aside considerations
of unequal load impedance, the shield can reduce voltage at one end only by increasing
it at the other end. This effect is shown in Figure 11. The reason the shield reduces
the line-to-ground voltage at V2 is that the capacitance between shield and conductor at
the ungrounded end loads the signal conductor, just as did the 500 resistor of Figure 10.

Grounding the shield at both ends, as shown in Figure 12, produces an entirely dif-
ferent response. If the shield is grounded at both ends, the voltage induced by the
changing magnetic field in the shield produces a flow of current through the shield.
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Figure 9 - Unequal Load Impedances
(a) Test. conditions, (b) Voltages, (c) Equivalent circuits
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Figure 10 - Shield Grounded at One End.
(a) Test condictions, (b) Voltage, (c) Equivalent circuits




o uvan s s s Ay, S

e N it A

i
:

9-11

- d¢ _ ,dH
at - "3 (10)
-t fE de = B g an

where
E' = Voltage induced between ends of the shield

I = Current on the shield

" Self-inductance of the shield

I = current on the shield
self-inductance of the shield

-
1}

Vz (IOV)
////7 o/ 2z SIS 777 P77 77
(0)
I
Vo —p
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4 )
777, Pl PSS, . L 7777

Figure 11 - Shield Grounded at One End.
(a) Test conditions
(b) Voltages
(¢) Equivalent circuits

This shield current reduces the voltage induced between the signal conductor and ground,
as shown in Figure 13. The reduction in voltages can be viewed equally well from two

different standpoints.

The first is that the shield current produces a magnetic field that tends to cancel
the incident field. From this viewpoint the voltages on the signal conductors to ground
repond only to the difference between the incident and the cancelling fields. Alternative-
ly, the reduction in voltage can be viewed as the effect of the mutual inductance between
the shield and the signal conductor. This latter approach is illustrated by the equiva-
lent circuit of Figure 13c. The voltage between the ends of the conductor is the sum of
that resulting from the voltage induced in the signal conductor, E, and that coupled
through the mutual inductance between the shield and the signal conductor. Since the
shield is grounded at both ends and able to carry a current, the voltage appearing across
the primary inductance of the equivalent transformer is equal to the voltage E' induced
between the ends of the shield by the incident field. Since the mutual coupling between
the shield and the signal conductor is very nearly unity, the voltage induced in the
secondary, or signal conductor, side of the equivalent transformer is about equal to the
voltage originally induced in the shield. Accordingly, the voltages appearing at the ends
of the conductor are much lower than they would be if the shield could not carry current.

. e+ - comir— STl
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Figure 12 - Shield Grounded at Both Ends.

(a) Test conditions
(b) Shield current
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Figure 13 -~ Shield Grounded at Both Ends.

(a) Test Conditions
(b) Conductor voltages
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(c) Equivalent circuit (c) Equivalent circuit
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E An alternative form of the equivalent circuit of Figure 13 is shown in Figure 1l4.

: There are two parts of the circuit, one relating the magnetic field to the current flow-
ing on the shield and one relating the current on the shield to the voltage developed on

3 the conductor. Both the measurements and the circuit indicate that voltage on the center

X conductor is affected by the relative impedance of the loads on the ends. A low impedance
at one end pulls the voltage at that end down but raises the voltage at the other end.

M12 and R represent transfer quantities, the values of which depend upon the type of shield.
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Figure 14 - Shield Grounded at Both Ends. 3
(a) Test conditions §
(b) Conductor voltages i
(c) Equivalent circuit
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Shield Transfer Functions

If a shield were '"perfect" the flow of current on the shield would not cause any
voltage to be developed between the shield and the signal conductor. Factors exist, how-
ever, which prevent shields from being perfect. First, a shield always has resistance
as shown in Figure 15. Current flowing through the resistance of the shield produces an
electric field on the internal surface of the shield. The nature of the coupling between
this internal field and the signal conductor depends upon the connections at the ends of
the cable and upon the distributed inductance and capacitance of the circuit internal to
the cable. As a simple case, imagine the left-hand end of the signal conductor to be
shorted to the shield. The internal electric field would then be completely coupled to
the signal conductor, and the voltage between the signal conductor and the shield at the
right-hand end of .the cable would be equal in magnitude to the total internal electric
field along the length of the shield. This simple type of coupling is valid for low-
frequency or slowly changing shield currents. For shield currents sufficiently slow
that this model applies, the waveshape of the internal electric field is the same as the
shield current, being related by Ohm's Law:

E = IR (12)

Generally the coupling is not as simple as this. If the overall shield is a solid-
walled cylinder, as shown in Figure 16, the internal electric field depends upon the
product of the resistivity of the shield material and the density of the current on the
internal surface of the shield. This internal current density, Ji, will not, in general,
be the same as the density of the current on the external surface of the cylinder. Be-
cause of the phenomenon of skin effect, the current density on the inner surface of the
shield will rise more slowly than does the external current. The rate at which current
density on the inner surface increases will be directly proportional to the permeability
of the field material and to the square of the wall thickness and inversely proportional
to the resistivity of the wall material. Cables with solid-wall shields and cable trays
of solid metal with tightly fitting covers will typically exhibit this type of behavior.
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A different type of behavior is commonly observed on cables with braided shields,
shown in Figure 17. The shields do not provide a perfect conducting cylinder, for they
have a number of small holes which permit leakage. As a first approximation, one may
visualize the external field lines looping in and out of the holes in the braided shield,
as shown in Figure 17b. The leakage field produces a net magnetic field circumferentially
around the inside surface of the shield, inducing a voltage between the center conductor(s)
and the shield. The total induced voltage agpearing between a conductor and the shield,
then, is proportional to the resistance of the cable shield, to the rate of change of the
shield current, and to the number of holes in the cable.

Another source of coupling is via capacitive leakage through the holes in the shield,
as shown in Figure 18a. If the shield is held at ground potential by deliberate grounds,
if the signal conductor is held near ground potential by external loads and if the
shielded c¢able is subjected to an external and changing electric field, dielectric flux
will pass through the holes in the cable from the external source and onto the signal con-
ductor. The flow of these dielectric, or displacement, currents through the external losd
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b impedances produces a voltage between the signal conductor and the shield. An alternate
- source of coupling, shown in Figure 18b, involves the voltage on the shield itself. Noise
4 currents flowing through the external impedance of the shield may, if the shield is not

perfectly grounded, produce a voltage between the shield and any external ground structure.
External impedances between the signal conductor and the shield, as well as the inherent
capacitance between the shield and the signal conductor, force the signal conductor to
assume nearly all the same potential as the shield. Because the signal conductor is then
at a potential different from the surrounding ground, dielectric flux can pass from the
signal conductor through the holes in the shield and to ground, the dielectric currents
again giving rise to a voltage between the signal conductor and the shield.
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In most cases the effects of magnetic leakage are probably more important than the
effects of capacitive leakage.

The factors that affect the voltage which may appear between a signal conductor and
the shield of a cable, as distinct from the voltages that may appear between the signal
conductor and ground; are, then, the resistance of the shield, the degree to which the
shield allows magnetic fields to leak to the inside, and the degree to which the shield
allows electric fields to leak to the inside. These latter two characteristics may be ex-
pressed in terms of an equivalent transfer inductance of the shield and an equivalent trans-
fer capacitance. These effects may be expressed in terms of the equivalent circuits shown
in Figure 19. igure 19a shows the equivalent circuit by which noise current on the shield
of the cable may be related to the voltage induced between the signal conductor and the
shield. 1In the frequency domain, this may be expressed as

F ‘ Vg = 1,(Z4 + JuMyy) (13)
% As will be seen momentarily, the term Z4 may frequently be treated simply as the dc resis-
i~ tance of the cable shield, shown in Figure 19b, in which case the relation between current

and voltage become simply
Vg = In(R4e + JuMyg) (14)

Treatment of capacitive effects yields the equivalent circuit shown in Figure 19¢, in
which the relation between loop current induced on the signal conductor and external noise
voltage becomes

Is = EnjuCyy (15)

Vance (Reference 7) gives an excellent dissertation on how the transfer inductance Mj)
and transfer capacitance Cj7 may be related to the characteristics of the braided shield.

The transfer impedance of a shielded cable is not a factor commonly specified either
the manufacturer or by procurement specifications. Even among cables of the same nomi-

b
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different manufacturers. The most straightforward method of determining the transfer
characteristic of a shielded cable is to make actual measurements of the conductor voltages
that are produced by currents which are circulated through the shield.
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Figure 19 - Equivalent Circuits
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(b) Transfer impedance simplified
(c) Transfer admittance
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Methods of Grounding of Shields

The way in which a shield is grounded to the airframe may have a significant effect
on the level of induced voltage that appears on the shielded conductors. A common treat-
ment of a shield at a connector is to insulate the shield with tape and connect it to the
back shell through a pigtail. Such treatment is shown in Figure 20a. Equally common
practice is to insulate a panel connector from a panel with an insulating block and to
ground the panel connector either to the panel through a pigtail or, more commonly, to an
internal ground bus. A very common treatment of a shield at a connector, shown in Figure
20c, is for the shield to be connected to one of the connector pins and grounded inter-
nally through a pigtail, either to the panel or to an internal ground bus.

There are two fundamental drawbacks to pigtail grounding. The first, shown in Figure
2la, is that the shield current, being constricted to a path of small diameter, sets up a
more intense magnetic field at the surface of the conductor than it would if the conductor
were larger. If the shield current is carried to ground orn a shell concentric with the
conductors within the shield, shown in Figure 21b, there is much less voltage introduced
into the conductors for the following reasons:

e The length of the path through which the shield current must flow is
shorter.

o The field intensity external to the shield is reduced by virtue of the
inherently larger diameter of the path upon which the current flows.

The field intensity inside the shield is low - nearly zero.
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Figure 20 - Common Treatment of Shields at Connectors.
(a) Pigtail connections to a backshell

(b) Pigtail grounding to a panel connector
(c¢) Shield carried on a connector pin
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SYSTEM DESIGN TO PROTECT AGAINST INDIRECT EFFECTS

Goals

Design to minimize the indirect effects of lightning should aim to accomplish the
following goals:

1. Achieve a design that prevents the indirect effects from causing irreversible
physical damage.

2. Eliminate that interference which provides an imminent hazard to the safety
of the vehicle or its crew or one that presents a severe risk of preventing
the completion of the aircraft's mission. For example, indirect effects
that cause warning lights to appear might be acceptable whereas indirect
effects that lead to the tripping of circuit breakers would be unacceptable,
even if it were possible to reset the circuit breakers. Immediately after
a lightning flash the pilot of the aircraft might have enough things to do
that he should not be called upon to reset circuit breakers. Also, inter-
ference that leads to the scrambling of one channel of a redundant digital
control system is probably acceptable, but interference that causes all
computers to shut dowr. is unacceptable, particularly if the computers are
shut down in a disorderly manner which results in the internally stored pro-
grams becoming scrambled.

3. Design avionic equipment that can accept transient signals on input and out-
put terminals at the outset rather than relying on retrofit programs to
protect existing systems.

4. Design avionic systems around the capabilities of existing and proven pro-
tective devices or techniques.

5. Conduct trade-offs between the cost of providing electronic equipment capable
of withstanding lightning-induced transients and the cost of shielding inter-
connecting wiring from the electromagnetic effects of lightning.

6. Take as much advantage as possible of the inherent shielding that aircraft
structures are capable of providing and avoid placing equipment and wiring
in locations that are most exposed to the electromagnetic fields produced by
lightning.

Ways to accomplish some of these goals are discussed in the following paragraphs.

Protection Through Location of Avionic Equipment

While the designer may not have much choice in the matter, it is often possible to
minimize indirect effects by locating electronic equipment in zones where the fields
produced by lightning currents are lowest. For example, since the most important type of
coupling from the outside electromagnetic environment to the inside of the aircraft is
through apertures, it follows that equipment should be located as far from major aper-
tures as possible. This means that equipment should be located as far from such access
doors as possible, since access doors with their imperfectly conducting covers are a
major source of electromagnetic leakage. In practice this may be more easily saild than
done, however, because frequently the purpose of access doors is to provide ready access
to electronic equipment.

Protection Through Location of Wiring

The designer may have somewhat more control over the routing of wiring used to inter-
connect avionics than he does over the location of the equipment itself. Wiring should
also be located away from apertures and away from regions where the radius of curvature
of structural members or the outer skin is smallest. Also, wiring should be located as
close to a ground plane or structural member as possible. If the structural member is
shaped or can be shaped to provide a groove or trough, it will provide more inherent
shielding than it will if the wiring is placed on the edge of the member. Some examples
of typical structural members and the best places for wiring are shown in Figure 22. 1In
each case the structural member is assumed to be carrying current along its axis.

Some basic principles to follow are these:

1. The closer a conductor is placed to a metallic ground plare, the less is the
flux that can pass between the conductor and the ground plane.

2. Magnetic fields are concentrated around protruding structural members and
diverge in inside corners. Hence, conductors located atop protruding members
will intercept more magnetic flux than conductors placed in corners, where the
field intensity is weaker.

3. Fields will be weaker on the interior of a U-shaped member than they will be
on the edges of that member.

4. Fields will be lowest inside a closed member.

Some examples of cable routing are shown on Figure 23,
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Figure 22 - Flux Linkages vs Conductor Position.
(a) Conductors over a plane (b) Conductors near an angle
(c) Conductors near a channel (d) Conductors near a box
In each case pictured
Conductor 1 - highest flux linkages: worst
Conductor 2 - intermediate linkages: better
Conductor 3 - lowest linkages: best

Figure 23 - Conductor Routing.
(a) A fuselage structure (b) A wing structure
In each case pictured
Conductor 1 - highest flux linkages: worst
Conductor 4 - lowest flux linkages: best
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A cable clamped to stiffeners, as at Position 1 of Figure 23, will effectively bz spaced
away from the metal skin by the height of the stiffeners. A conductor along the outside
edge of the U-shaped member, as shown by conductor 2 in Figure 23a, may or may not be
better placed than conductor 1: effectiveness depends on hov closely the conductor is
attached to the side of the U-shaped member. Conductor 3, placed along the edge where
the U-shaped member is attached to the stiffeners would probably be in a lower field envi-
ronment than would either conductor 1 or conductor 2. Conductor 4, located in the interior
of the U-channel, would be in the lowest field region and hence in the most effective posi-
iion. Similar considerations apply to conductors located in structures like wings or stabi-
izers.

A conductor located along the outside trailing edge of the wing, as shown by conduc-
tor 1 in Figure 23b, will pick up much more flux than will any conductor located on the
inside, probably by several orders of magnitude. Hence conductor 2, located on the inside
of the trailing edge, would be better placed. Conductors 3 and 4, in that order, would
be in the regions of lowest magnetic flux. A conductor that could be run inside a major
structural member, as shown by conductor 4, will be exposed to a minimum amount of magnetic
flux. Conductor 5, located at the forward edge of the wing, would be in a well-shielded
region if the forward edge of the wing were metal, but it would be in a high field region
and therefore vulnerable if the forward edge were a nonmetallic covering. However, even
if the covering were metallic, conductor 5 would not be in as protected a region as that
of either conductor 3 or conductor 4.

Windshield posts, shown in Figure 24, tend to concentrate the current flowing on the
exterior surface of the vehicle, particularly if a flash is swept back contacting the
windshield post directly or the eyebrow region above the windshield. Since the current
is concentrated, the magnetic field intensity inside the crew compartment tends to be very
high. The situation is aggravated by the fact that the windshields, unlike other regions
where the field might have to diffuse through the metal surfaces, act as large apertures
and so allow the internal magnetic flux to build to its peak values very rapidly. Instru-
ments and wiring on the control panels are thus in a region of inherently high magnetic
field strength. Conductors that run from overhead control panels (position A) to other
instruments (position B) are often run along the windshield center posts. They are thus
in a region of the most concentrated magnetic fields likely to be foind on an aircraft,
and accordingly they may have induced in them the highest voltages.

Protection Improvement Through Shielding

The effectiveness of shields has been discussed in a previous paragraph. It is al-
most always necessary to make some use of shielding on interconnecting wiring for protec-
tion of the most sensitive circuits. Shielding against magnetic fields requires the
shield to be grounded at both ends in order that it may carry a circulating current. It
is the circulating current that cancels the magnetic fields that produce common-mode volt-
ages. There is some merit in grounding such a <hield at multiple points, since frequently
the cable will be exposed to a significant amount of magnetic field over only a small
portion of its total length. If the shield is multiple-grounded, the circulating currents
will tend to flow along only one portion of the cable whereas, if it is grounded at only
the two ends, current is constrained to flow the entire length of the cable.

(o)

(b)

Figure 24 - Current Flow Alorg Windshield Posts.
(a) External current flow
(b) Internal magnetic fields
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The requirement that ~ shield intended for protection a ainsr 3 !¢hen
be grounded at both ends raises the perennial controver.y a%out singkgfviggugfésignggfc
point groundingof c¢ircuits. For many le%itimate reasons sensitive circuits need to be
shielded against electromagnetic interference (EMI) from neigh’.>ring cystems and power
system recurn currents. The shields intended for EMI protecti.n are grounded at only one
end. But in this practice a fundamental concept often overlooked is that che physical
length of such shields must be short compared to the wavalength of the interfering signals.
Lightning-pvoduced interference, however, is usually broad band and includes signiffcant
amounts of energy at quite high frequencies, frequencies higher than those the typical
low-frequency shields are intended to hendle. The dichotomy between the requirements for
shielding against everyday, low-frequency interference is usually too great for both sets
of requirements to be met by the use of onlv cne shield system.

In these cases, hoth sets of regulrements can be met only by having one shield system
to protec: against ligirtning-generated interference. The lightning shield can usually
consist of an overall braided shield oo conduit over o group of conductors with this over-
all shi~ld being grounded to the aircraft structure at least at the ends. Within the
overnll shicld may be placed whatever types of civcuits are needed. Frequently these
clrcuits will have a shieldea conductor of their own. In a coordinated shielded system
the designers of individual circuits should have the option of grounding such inner
shields as the’r own requir~ments dictate, but they should not have the power of dictating
the treatment os the overall shield.

Protection Through Circuit Design

One of the mest Important considerations in the control of lighting-related interfer-
ence through proper circuit design lies in the fundamental observation that a device with
a broad band-width can intercept more nolse energy than can a narrow band-width device.
Some of the considerations that derive fcom this observation are shown in Figure 25. The
noise produced by lightning has a broad frequency spectrum. Considering for the moment
only the spectrum of the lightning current, the observation is frequently made that most
of the enargy associated with the lightning current is contained in the low-frequency
region. below 10 or 20 }:z. Before any sense ~f security is derived from that observation,
it should be remembered that equipment is damaged or caused to malfunction in accordance
with cthe total amount of energy intercepted. In a lightning flash thure may be plenty of
encrgy In the megahertz and multimepahertz region to cause interfereance. The energy that
is aviilable rfor damage or interference may well be concentrated in certain frequency
bands by the characteristic response of the aircraft or the wiring within the aircraft.

Without referenc2 to any specific frequency regions, however, the euergy spectrum of
the lightning-generated interference on electrical wiring within an aireraft will still
be a broad spectrum. A receptor with a broad pass band, shown in Figure 25a, will inher-
ently collect more cnergy than will a receptor with narrow pass band, shown iu Tigure 25b.
The narrower the paus band, the better. 1In this respect analog circuits have an inherent
advantage over digital clrcults, since a narrow-pass band digital circuilt is almost a
contradiction in terms. If possible, circuits should not have a pass band that includes
DC, shown in Figure 25¢, because, when DC is excluded, the circuits will inherently be
able t2 reject more of the energy associated with the flow of current through the resis-
tance of the structure.

The suudies of tvpes of interfereace produced in aircraft by the flow of lightning
current have shown that the lightning energy excites oscillatory frequencies on aircrufc
wirirg, puarticularly {if the wiring is based on a single-point ground concept. 7Those
characteristic frequencies have tended to be in the runge of several hundred kiloheutz
to a few meguzhertz. If at all possible, the pass bands of electronic equipment should
not include these frequencies, as dces the hypothetical pass band shown on Figure 25d.
Higher or lower pass bands would inherently ge better than the one shown. Au an extreme
exemple, shown in Figurc 25e, fiber ouptic signal transmission operating in the infrared
reglon aveids the frequency spectrum assoclated with lightning-generated interference
almost completely.

Bagic vonsiderations about circuit design «nd signal transmission are showr in Fig-
ure 26. First, as zhown on Figure 26a, signal clccuits should avoid the use of the uir-
craft structure as raturn path. Tf the structure is used as a retnrn path, the reiis-
tively generateu voltage drops will be included in the path between transmitting and
receiving devices. On the other hand, eignal transmission over a twisted-pair circuit
with signil grounds {solated from the afreraft structure tunds to couple lower voltages in
the signal path. It must not b2 forgotten, howeve:r, that the use of twisted-pair trans-
migsion lines does not eliminaty the common-mode voltage to which electronic szstems may
be subjected. Common-mode voltages applied to the unbalanced t:cansmission path, as in
Figure 26b, can lead to line-line voltages which may at times be as high as the comon-
mode voltape.

Diftevertial transmission and reception devices, shown in Figure 26c¢, can nffer a many-
fold improvement !n the ability to rejec: the common-mode voltages produced by lightning.

In guneral it is preferable that wiring interconnerting two different pleces of elec-
tronic eguipment not interface directly with the junctions of semficonductors, ac shown in
Figures 26a and 26c. Even modest amounts nf resistance ccnrected betwesn the junctions
and the interfacing wircvs, shown in Figure 26d, can greatly improve the ability of semi-
conductors to resist tue transient volteges and currents. Transmission through Lalanced
~ranamisaion lines and transformers, coupled with faput proteetion for semiconductors,
probably provides the greatest amount of protsction against the transients inducad.on
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I} Protection Through Use of Surge Protective Devices
J Surge protective devices can sometimes be used to limit the amount of electrical

: energy that a wire can couple into a piece of electronic equipment. While one can sel-
{ dom eliminate interference through the use of protective devices, suppressors judiciously
| used can virtually eliminate physical damage to electronic devices.

There are two basic types of protection devices: those which, on sensing an overvolt-
: age, switch to a low-impedance state and thus cause the impressed voltage across them to
b collapse to a low value; and those which, on sensing 1\ overvoltage tend (by virtue of
i their nonlinear voltage-current relation) to suppr ‘he voltage to a safe level without
1 collapsing it. Examples of the first type a:. ¢ s, ns, and examples of the second
K type are Zener diodes and varistors. There u:« =zis. ‘:vices which, on sensing an over-
i voltage, interrupt the power flow to the lo:! { this interruption is accomplished by
electromechanical means, they should not be counsi:dvred transient protection devices be-
‘ cause they are inherently slow to respond.
o
|

Switching devices inherently offer greater surge-power handling capability than most
Zener or variscor types of devices. The instant.neous power dissipated in a transient
protective device is the product of the surge cuirent flowing through the device and the
voltage across the device. For a constant surge current, a switching device like a spark-
gap, across which the voltage is low while in the conducting s:ate, will have less power
released in it than a device like a Zener diode, across which the surge voltage remains
high. For a given surge-power handling capability, a spark gap will thus be smaller
physically than a Zener diode or varistor device.

Another fundamental difference between switching devices (spark gaps) and nonswitching
devices (Zener diodes or varistors) relates to their recovery characteristics after the
surge has passed. If a circuit protected by a spark gap is connected to a source of
energy (a power bus, for example) the energy source must usually be disconnected from the
circuit before the spark gap can switch back from its low-impedance conducting state to by
its high-impedance nonconducting state. Generally, this requires opening a circuit o3
breaker. A Zener diode or varistor effectively ceases to conduct as soon as the surge R
voltage has passed.

Mo 28] s enia il B 7

All types of overvoltage protection devices inherently operate by reflecting a portion
of the surge energy to ‘ts source and by diverting the rest into another path, all with
‘ the intention of dissipating the surge energy in the resistance of the ground and inter-
b connecting leads. The alternative to reflecting the energy is to absorb the surge energy
in an unprotected load. Reflection and diversion of the surge energy are not without their
hazards. Some are the following:

e The reflected energy can possibly appear on other unprotected circuits.

e Multiple reflections may cause the transient to last longer than it would othctyiao.

O
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e The spectral density of the energy may be changed, either high or low freauencies
being enhanced. Interference problems on other circuits may well be increased even
though the risk of damage to the protected circuit is reduced.

Most commonly the appropriate type of transient protective device to be used depends
on the amount of surge energy to be dealt with. Generally, this energy decreases the fur-
ther away one gets from the stroke. The surge energy to be expected can also be related
crudely to the normal operating power of the circuit involved. One would normally expect
lower surge levels on low-voltage signal circuits than on medium-power control circuits,
and even lower levels than those on main-power distribution buses. Thus, one might logi-
cally use Zener diodes on individual circuit boards, varistors on terminal boards, and
spark gaps on leads running to prime entry and exit points.

There are basically four generic types of transient protective devices applicable to
lightning hardening of avionic systems. These types are gas-filled spark gaps, Zener
diodes, varistors, and dielectrics. The latter are currently in development, but the
others are readily available commercially. Each type has both advantages and disadvan-
tages.

Spark Gaps

Spark gaps are generally composed of two metal electrodes separated by a dielectric
and held at a fixed distance from each other. The gap may be sealed in a container.
Sparkover voltage is determined by dielectric composition, density, and electrode geo-
metry, and is also dependent on the surge voltage waveshape. If the voltage wave is
increasing rapidly, the sparkover voltage will be higher than it is on a slowly rising
voltage wave. Commercially available spark gaps frequently contain minute amounts of
tritium or other radioactive elements to reduce the dependence of sparkover voltage on
voltage waveshapes.

The advantages of spark gaps are as follows: !
o Thay are simple and reliable.

e They have very low-voltage drop during the conducting state. When the gap is
carrying maximum current, the voltage across the gap is typically 10 to 20 V.
If more current tries to flow, the arc channel increases in diameter and holds
the same arc-drop. A low arc-drop indicates relatively lower power absorption
during the conducting phase.

e They have large power-handling capability. Gas-filled gaps have the highest
peak current-handling capabilities of any transient protection device, and
almost any gap can handle the maximum surge currents induced by lightning.

e They have high impedance and low capacitance. The low-shunt capacity and leak-
age current characteristics of gas-filled spark gaps minimize insertion problems
for operating frequencies below 1 GHz.

e They provide bilateral operation, having the same characteristics on either
polarity.

The disadvantages of spark gaps include the following:
o They have relatively high sparkover voltage.

e Simple gaps do not extinguish follow current. This is a most important point
to consider if they are to be used on a power circuit. The arc must be extin-
guished by removing the voltage with a circuit breaker or fuse) or by inserting
resistance rapidly into the circuit by an additional element, such as a silicon
carbide or zinc oxide varistor. Through suitable designing, gaps can be made
self-extinguishing for applied voltages up to about 100 V.

e They may have a large dependence of sparkover voltage on the waveshape of the
voltage. Specifications relating to the impulse ratio or volt-time effects
should be carefully considered.

e Since spark gaps reflect more energy than they absorb, external resistive compo-
nents may be required to .minimize ringing.

Zener Diodes

This category includes all single-junction semiconductor devices such as rectifiers,
in addition to Zener diodes. While other semiconductor devices, such as PNPN devices
and bipolar transistors, may have application as surge arrestors, they will not be covered
here because of the limited pertinent data available.

Zener diodes are basically polarized devices which exhibit an avalanche breakdown
when the applied voltage in the reverse bias direction exceeds the device's specified
breakdown, or Zener voltage of the device. Operated in an opposed series configuration
diodes can be used as effective suppression devices. Since Zener diodes are designed
to operate in the breakdown mode, they usually can perform more effectively as terminal
protection devices than can signal diodes. While the energy-handling capabilities of
Zener diodes are modest When compared with those of spark gaps, they are very well adapted
for protection of individual components or circuit boards.




The advantages of Zener diodes include the following:
e They are of small size.

They are easily mounted.

They have low '"firing'" voltage.

They have low dynamic impedance when conducting.

They are self-extinguishing. When applied voltage drops below the Zener level,
they cease conduction.

e They exhibit low volt-time turnup, or impulse ratio.

The disadvantages of Zener diodes include the following:
e They may be expensive.

e They are not bilateral. To protect against both polarities, two diodes in
series back-to-back configuration are necessary.

® Diodes have relatively high-junction capacitance; therefore, they may cause
significant signal lcss at operating frequencies above 1 MHz. Special diode
assemblies may extend the useful frequency to approximately 50 MHz.

o They do not switch state between a conducting and a nonconducting mode. The
voltage across the diode does not switch to a low value when conducting but
remains at the Zener voltage. This characteristic accounts for their ability
to cease conduction when the voltage falls below the Zener level, but it has a
disadvantage thermally. During conduction, the power absorbed by the diode
is the product of the current through the diode and the voltage across the
diode. The power absorbed for constant current, thus, is directly proportional
to the diode voltage.

Partially offsetting this disadvantage, however, is the phenomenon that surge
energy absorbed in the diode is energy that cannot be reflected back into the
system to cause trouble elsewhere.

o They provide lower energy capabilities than do spark gaps. Since the Zener
action takes place across a narrow P-N junction, the mass of the projecting
junction is small and hence cannot store much energy. As a result, diode net-
works cannot be used where extremely high transient current or energy is pre-
dicted. For most hardening applications, this is not a serious limitation,
since the induced surge-current levels are in the 1 to 100 A range at those
locations where Zener diodes are most likely to be used.

e They are not available for voltages below about 5V.
e They are not normally available for voltages above a few hundred volts.

Forward-Conducting Diodes

In a forward-conducting state, a diode conducts little current below about 0.3V for
germanium and 0.6V for silicon. They can, as a result, be placed directly across a low-
voltage line and afford substantial protection.

The advantages of forward-conductingdiodes include the following:

e They are of small size.

e They are not costly.

e They provide protection at very low-voltage levels.

® They have excellent surge-current ratings.

The disadvantages of forward-conducting diodes include the following:

e They are not bilateral. For protection of both polarities, two diodes in
parallel must be used. Some vendors supply dipolar diodes for protection
purposes.

e Conduction may occur on normal signals with attendant signal-clipping and
frequency multiplication effects. Diodes must be used in series to raise
voltage levels.

e They have relatively high capacitance.

Nonlinear Resistors

This category includes nonlinear resistors (varistors) that may be characterized by
the expression

=g (16)
where N and K are device constants dependent on the varistor material.

Varistors may be constructed of silicon carbide, selenium, or metal oxide. This section
will concentrate on the metal oxide varistor (Reference 9).

The advantages of metal oxide-based nonlinear resistors include the following:
® They are bilateral devices.
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They are of small size.

They are easily mounted. One common configuration is very similar in appearance
to a disk ceramic capacitor.

e They are self-extinguishing. When applied voltage drops below the voltage for
which the device is rated, they conduct very little current.

o They have an inherently fast response and low-impulse ratio.

They provide high power-handling capability. The current- and energy-handling
capability is second only to certain types of spark gaps. This device gives a
higher ratio of energy absorbed to energy reflected than conventional gaps give.
Moreover, the energy is abserbed throughout the bulk of the material and is not
concentrated in a narrow P-N junction.

The disadvantages of nonlinear resistors include the following:

e They have low impedance and high capacitance. The zinc oxide varistor is charac-
terized by high-shunt capacity, limiting its use to frequencies below 1 MHz.
While it has a much higher idling current than have either gaps or diodes the
standby power dissipation is in the milliwatt region and is usually not a signi-
ficant limitation.

o They are not suitable for operating voltages below 20 to 30 V. Operating voltage

is proportional to material thickness. Good surge protection of low-voltage cir-
cuits would require an impractically thin piece of material,

Improvement Through Transient Coordination

Transient coordination is a concept which, when reduced to its simplest terms, im-
plies that transient control levels be assigned both to those that design electronic equip-
ment and those that design wiring to interconnect this equipment. The task that is to be
assigned the equipment designer is to produce equipment that will be able to withstand
transients on all of the input and output wiring. The transient control levels describe
the type of transients that the equipment must withstand and to which it may be subjected
as part of an acceptance or proof test. The task that is to be assigned to the designer
of intevconnecting wiring is to assure that no external threat such as lightning or switching
of inductive devices, shall induce transients higher than the control level which the
avionics was designed to withstand. The control levels to which both designers must work
can be defined in terms of open circuit voltage, and source impedance, or in terms of open
circuit voltage and short circuit current.

The assignment of such tasks implies that there be a referee who assigns the appropriate
control levels and oversees the work to ensure that both designers fulfill the tasks assigned.
This referee may be called the system integrator. The transient control level philosophy is
illustrated in Figure 27. The aims are as follows:

1. To insure that the actual transient level produced by lightning (or any other
source of transient) will be less than that associated with the transient
control level number assigned to the wiring designer. The wiring designer's
job would be to analyze the electromagnetic threat that lightning would present
and to use whatever techniques of circuit routing or shielding would be neces-
sary to ensure that the actual transients induced by lightning did not exceed
the values specified for that particular type of circuit.

2. The transient design level controlling the type of circuit or circuit protection
techniques used, and assigned to the avionics designer, would be higher than the
transient control level by a margin reflecting how important it was that light-
ning did not in fact interfere with the piece of avionics under design. A margin
is necessary because any single lightning flash might produce an actual transient
level higher than the assigned transient control level, which would have been
derived for a predicted average in spite of the wiring designer's good intentions.
Prediction of actual transient levels is an imperfect art.

3. The job of the avionics designer would be to ensure that the vulnerability levels
of the equipment that he is to supply would be higher than the assigned transient
design level. The vulnerability level is that level of transient which, if ap-
plied to the input or output circuit under question, would cause the equipment
to be damaged.

There are several ways in which the levels might be set. 1In the first, the system
integrator would set the desired transient level, then set the required margin, which in
turn would set the transient control level. Whatever the rationale by which the system
integrator sets the transient design level, that level would become a part of the purchase
specifications and would, presumably, not be subject to variation by the vendor of the
avionics. As an alternative, the avionics designer might determine by suitable testing
the vulnerability and susceptibility levels of his equipment and provide a guarantee as to
the level of transients that his equipment could withstand. That level would then be the .
transient design level. After the system integrator had set the desired safety margin, the i
appropriate transient control level for the wiring designer would have been established.
One approach to the setting of margins appears in the Space Shuttle Criteria Document
(Reference 11).

The numbers that would be assigned to the transient design level probably should be
expressed in terms of the maximum voltage appropriste to a high-impedance circui
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circuit voltage) or the maximum current appropriate to a low-impedance circuit (short
circuit current). 1In order for the transient coordination philosophy to have most im-
pact, there should be a limited number of levels. One set of levels that has been pro-
posed (Reference 12) is shown in Table III. With each level there is associated an open
circuit voltage and a short circuit current; the two are related by a standard transient-
source impedance, shown in Figure 28 (Reference 13).

CABLE DESIGNER SYSTEM INTEGRATOR AVIONICS DESIGNER

VULNERABILITY

SUSCEPTIBILITY
THE CABLE DESIGNER'S
JOB 1S TO ENSURE THAT
ACTUAL TRANSIENTS DO
NOT EXCEED A WORST
CASE TRANSIENT CON-
TROL LEVEL

|

p, ~ TRANSIENT DESIGN LEVEL
™L
RGIN /
I

—— — ——
(TRANSIENT CONTROL THE JOB OF THE AVIONICS
LEVEL) — TCL DESIGNER S TO ENSURE

THAT HiIS VULNERABILITY, OR

SUSCEPTIBILITY LEVEL, 1S
GREATER THAN THE
TRANSIENT DESIGN LEVEL

[——= ]
ACTUAL TRANSIENT

Figure 27 - The Transient Coordination Philosophy.

TRANSIENT
SOURCE

Figure 28 - Short Circuit Current (Igc) Resulting from
a Transient Source with Vgc Open Circuit
Voltage and 500/50uHz Source Impedance.

TABLE III - PROPOSED TRANSIENT CONTROL LEVELS

Proposed Transient Open Circuit Short Circuit
Control Level Voltage Level Current Level
Number (volts) (amperes)
| 10 0.68
2 25 1.7
3 50 34
4 100 6.8
5 250 17
6 500 34
7 1000 68
8 2500 170
9 5000 340

An alternative set of levels for which some voltages are numerically equal to the
voltages in existing specifications is presented in Table_IV.
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TABLE IV - ALTERNATIVE TRANSIENT CONTROL LEVELS
Proposed Transient ‘ Open Circuit Short Circuit
Control Level Voltage Level Current Level
Number (volts) (amperes)
1 15 1
2 30 2
3 60 4
4 150 10
5 300 20
6 600 40
7 1500 100 ‘
8 3000 200 !
9 6000 400
o
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LIGHTNING EFFECTS ON AIRCRAFT: A COCKPIT PERSPECTIVE

by
J. Anderson Plumer
Lightning Technologies, Inc.
560 Hubbard Avenue
Pittsfield, Massachusetts 01201
U.S.A.

SUMMARY

Lightning strikes can be expected to occur to all
types of aircraft in spite of the best efforts of

the flight crews to avoid areas where lightning and
other thunderstorm environments may be present.
Aircraft specifically intended for flight in instru-
ment flight rules (IFR) conditions may experience
more lightning strikes than those intended primarily
for use in clear weather conditions, but lightning
strikes can occasionally propagate several kilometers
from the originating charge cell and strike an aircraft
in clear air. Knowledge of the flight and weather con-
ditions during which aircraft are most likely to en-
counter strikes and some of the effects to be alert
for may help pilots react safely to these events, and
minimize the possibility of subsequent hazards. Most
strikes have occurred when the aircraft is flying at
between 3000 and 5000 meters altitude, where the
outside air temperature is within 5 degrees of 0°C
and there exists a light-to-moderate amount of precip-
itation. Strikes to aircraft have, however, occurred
at altitudes as high as 12,000m and also when the
aircraft are parked on the ground. 1In most cases, the
original lightning leader does not know where it will
terminate and the aircraft is struck simply because it
happens to be in the vicinity. If an aircraft ap-
proaches a highly electrified region, however, it may
actually trigger a strike, especially if the aircraft
is large and causes a significant perturbation in the
nearby electric field. Typical conditions in which
strikes have been experienced by large and small air-
craft are described, together with effects as experi-
enced by flight crews.

ATIRCRAFT-LIGHTNING STRIKE MECHANISM

At the beginning of lightning-flash formation, when a stepped-leader propagates out-
ward from a cloud charge center, the ultimate destination of the flash at an opposite
charge center in another cloud or on the ground has not yet been determined. The differ-
ence of potential which exists between the stepped-leader and the opposite charge center(s)
establishes an electrostatic force field between them, represented by imaginary equipoten-
tial surfaces. These are shown as lines in the two-dimensional drawing of Figure 1. The
field intensity, commonly expressed in kilovolts per meter, is greatest where equipotential
surfaces are closest together. It is this field that is available to ionize air and form
the conductive spark which is the leader. Because the direction of electrostatic force
is normal to the equipotentials and strongest where they are closest together, the leader
is most likely to progress toward the most intense field regions.

If an aircraft happens to be in the neighborhood, it will assume the electrical poten-
tial of its location. Since the aircraft is a thick conductor and all of it is at this
same potential, it will divert and compress adjacent equipotentials, thus increasing the
electric field intensity in the vicinity of the aircraft, and especially between it and
other charged objects, such as the leader. 1If the aircraft is far away from the leader,
its effect on tue field near the leader is negligible; however, if the aircraft is within
several tens or hundreds of meters from the leader, the increased field intensity in be-
tween may be sufficient to attract subsequent leader propagation toward the aircraft.

As this happens, the intervening field will become even more intense, and the leader will
advance more directly toward the aircraft.

The highest electric fields about the aircraft will occur around extremities, where
the equipotential lines are compressed closest together, as shown in Figure 2. Typically,
these are the nose and wing and empennage tips, and also smaller protrusions, such as an-
tennas or pitot probes. When the leader advances to the point where the field adjacent to
an aircraft extremity is increased to about 30 kV/cm, the air will ionize and electrical

sparks will form at the aircraft exremities, extending in the direction of the oncoming
leader. Several of these sparks, called streamers, usually occur simultaneously from
several extremities of the aircraft. These streamers will continue to propagate outward
as long as the field remains above about 7 kV/cm (Reference 1). One of these skx
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will meet the nearest branch of the advancing leader and form a continuous spark from the
cloud charge center to the aircraft. Thus, when the aircraft is close enough to influence
the direction of the leader propagation, it will very likely become attached to a branch
of the leader system.

DIRECTION OF FIELD

EQUIPOTENTIAL LINES

Figuré'i - Aircréfg'influence on Figure 2 - Compression of Electric
Stepped-leader Direction. Field Around an Aircraft.

When the aircraft is attached to the leader, some charge (free electrons) will flow
onto the aircraft, but the amount of charge which can be taken on is limited by the air-
craft size. Thus, the aircraft merely becomes an extension of the path being taken by
the leader on its way to an ultimate destination at a reservoir of opposite polarity
charge. Streamers may propagate onward from two or more extremities of the aircraft at
the same time. If so, the oncoming leader will have split, and the two (or more) branches
will continue from the aircraft independently of each other until one or both of them
reach their destination. This process of attachment and propagation onward from an air-
craft is shown on Figure 3.

When the leader has reached its destination and a continuous ionized ciiannel between
charge centers has been formed, recombination of electronis and positive irns occurs back
up the channel, and this forms the high-amplitude return stroke current. This stroke cur-
rent and any subsequent stroke or continuing current components must flow through the air-
craftz ?hich is now part of the conducting path between charge centers, as shown in Fig-
ure 4(a).
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Figure 3 - Stepped-leader Attachment Figure 4 - Return Stroke Paths.

to an aircraft. (a) Return stroke through the aircraft
(a) Stepped-leader approaching aircraft (b) No return stroke through the air-
(b) Stepped-leader attachment and con- craft

tinued propagation from an aircraft
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If another branch of the original leader reaches the ground before the branch which
has involved the aircraft, the return stroke will follow the former, and all other branches
will die out, as shown in Figure 4(b). No substantial currents will flow through the air-
craft in such a case, and any damage to the aircraft will be slight.

Precipitation Static

The preceding analysis began with the assumption that the aircraft is at the potential

of its position in an electric field established by the cloud and ground charge centers.

In dry air this is correct, but if the aircraft is flying through dry precipitation in the
form of sleet, hail, or snow, the impact of these particles on the aircraft will cause a
charge to separate from the particle and join the aircraft, leaving the aircraft with a
preponderance of positive or negative charge (depending on the form of precipitation),
thereby changing its potential with respect to its surroundings. This phenomenon is known
as triboelectric charging and has been extensively studied by Tanner and Nanevicz, and
others (Reference 2). It is commonly referred to as precipitation etatic, or P-static.

The P-static charging process is easily capable of raising the alrcraft to a poten-
tial of 50 kV, or more, with respect to its surroundings, a charge sufficient to cause ioni-
zation of sharp extremeties. The ionization radiates broadband electromagnetic radiation
(EMR) throughout the low- and high-frequency spectrum. This EMR is often received as in-
terference, or statie, by the aircraft communications or low-frequency automatic direction
finding (LF-ADF) receivers.

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

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

P-static persists for as long as the aircraft is being charged by impact with dry
precipitation, such as sleet or snow. It is rarely reported in rain. It is thus a con-
tinuous phenomenon lasting from several seconds to many minutes. Once the aircraft has
left such a region, the static in communications receivers quickly clears up, and the air-
craft potential reverts to that of its surroundings-established again by its location in
the ambient cloud-ground electric field. Because of its low capacitance, an aircraft
cannot retain enough P-static charge to produce a startling flash of several meters (or
more) in length or a loud report, such as is often heard when lightning strikes the air-
craft. Nevertheless, pilots often report a "static discharge' from the aircraft, and pro-
ceed to describe the symptoms of a lightning strike: i.e., a long, bright flash or spark
extending outward from the aircraft, usually accompanied by a loud report, such as that
which would be produced by a shotgun going off outside the cockpit.

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

The P-static discharging process may be intensified when the aircraft is in a region
where the ambient electric field is relatively intense, as is the case when a lightning
flash is imminent. When the flash occurs (whether or not it intercepts the aircraft), the
main charge centers are neutralized and the field collapses, thereby reducing the intensity
of P-static dischar%ing. This is the reason that pilots frequently report that P-static
interference gradually intensifies until a lightning flash occurs and then diminishes in-
stantaneously. This experience reinforces the pilot's impression that the flash is a sud-
den static discharge from the aircraft alone. For this reason P-static interference should
be looked upon by pilots as an indicator that a lightning strike may be imminent (i.e.
within a few seconds or minutes). P-static interference is, in fact, reported prior to
the lightning strike in about half of the lightning strike incidents described in recent
airline lightning-strike reports (Reference 3).

Aircraft Triggering of Lightning Strikes

A question that is often asked is whether an aircraft can initiate or trigger a light-
ning strike that would not have occurred if the aircraft were not present, or at least
would not have occurred at that time if the aircraft had not been present. While there is
insufficient scientific data upon which to base a conclusive answer to this question, the
following factors suggest that the aircraft does not often trigger a flash.

1. Aircraft often fly through electrified regions without being struck, while
lightning flashes are occurring nearby.

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

3. Laboratory breakdown tests of long high-voltage air gaps, thought to be similar
to lightning leader formation, show that initial ionization always begins at
one of the electrodes and not from an object suspended in the gap (Reference 4).
Such an object significantly influences the voltage level at which breakdown
begins only if it is close enough to one electrode to influence the field about
this electrode.

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

There is some evidence (Reference 5) that jumbo jet {(wide-body) aircrait do trigger
their own flashes, but this is not yet conclusive, since accumulated flight hours are not
yet as great as those for conventional aircraft. If large-hody aircraft are in fact
triggering flashes, it is probably because their larger sizes make a more noticeable per-
turbation on the electric field near the cloud charge centers from which leaders begin.

The aircraft motion has little influence on the propagating leader because the air-
craft is moving much slower, about 102 m/s, than the leader, which is advancing at 105 to
10° m/s. Thus, the aircraft appears statiosnary to the leader during the leader formation
process.

Swept Strokes

After the aircraft has hecome part of a completed flash channel, the ensuing stroke
and continuing currents which flow through the channel may persist for up to a second or
more. Essentially, the channel remains in its original location, but the aircraft will
move forward a significant distance during the life of the flash. Thus, whereas the ini-
tial entry and ex.lc points are determined by tlie mechanisms previously described, there
may be other, subsequent, attachment po’its that are determined by the motion of the air-
craft through the relatively stationary flash channel. 1In the case of a fighter aircraft,
for example. when a forward extremity such as the pitot boom becomes an initial attachment
point, its surface moves through the lightning channel, and thus the channel appears to
sweep back over the surface, as illustrated in Figure 5. This occurrence is known as
the swept-flash phenomenon. As the sweeping action occurs, the type of surface can cause
the lightning channel to attach and dwell at various surface locations for different peri-
ods of time. If part of the surface, such as the radome, is nonmetallic, the flash may
continue to dwell at the last metallic attachment point (aft end of the pitot boom) until
another exposed metallic surface (the fuselage) has reached it; or the channel may punc-
ture the nonmetallic surface and reattach to a metallic object beneath it (the radar dish).
Whether puncture or surface flashover occurs depends on the amplitude and rate of rise of
the voltage stress created along the channel, as well as the voltage-withstand strength of
the non-metallic surface and any air gap separating it from enclosed metallic objects.
When the lightning arc has been swept back to one of the trailing edges, it may remain
attached at that point for the remaining duration of the lightning flash. An initial
attachment point at a trailing edge, of course, would not be subjected to any swept-stroke
action.

FLASH
CHANNEL

Figure 5 - Typical Path of Swept-flash Attachment Poin-s.

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

From the cockpit perspective, the sweeping channel may appear as a swirling, luminous
column stretching alongside the cabin and extending away from it, toward the region from
whence it came. en the return stroke and subsequent strokes pass through the channel,

a very bright flash and loud bang may be experienced in the cockpit. The flash may cause
temporary blindness of the eyes, for periods of up to 30 seconds, especially if the strike
occurs at night. The experiences of several pilots are illustrative of these effects:
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"I will describe two events briefly, the first in an old prupeller plane in
extreme turbulence--the second event more recent in smooth air in a modern 4-engine
jet.

1. The date: about 1953, aircraft type: DC-6B (4 piston engines), no radar,
aircraft in scheduled passenger/belly freight configuration. Time: early afternoon
Place: over Garden City, Kansas. Cloud condition: line of building cumulonimbus,
bottoms perhaps 6,000 to 8,000 ft. tops 30,000 ft. plus. Crew: two pilots, 1 flight
engineer.

The event: aircraft in 'clean' configuration entered large building cumulonimbus
clouds. In the first few seconds only a few minor bumps and some frost and ice on
the windshield occurred. The aircraft then 'hit’' a wall of hail. Noise of the hail
made cockpit communication dependent upon shouting. Aircraft attitude longitudinally
was to a degree maintained by almost full fore and aft elevator movement with the
help of full to idle power on all four engines. Aircraft altitude rose from an entry
altitude of 16,000 ft. to an exit (from the cloud) altitude of 24,000 ft. During this
forward and upward transit thru the cloud the aircraft 'rolled’' around its longitu-
dinal axis several times from about 10 degrees beyond the vertical each way, this in
spite of full aileron input to prevent this. Airspeed was able to be bracketed approx-
imately between 100 and 200 MPH. Hailstones were marble-size.

Electrical phenomena: During the entire transit thru the hail (perhaps 3 to &
minutes), I noticed that a redish lightning discharge off the nose area kept recurring
approximately every 2 to 3 seconds. As we began to fly out of the cloud and the hail
began to let up, the discharge frequency abated. No discharge noise or anything audi-
ble associated with the discharges could be heard above the roar and general commotion.
No damage, burn or tear or puncturing occurred. Our metro later reported a tornado
overfGardin City at the time we transited the cloud although we surely didn't encounter
the funnel.

2. The date: about 1974, aircraft type: Boeing 707 (4 jet engines), with radar
aircrart in scheduled passenger/belly freight configuration, on a ferry flight. Time:
early evening, Place: between Philadelphia and Washington, D.C. heading toward N.Y.
Cloud conditions: a line of low-level thunderstorms with small 'do-nut' defined centers
(on radar) with bottoms perhaps 5,000 ft. and tops perhaps 29,000 ft. Crew: 2 pilots
and 1 flight engineer. Being dark there was visible lightning, mostly cloud to cloud
but some cloud to ground.

The event: aircraft in 'clean' configuration at an approximate altitude of
18,000 ft. entered a cloudy area between two active small cells. The aircraft speed
was about 230 knots indicated. As we entered the cloud the windshield lit up with
dancing static. The air became quite srooth and suddenly a large blue glow appeared
off the nose. Lifting my seat so I could better look down onto the nose area, I saw
the typical big 'bushel basket' of shimmering pale blue (corona) collecting onto the
radar dome. I immediately lowered my seat and squinted my eyes and told the two
pilots to 'watch your eyes, sometimes this ''goes off'" with a big spark more than
once.' I had no more than said this when the big flash went off. The noise inside
the aircraft was a big 'grunt' or 'whump', as though the aircraft had been mounted
by an elephant. I asked, 'Is everyone all right?' The co-pilot, who had been fly-
ing the aircraft on instruments and who had been hunched down, responded that he was
0.K. I glanced at the navigation instruments and they all agreed (on some of our
707's, an iron piece above and between the windshields sometimes becomes magnetized).
The captain who had his seat raised and had been looking out and down onto the (corona)
when it went off turned about in his seat and said that he couldn’'t see inything.
(His normal vision returned in about 30 seconds). He later mentioned that he had
never seen such a static build-up before and wanted to get a good look at it. We
shortly thereafter flew out of the clouds and the static build-up did not recur.
Maintenance at JFK had the aircraft out of service for 2 to 3 days replacing popped-
out small inspection panels, many in the empennage area.

In general:

1. Electrical discharges occur both in rough/violent as well as smoot® air,
amidst hailstones, or dry ice crystals.

2. There may or may not be electrical discharge damage or magnetizing of
parts of the ailrcraft or affectation of compass type instrumentation.

3. Squinting one's eyes and slightly lowering them into the cockpit (at
night) will give more than enough protection against the sudden 'bright-
ness' of any discharge.

Protecting one's eyes during daylight flight is not necessary.

5. There is a loud 'whump' inside as the charge discharges and an 'arcing'
sound out front. (The 'whump' around me and the big flash both simul-
taneously occur.) I simply seem to be 'aware' that the spark made an
arcing sound at the same instant -- (like striking an arc with an
electric welder).
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6. Reports from passengers say that immediately before a discharge,
the trailing edges of wings, flaps, etc. were pouring off electrical
'fire'. (This report was made at night time.)

7. Aside from the aspects of electrical display: any pod-slung air-
craft flying through an area of thunderstorms on radar is in a risky
regime at best. A pod-slung aircraft having lost its radar in a thun-
derstorm area is in immediate grave danger due to its inability to
stay together in violent turbulence found inside the typical 'electri-
cal storm' or thunderstorm”, (Reference 6).

"On December 14, 1972, about 2:30 a.m. I was flying at 11,000 feet in
moderate rain at about 0°C. We were on instruments and in clouds. The
screws on my windshield bar were discharging corona botih left and right for a
distance of about six inches in a near horizontal pattern. As the rain struck
the windshield, bright discharges came down the windshield from the top metal
fuselage edge to the base, in opposition to the rain drops. I had never wit-
nessed the phenomenon but my copilot, an airline pilot, said he had seen the
phenomenon several times before.

Our attention was directed to the tail of the airplane, a Twin Comanche,
which was bathed in white light. I thought at first we must be above the
overcast in moonlight; however, this was not the case. The entire back of
the airplane, including the tail surfaces, were illuminated with a steady
white light as if under powerful white incandescent lighting. This light
grew in intensity just prior to running into heavier precipitation, at this
time sleet. The light did not pulsate. If corona was discharging off my
wicks, it was not visible from my cockpit position. No discharges were com-~
ing off the wing wicks. My copilot had never before witnessed this phenom-
enon.", (Reference 7).

"It was a ferry flight to Farragut, ID. Enroute there were many scat-
tered thunder showers. As we approached Billings. Montana, the build-up
was becoming more and more noticeable. We had severe radio static. Communi-
cation was impossible with Billings. To reduce static somewhat 1 reduced RPM.
That was when we were struck directly on the nose section. Seconds of just
blank, then a hurried look at gauges, radios, instruments and personnel.
The Radio Operator said a ball of flame passed down the isle through the door.
The passenger said the ball of flame about the size of a basket-ball rolled
down the isle even with the right wing, out through the fuselage, down the
wing and off the tip. After landing at Billings the aircraft was checked
completely for any skin damage. None was found, but there was 70 ft. of
trailing antenna burned off the radio station spool.

Although this is thirty-five years late, I can say a lightning strike,
(experienced from the cockpit) will leave a permanent impression as well as
respect for the same", (Reference 8).

SYNOPTIC METEOROLOGICAL CONDITIONS OUTSIDE THE COCKPIT

The experiences discussed thus far night imply that an aircraft must be within or
very near a cloud to receive a lightning strike and, since electrical charge separation
is associated with precipitation, that most strikes would occur when the aircraft is
in regions of precipitation. Strike incident repo ts show that these conditions often
do exist, but other lightning strikes occur to aircraft in a ~loud when there is no
evidence of precipitation nearby, or even to aircraft flying .r clear air a supposedly
safe distance from a thundercloud. Regulatory Agency and operator advisory procedures in-
struct pilots to circumvent thunderclouds or regions of precipitation evident either
visibly or on radar, but strikes to .ircraft flying 40 kilometers (25 miles) from the
nearest radar returns of precipitation have been reported. Occasionally a report of a
"bolt from the blue" with no clouds anvwhere around, i» received It is highly improb-
able, however, that these reports are correct because it doer not seem possible for
electrical charge separation of the magnitude necessary to form a lightning tlasb to
occur in clear air. In most well-documented incidents, a cloud is present somewhere
(1. e. within 40 kilometers)when the incident wnccurs

Perhaps of most interest to pilots are the area weather conditions which prevailed
at the time of reported strikes. There is no univere tata bank for this type of data,
but a useful summary has been made by H T Harrison (KReterence 9) of the synoptic meteor-
ological conditions prevailing for 99 U'nited Air lines lightnine-strike incidents occur-
ring between July 1963 and June 1964. Table 1 lists the svnoptic tvpe and percentage of
incidents (~ number of cases) vccurring in edach tvpe Exarples ot the most predominant
synoptic conditions are presented in Figure 6 (a), (b), (¢), (d), and (e) (Reference 10).
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Table I - SYNOPTIC TYPES INVOLVED WITH
99 ELECTRICAL DISCHARGES

JULY 1963 to JUNE 1964

Synoptic Type Percentage

Airmass instability 27
Stationary front 18
Cold front 1
Warm front

Squall line or instability line
Orographic

Cold LOW or filling LOV

Warm sector anex

Complex or intense LOW
Occluded front
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Harrison has summarized this data by saving that any conditions which will cause
precipitation may also be expected to cause electrical discharges (lightning), although
he adds that no strikes were reported in the middle of warm front winter snowstorms.
A Data repo:rting projects of Plumer and Perry (Reference 11) show that lightning strikes
to aircraft in the United States and Europe occur most often during the spring and
summer months, when thunderstorms are most prevalent.

It is also important to note that many strike incidents have been reported where )
no bona fide thunderstorms have been visually observed or reported. The United Air 1
Linec flight crews stated that no thunderstorms were reported in the area in 427 of the
lighining strike incidents documented in the aforementioned summary, as shown in Table II.

TABLE II - PERCENTAGES OF STRIKE INCIDENTS
VS REPGRTED THUNDERSTORMS

Thunderstorms Reported in Vicinity
Thunderstorms Reported in General Area

No Thunderstorms Reported
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Figure 7 shows the immediate environment of the aircraft at the times of the 214
strikes reported in the project of Plumer and Hourihan (Reference 13). 1In over 80% of
the strikes reported, each aircraft was within a cloud and was experiencing precipitation
and some turbulence. With precipitation present, turbulence is to be expected, since
vertical air currents acting against precipitation are thought to be the cause of elec-

trical charge separation.

PRECIPLTATION

CLouus

100 ~ 100
r
[}
80 b N A CLOUD 80 -
60 RAIN
o 60 %
ol o}
20 20
CLEAR SNOW
[} [+]
TURBULENCE
100
80 |-
LIGHT
% P
40 -
NONE
L OD.
HEAVY
0

Figure 7 - Environmental Conditions at Time of Strike.

Incident reports also show that most aircraft strikes occur when an aircraft is
near the freezing level of 0°C. Freezing temperatures (and below) are thought to be
required for the electrical charge separation process to function. Of course, strikes
to aircraft at temperatures higher than + 10°C have occurred when the aircraft was close
to (or on) the ground, where the ambient air temperature may be as high as about + 25°C,
and strikes at temperatures below 0°C have occurred at high altitudes.

EFFECTS IN THE COCKPIT

Avionics and Electric Power Systems

In most cases the only noticeable effect of lightning currents having passed
through an aircraft are the small pit marks left where the lightning flash attached to
the aircraft. There may be some effects on flight instruments or other avionic systems

and pilots should be aware of these possibilities.

For example, if there is a pitot tube on the nose radome, as is the case on most
fighters, the probe is attractive to lightning. Usually the pitot probe is grounded to
the airframe by a wire inside the radome. Sometimes this ground wire is too thin to
carry severe lightning currents and it has exploded on several occasions, with damage
similar to that of Figure 8. Sometimes the aluminum tubes which bring pitot static pres-
sure back to the instruments have acted as the ground conductor, but the intense magnetic
fields surrounding lightning currents often crimp such tubes, cutting off instrument air.
To make matters even worse, the power cord which brings electric power out to the probe
heater may also be exposed to the lightning magnetic fields. These fields may induce
severe surge voltages in the heater power circuit. Since the heater is usually powered
from the aircraft's essential power distribution bus, other equipment powered from this
source is exposed to the same surge. The immediate result has been damage to a variety
of other electronic equipment and has led, in a few cases, to loss of the entire aircraft.
Much more is known today about how to protect against these effects, so that radomes and
pitot systems in the aircraft now being built are not likely to be as vulnerable. The
consequence of these effects may be loss of instruments that depend on pitot probe air
data, and disruption of other electronic systems that receive power from the same source.
Pilots should be aware of these consequences after strikes to the nose or other locations

where instrument probes are located.

Because they are usually located on wing tips or other extremities, navigation
lights are also frequently struck by lightning. Normally, the flash attaches to the metal
lamp housing and does little damage, butonce in a while it will break the globe and light
bulb, exposing another path whereby lightning currents may enter an aircraft's power dis-
tribution system. This, like the probe heater situation described above, is another of
the more hazardous lightning effects for it may cause loss of instruments or communication
equipment needed in bad weather. The circuit breakers for this equipment will usually pop

but not before the lightning surge has already passed by and caused whatever damage it may




Figure 8 - Lightning Damage to Pitot Probe Instrument Air
Tubes and Heater Power Harness.

Surge arrestors are available to suppress these surges before they get this far, but
until recently they have not been incorporated in most aircraft electronic systems.
When circuit breakers pop during a lightning strike event the {light crew should trv to
reset them, but should also be awcre that some equipment mav already bv damaged.

As discusseu earlier, precipitation static charging and/or discharging phenomena
may also a-company lightning strikes. This phenomena, commonlv called "P-static',
occurs when an aircraft is flying through rain, sleet, hail, or snow. The impact of
these particles on the aircraft causes a charpe to separate from the particle and join
the aircraft, leaving the aircraft with a preponderance of nos.tive or negative charge
(depending on the form of precipitation) and therebv elevating its potential with re-
spect to its surroundings. Since the aircrart has capacity for only a small amount of
this charge, some of it will begin to leak off in the form of ionization at sharp ex-
tremities. This ionization continues as lony as the aircraft is flving in P-static
charging conditions (precipitation) and is visible as a bluish corona (St. Elmo's fire)
at night. Unfortunately, this ionization radiates broadband electromagnetic radiation
(EMR) throughout the low and hiph frequency radio bands. This EMR is often received
as interference, or 'static" by the aircraft communication or low-frequency automatic
direction finding (LF-ADF) or communication receivers, and may render this equipment
temporarily unusable. The static dischargers usuallv found on tips and trailing edges
reduce this interference by making it ecasier for the charge to leave the aircraft, but
they are not always 1007 effective, especially in hecavy nrecipitation. Since the condi-
tions that produce P-static may also produce lightning, a strike should be considered
possible when P-static occurs.

Engine Effects

Flameouts or compressor stalls of fuselase-mounted engines of military fighter and
other small aircraft must also be expected when lightning strikes occur. For example,
from a recent pgroup of 10 strikes reported to business-jet aircraft in the U.S. (Refer-
ence 13) four resulted in flameout of one engine and a fifth caused both engines to stop
It was possible to re-star* the engine in flight in all bu' two of these instances, in
which restarts were not pssibls until after the aircraft hz! landed. The aircraft that
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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 flaming out has also been reported, with an in-flight re-start being
obtained shortly afterwards.

Study of these incident reports and discussions with the operators involved reveals

that the engine flameouts are probably 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 9.

Figure 9 - How a Lightning Strike Causes Engine Flameouts.

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 become elongated and re-
attach to other spots aft of the initial attachment point as illustrated in the insert of
Figure 9. 1Items 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, electrically con-
ductive air. It may be a foot or more in diameter, and at its center, temperaturesas high as
30,000°K and pressures of many atmospheres may be reached. This channel may disrupt the
orderly flow of air into a small jet engine, sufficient to cause a compressor stall or flame-
out. The reasons that lightning-related engine flameouts do not occur to transport 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 sufficient air to stall the engine.

Some operators have considered whether the engine flameouts might be due to a lightning
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 electric power was indeed reported
in a number of incidents, they don't happen to be the ones that involved engine flameouts.
The difficulty in obtaining inflight re-starts after these flameouts may be the result of
flooding, since precipitation 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 discussiors of how the effect might be simulatedin the labora-
tory - a first step toward learning more about the intensities of temperature and overpres-
sure 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 usually 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 en-
tered one side of the fuselage and exited from the other side, as shown in Figuie 10.

Therefore, at least until more is learned about the flameout problem, the best advice
for operators of small aircraft is:

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

® Avoid areas of heavy precipitation, and

e Be familiar with in-flight re-start procedures
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Figure 10 - Possible Cause of Dual Engine Flameouts.
® The strike enters one side and
exits from the other.

Personnel

The most hazardous effect that cockpit or cabin occupants are likely to receive from
a lightning strike is temporary blindness from the bright flash, if the strike occurs near
a window. This blindness usually (but not always) occurs at night and may persist for up
to 30 seconds, during which time it may not be possible to read flight instruments. If
there are two pilots, one may minimize this problem by keeping his eyes lowered and
focused on instruments when flying in an electrified region. Increasing the intensity of
instrument lights may help in reducing eve sensitivity before the flash occurs, thereby
making the instruments easier to regain afterwards.

Some pilots also report receiving a mild electric shock when lightning strikes occur,
especially when positioned beneath a butble-type canopy. Since most cockpits are fabri-
cated of conducting waterials, the electric potentials of objects in the cockpit remain
very nearly the same with respect to one another - even during the lightning strike - and
pilots are not in danger of being electrocuted. The strong electric fields which can pass
through the canopy or windows as the leader approaches, however, may give rise to streamers
from the pilot's helmet or shoulders, causing a slight shock if the currents which feed
these streamers pass through his body. Just as often though, the shock is simply his
startled reaction to the loud bang accompanying the strike.

The effects on occupants may be much more serious, however, within a non-metallic
airplane, such as a glider. In such a craft, the control cables may be the only electric
conductors present and may place the pilot in a direct. path between lightning attachment
points, with fatal consequences.
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BASIC PHENOMENOLOGY OF ELECTRICAL DISCHARGES AT ATMOSPHERIC PRESSURE

by Joseph TAILLET
Office National d'Etudes et de Recherches Aérospatiales (ONERA)
92320 CHATILLON (FRANCE)}
SUMMARY
Starting from a short reminder of a few fundamental laws of plasma physics, the mecnanism of
the three types of discharges induced by static charging (spark, corona and surface streamers) is descri-

bed in detail. Fram this mechanism, the radicelectric noise emitted by these discharges is predicted.

This lecture is intended for an introduction to the analysis of the disturbances prcduced by
thiis radiation and to the study of hardening methods, which constitutes the subject of an associatud
lecture of the save series.

2
I - INTRODUCTION
1.1 - Aim of the lecture
1 When an aircraft is subjected tc static charging, noisy disturbances are experienced in its
% radiccommunicaticn and radionavigaticn systems. Even if the related noise is called "static" in technical
Jargon, the asscciated energy is electromagnetic and not electrostatic in the strict sense. As a matter
of fact, it is the transformation of the electrostatic emergy stored over the aircraft surfaces intc
electromagnetic energy, as a consesquence of the initiationm of a gas discharge, which proguces the distur-
bances.
1 This is why it has been found interesting, befure studying the disturbances experienced in
3 flight by the aircraft avionic systems and the various methods uf alleviation (or suppression)cf these
p | disturbances tc review in their brcad lines the physical craracteristics of electrical discharges
, resulting from aircraft charging.

.2 - Gas giscrarges a* low and high pressures

S W

When the electric field applied to an air gap exceeds a threshold value, the gasecus insulation
breaks down and an electric current bridges the gap. The passage of electric current through gases is a
consequence of ionization, i.e transformation of neutral molecules or atoms into ion-electron pairs,
under the influense of collisions with electrons, photons or fast neutral particles. The study of electri-
cal discharges in gases deals with the collective properties cof ionized gases, which depend both on a number
of elementary reactions between the species present and on statistical exchanges of momentum, energy,
electric charge, electric current, heat flux, etc... within the fluid. The behaviour of conventional elec-
trical discharges at low piessure is well known ; the behaviour of the very inhomogeneous discharges at
high pressure is still largely unexplained. The electrical discharges of interest to us are produced in
air at atmospheric or subatmuspheric pressure, and, in this range, the phenomena are well described, but
guantitative analysis is lacking ; nevertheless, a3 good feeling for the essential rules which explain
their evolutian can be gained from the knowledge of low pressure discharges and from the consideration of
some scaling parameters. These scaling parameters are pd, the product of the gas pressure by the gap
width and £/p, the ratio of the electric field to the gas pressure. The first parameter is used to define
i low pressure {(pd < 600 MKSI)} and high pressure discharges (pd > 600 MKSI). The second parameter is
characteristic of the energy given by the electric field to the electron population of the gas discharge,
and, consequently, of the state of ionization of the gas. When temperature is taken into account, p shall
be replaced by n, number density of gas particles. [1] [2] [3) [4]
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Fig. 1 - Discharges resulting from
aircraft charging.

1} - Spark.

2) - Corona

3) - Surface streamer.




Three types of discharges can result from aircraft charging : (Fig. 1)

1 - Sparks, flashing between conducting bodies at different potentials.
2 - Coronas, produced on conducting points or edges with a small radius of curvature.
J - Surface streamers, flashing ogver insulating surfaces.

The scope of this lecture is to analyze the physical mechanism of these three types of dischar-
ges, in air and near atmospheric pressure, and to dedice from this mechanism their electromagnetic radia-
tion in order to predict the disturbances to be expected from their interference with the communication
and navigation systems.

1.4 -

This paragraph is intended for defining the usual terminoleogy used in gas discharge studies, and
for stressing the fundamental mechanisms and the essentisl properties relevant to discharges due to air-
cruft charging. D] Lﬂ .

1.4.1 - Elementary phenomena (Fig. 2)

some elementary phanomena

7 a) - lonization by electron
@ impact.

<::> <::) <::> Fig. 2 - Elementary phenomena
Schematic representation of
4

b) - Photeo-ionization.
(a) \) (b) (C) c) - Attachment.
- - 27 d) - Excitation.
2 1 ¢) - Photo-detachment.
f) - Recombination.

- Primary electron.

3 5 2) - Secondary electron.
O @ @ @ 3) - Neutral.
4a)

- Positive ion.
5 3

3 03 2; - g:cited neutral.
- 202 Ry o

7) - Negative ion.
(e) (f)

\\)' \\l) g) - De-excitation.
127'\ 7 - )

The charge carriers in ionized gases are the electrons, the positive ions and the negative ions.
The positive ions are produced when a m:-lecule or an atom loses by ionization one or several electrors,
as a consequene of a collision with an electron or with a photon (photo-ionization). £lectronm collisions
are usually the main source of ionization in low and high-pressure gas discharges. The negative ions are
produced by attachment of an electron to an electronegative molecule or atom (02, o, SF,, Cl,... are
electronegative species). The reciprocal of ionization is recombirmatiaon, and the reciprocal of attachment
is detachment. They are classified as elem=2ntary phenomena, since they are produced by reaction of indi-
vidual particles (electrons, ions, photons or neutrals).

Other elementary phenomena of interest for our problem are excitation of atoms or molecules by
electron collisions, and radiative de-excitation . Excitation brings the molecule to an excited vibra-
tiomal state, 3nd the atom or the molecule to an excited electronic state. De-excitation brings the mole-
cule or the atom back to the ground state or to a lower state of excitation. It can be collisional or
radiative. Collisional excitation, followed by radiative de-excitation and photo-ionization plays an impor-
tant role in streamer propagation. Radiative de-excitation and radiative recombinaticn are the two sources
of the visible radiation emitted by gas discharges.

1.4:2 - Diffusion and drift (Fig. 2)

[n the ionized gas, the electrons and the ions are subjected to diffusion and drift. Diffusion
is a stochastic migration of particles from a region of high number density to a region of low number
density, which jic accounted for by kinmetic theory, Diffusion is particularly important for light particles,
such as the electrons, which have a high thermal velocity (random velocity, due to the kinetic energy
cuorresponding to their temperature}. This is why, when positive icns and electrons are produced, the elec-
trons have the tendency to diffuse and the positive ions to lag behind them. Drift is an ordered motion of
charged particles under the influence of electric frrces. For a given electric field, drift velocity is
prop rtisnal tn the mobility of the charge carriers, a quantity itself proportional te their charge and
inversely propurtiicnal to their mass and to their collision frequency with the neutral perticles.

If an electron is introduced in a gasenus medium subjected to a high electric field, the
electran is accelerated and produces an ion-electron pair by collision with a neutral atom or molecule.
The secondary electrons drift away and ionize in the same way as the parent electron : a multiplication
of which is ~alled the avalanche charge carriers is produced by this mechanism. The ions stay relatively
at rest whereas the electrors drift and pile up at the avalancne head, which progresses towards the anode
and diffuses laterally as a function of the free diffusion coefficient of the electrons (Fig. 4j.

fik entan i

el ey e e e e

B S P U ey




Fig. 4 - Avalanche ini-
tiation and deavelopment.

Fig. 3 - Diffusion and drift.

3 Drift
; 1.4.3 - Elastic collisions and energy exchange
b At atmospheric pressure, the collision frequency with the neutral particles is very high ;

between two collisions, neutral and charged particles have a mean free path of a small fracticn cof a
micron 3 the collisions of interest here are the elastic collisions between two particles, characterized
by exchange of momentum and cunservation of total kinetic energy ; collisions inducing an elumentary
reaction (excitation, ionization, etc...) are called inelastic and do not conserve tctal kinetic energy.
An elastic ccllision with a neutral particle is very similar to a callision of two hard spheres (Fig. 53)
for example, an electron, having a much smaller mass than the atoms and molecules, rebounds elastically
in such a collision and exchanges essentially no energy with the gas particles ; an ion, having the

same masg, will rapidly share its kinetic energy with the neutrals,
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Fig. 5 - {a) - Hard spheres collision and (b) - Coulomb collision.

1.4.4 - Space charge effects : first transition

When the number density of the charged particles in an ionized gas is sufficiently high, the motion
of the charge carriers is controlled not only by the externally applied electric fields, but also by the
‘electric fields due to the presence of space charge (Fig. 6a). This space charge is defined by

p=e(n -n")

where n* and n~ are the number densities of the positive and negative charge carriers, and e is the alec-
tronic charge (in this formula, the ions are supposed singly charged) .

; The space charge electric field—E’is defined by the Poisson equation :

3 divT’ = p

€o

where eo is the free space permittivity.

An important consequence of the existence of space charge electric fields is the modification
brought to the diffusion regime. When the electrons are diffusing, they leave a positive space charge of
iong ; if this space charge is sufficient, the attraction exerted on the electrons slows down the diffu-
sion : free diffusion is then replaced by ambipolar diffusion, which is slower. The charged particles
number density’spatial distribution is then as follows the center of the ionized volume is a plasma,

characterized by n* = n=, surrounded by a gheath of positive space charge left over by the departed elec-

trons (Fio. 6b) ; in the asymptotic case of no collision (very low pressure), the thickness of thie sheath
is related to a specific length called the Debye radius, which is the distance needed by an electiron

originally having the thermal velocity to be stopped by a space charge p = ne*, Sheaths are formed in par-
ticular at the boundary between gas discharge and wall or electrode.
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6 - {a) - Space charge field
(b) - Plasma and sheath

Fig.

1) - Plasma = center of the ionized
(:) volume characterized by n* = n”.
2) - Sheath of positive space charges.

From the above fundamental principles, one can deduce that a first transition appears in gas
digcharges when a tnreuhold is reached above which space charge plays an important rcle.

1.4.5 - Coulomb collisiuns and heating : second transition

A second transition Jppears in gas discharges if the number density of the charged particles is
further increased. In the abouve descriptiun of elasvtic collisions, we Pace neglectea the l.ng-range elec-
trcstatic forces between charged particles (net the macroscopic forces resulting from space charge, and
accounted for by rhe Pioissun equatian, but the individual attracti.e and repuis:.e f rces due + o mutual in-
teractions of inns and electrons). These forces increase as the charged particles appr-act each ctter and this
bebavicur appears as a new type of collision,which is rcalled Coulomb coliisian(fig.5). The cross sectian af
Cculnmb collisions is large in gas discharges (it becomes small in the very high *emperature plasmas
studied for thermonuclear fusion), but,as the density of charge carriers is generally much smaller than
the neutral density, Coulomb collisions are often negligible in gas discharges. This is na i.nger tre case
above @ given thresnold of number density of charged particles ; conditions are then obtained for energy
equiiibration between electrons and ions. Below the threshold, the energy acquired from the electric
field by the electrons is essentially transferred to the gas by inelastic collisions, i.e. change of the
internal energy of the neutrals and creation of ions. Above the threshold, this energy is stared with the
ionsg, which lose this energy by colliding elastically with the neutrals : if this happens somewhere in
the discharge, the gas is heated, the pressure is instantly increased locally, and relexes in the form cf
a shock wave, with a local decrease in neutral density, hence an increase of £/n, the parameter which
controls the enerqgy transfer from the eleciric field to the electrons and consequently the electron
drift velocity. If the field is not reduced by the external circuit, this induces an instability with an
exponentially increased current. This second transition is related to an increase of current and conduc-
tivity of the gas discharge, which becomes an glectric arc.

p=23-A=8 T TN Y

One can therefore distinguish two thresholds in the evolution of a gas discharge

- a first transition, due to space charge accumulation, when a plasma controlled £, +he Psiss-r cquaticn

is farmed ;

- a second transition, accompanied by high currents and reduced plasma resistivity, when Coulomt colli-
sions realize a strong coupling between the electrical emergy of the field and the kinetic erergy of the
plasma which becomes more or less fully ionized by thermal effect.

fhe corresponding regimes can be steady or unstable ; the instability is gernerally stronger for
high pressure discharges than for low pressure discharges,which are more easily described. This is why an
example related to the low pressure case is given below to illustrate the existence of the two transitions
listed above.

1.5 - Description of a typical low pressure discharge

Figure 7 shows a typical low pressure discharge, ag produced betwean two electrodes within a
glass vesse) filled with a gas at reduced pressure. The figure caption enumerates the varinus zanes which
can be found along such a discharge. Special attention shall be devoted tc the negative glow, where an
anisotropic flow of high enerqgy accelerated electrons produces,through exeitation of neutrals, visible and
U.V radiations typical of non-tquilibrium plasmas, and to the positive column, where the electrons are
thermalized at a temperature higher than the gas temperature and pir-duce essentially visible light. The

i

positive cnlumn is a two temperature fluid (izns and neutrals at romm temnerature and elerctrons at abnut
1 ey,

The curve plitted in Fig., 8 is the vnltage-current characteristic typical of this low pressure
glow discharge. A resistrr R is inserted in series with the gas discharge (Fig. ?) ; the curve of Fig. 8
is obtained experimentally by reducing the value of R.

a) - When R is very large, the current corresponds to charges produced by external ionization (cosmic rays)
and collected on the electrodes by the action of the electric field.
b) - When R decreases, iumization proceeds by avalanches &a . This regime was discovered and described by

Townsend. Besides }nn~elegtr0n production in gases, seccndary electron prnductinn on the cathode sur-
face is necessary T havina a self-sustained discharne. i

pr-ducti n is due t~ bombardment ©f the cat de by the positive inns generated in the ischarge. In

*ris reaime, the numbher density is very low and n. appreciahle light 1s emi‘ted (dark-discharge region).
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N \ y \ / 1) - Aston dark space
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\ i D ‘\\ ; 2' - Cathode glow.
I | I i 3) - Cathode dark space.
2 4 é 8 4) - Negative glow.
5) - Faraday dark space.
d I 6) - Positive column.
‘_C.' 7} - Anode dark space.
) 8) - Anode glow.
\VA S dc = cathode region length.
& Cc | V_ = cathode fall.
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Fig. B - Low-pressure discharge 4
characteristic. 5
1) - Dark discharge region = Townsend 3
regime.
2) - Dark-to-glow transition.
3) - Nocrmal-glow region.
4) - Abnormal-glow region. 6
5) - Glow-to-arc tranmsition,
6) - Arc region, Current { A)
1 L ! | i
-10 - -4 -1
10 1077 10 10 102
c) - When R is furtrer decreased, a plasma is formed at dark-to-gluw transiticn, Electron diffusize being
reduced b, space ctarge fields, the v.ltage needed to sustain the discharge decreases. A visitle
gl.w appears as a c nseguence ¢f the increase of carriers density and current {normal glow region).
d) - The discharge is non-uniform in space, and the main voliage drop is located close to the cathode.
Decreasing R ircreases this voltage drop, henceVincreases (abnormal glow region).
e) - In a | w piessure diccharge, electrode phenomena are all important :by still further decreasing R,

heating of the cathode by ion bombardment changes the electron emission process from secondary elec-
tron emission to thermoionic emission ; a large electron current is thus emitted and the voltage
drop decreases. lonization increases and glow-to-arc transition is reached.

Note that on the one hand the secondary emission in the Townsend regime and the thermoicnic

emission at the glow-to-arc transition are important mainly to low pressure discharges ; on the cther hanc, the

+w” transiticns appear both in low pressure and in bigh pressure discharges :
P gh p 9

- sparks and surface streamers are initiated by avalanches, like Townsend discharges ; when pd is large ,
dark-tu-glow transition is obtained with the creation of streamers ; glow~to-arc transition is reached

after foamati-n o f a hot channel whict in long sparks and lightning is called the leader ;

- coruna discharges are initiated by avalanches, followed by an unstable glow, which is time-modulated
by regularly distributed pulses or by streamers. Glow-to-arc transition can be reached in laboratory
corsnas, but notin corcnas initiated cver am aircraft structure, except in the case of lightning ini-
tiation or surface discharges.

The following paragraphs will describe in more detail the physical mechanisms of hi. - pressure
disch. rges.

Il - PHYSICAL MECHANTOM 'F THE SPARK DIGCHARGE

When the voltage between two conductors separated by a narrow gap is increased up to a critical
voltage Vg (Vg depending up-n the atmrspheric prescure for a given couple of conducters), the gaseous in-
sulation 1n the gap breaks down i1n the region where the electric field 1s maximum, The sequence of events
producing the breakdown depends on pd (p : gas pressure, d : gap width), In any case, initiation of
breakdown is due to a stray electron penetrating the zone where it can be accelerated by the elec-
tric field up to the point whkre icnization occurs. This primary electron can be produced locally by cos-
mic rays, but more likely by chance detachmert frum a negative ion Eﬂ 3 wlectrons pruiduced by cosmic
rays in the field-free atmosphere are, as a matter of fact, readily attached to the oxygen molescules to
form neqative ions. The released electron is accelerated by ths slectric fisld up te valu
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icnization can result from a cdllision. The initial electroun therefcore prcduces an avalanche, which pro-
gresses in the directi.n of the anode with a drift veloucity of about 10 ma=1 at atmespheric pressure,
(see Fig. 4).

In spark discharge research, an important parameter is the cvervoltage, or percentage of the
voltage applied to the gap above the minimum breakdown voltage., When the breakdown is produced by static
charging, this overvoltage is likely to be small (as compared to the case of application of a step vol-
tage to the gap). For this reason, the sparks obtained by static charging belong to the low overvoltage
case : tihe dark discharge period can last microseconds, during which successive avalanches increase
the to.al current continuously up to values of the order of a microampere.

When pd is smaller than approximately 600 MKSI, the ionized medium has the character of a low
pressure discharge b[ﬂ. A diffuse channel bridges the gap from cathode to anode, since secandary electrons
are emitted from this cathode as a result of ion and photon bombardment. Starting from the dark discharge,
a diffuse glow is ignited as soon as the carriers density is sufficient to create a significant space
charge. When this happens, the ions produced in the channel, which are slower, tend to keep the secon-
dary electrons from diffusing freely, and & plavma surrounded by a positive spate charge sheatt is
formed. The field distorsion produced by the space charge can scmetimes induce convective instabilities,

called ionization waves ; propagation of thése waves along the channel increases plasma density behind
em.

When the plasma reaches a density such that ion-electron collisions come intoc play, energy is
transferred to the neutrals ; the total pressure increases first in the discharge region, then relaxes
by production of a more or less cylindrical shock wave. In a time of the order of 500 ns, the neutral
density decreases in the discharge core and E/n increases, giving rise to a more intense iunization alcng
a conctricted channel., This is the second transitien (glow-to-arc). Thermal emission from the cathcde
reduces the voltage drop in the arc, and the current is essentially limited by the circuit inductance.
This arc is extinguished only when the supply of free charges in the condenser formed by the two conduc-
tors has been fully exhausted. Dﬂ .

If pd > 600 MKSI, the critical density for dark-to-glow transition is reached locally at the
avalanche head when the gap is still far from being bridged by the discharge. The convective instability
mentioned above develops in the form of streamers, a type of discharge which will be described later in
the paragraph related to surface streamers. In this case, the discharge channel has the typical character
of a high-pressure discharge, and is called a long spark. Eé]. Ling sparks are produced,fur example, by
fiash-over .f hign .oltage lines ; they are not likely to be obtained in the case of aircraft charging,
except over insulating surfaces, as developed further onm. This is why we will assume that typical sparks
cbtained between twd unconnected metallic panels by aircraft charging a-e essentially of the low pressure
type.

It is .nteresting to note a few orders of magnitude related to the spark mechanism , Avalanche
development (dark discharge) can last microseconds ; the current is smaller than a microampere. Piasma
development 1g..w discharge) can last tens of micrcseconds in e-me cases, or hundreds of nanoseconds in
sume ~ther ~ases, depending an the overvoltage., The current increases up to values of the order of several
amperes before reachirg -he glow-to-arc transition. When an arc is formed, the current can well reach
values of *tuisa~ds of argeres ; the arc regime can last tens of microseconds.

During discharge devel~pment, dl/dt goes through two or more maxima corresponding to the various
transitions (dark-to-glow, glow-to-arc, seconrdary emission to thermal emission). When the
arc is 1ignited, [ and 81 are pseudo-periodic and their amplitude is large compared to their values during
the initiation phase. dt

[1.2 - Electromagnetic radiation due to a spark
The main characteristics of the spark current are that its path closes through conductors
naving large dimensions compared to the spark length itself. The radiating circuit is formed by the cun-
durturs tra ersed by the current, and is closed by the channel, which lasts as long as the electromagne-
ti1c energy stc:ed 1rn the system is not dissipated. Apart from the radiaticn emitted during the breakdown
yrself ‘hef re tne transition to the arc), which corresponds to a broad band spectrum if the breakdown

“ime 14 st oand is not important if the breakdown time is long, energy is radiated within the bandwith
f the HLL circait excited by the discharge . It consists essentially of a damped sine-wave ot a frequency
whart, ir many cases, 15 in the radio frequency range.
in gxample f tuis situatin, which is berrowed from the field of space techn=legy,

1s tre tatped sine wave 3t about ' MHz injected alomg @ ground line during the first phase of the F 11
Filignt ¢ e HUROPA I launcher in "ovember 1971, As this ground line was connected with the ground
vite f tre guidance computer of the launcher, unforturately the radiaticn of this sine wave stopped the
mp.ter, At *re launcher was list. This sine wave originated when an ungrounded shield located in the
fairi-gs ¢ *re laurncter acquared a static charge sufficient for producing, at reduced pressure, a spark
1" a2 1 mr owite gap lucateu betweepn shield and greund line. Fig. 9 is a plot of the carresponding current

16 a faroty = F +ime, as reproduced in similar equipment. As a matter . f fact, the gap suffered a succes-
ar o f btreak woe, wa f sher pr-odqucing the samp damped wavefarm 3 the first one was sufficient t-
ve pardize e flighe [13.
viv)
20+
10
t(ps Fig. 9 - Damped sine wave following spark
0 breakdown as observed during EURDPA IT F1t
15 flight.
10}k
.20}
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IT1.3} - Conclusion

The bigh peak values of I and reached during the oscillation of the RLC circuit shorted
out by the spark are likely to radiate, a radic frequency, powerful electromagnetic fields. Apart frc-
the possible damage to the law-level integrated circuits, these fields can saturate tre electronics
with a corresponding loss of signal during a time generally much longer than the damped wave itself ;
if the spark occurs with a relaxation frequency, as a result of a steady charging, a strong audic noise
at the same frequency can be produced, disturbing the communications.

Sparks are avoided by proper bonding of all the metallic panels of the aircraft structure. This
bonding can be checked by various ways on the ground. Unefficient bonding can be revealed by watching
the radiated waveforms under simulated {(on the ground) or real {in-flight) charging conditions : appea-
rance of damped sine waves is an unequivocal sign of poor bonding.

ITI - PHYSICAL MECHANISM AND RADIATION OF THE CORDNA DISCHARGE

A key feature of the corona discharge is the inhomogeneity of the electrostatic field. This
discharge occurs in a gaseous medium in the vicinity of an electrode of small radius of curvature subjec-
ted to an intense electric field, the so-called “stressed electrode”. The opposite electrode can be a
large blunt electrode located at some distance, or can be virtual : in the case of aircraft charging,
corona is established between points of maximum curvature of the aircraft structure and the environment,
as a consequence of electriec field amplification near these points.

Observation of an operating corona discharge shows thst a feeble glow appears in the vicinity
of the stressed electrode ; for commercial passive dischargers as used on aircraft, the glow is a small
spot @ fraction of a millimeter in diameter adjascent to the metallic point. Observation with an image
intensifier shows that this spot is sometimes embedded in a brush discharge of larger dimensicns, Time
resolution could bring further information, showing that the glow is steady or slightly unstable, ang
that the brush discharge is composed of a very great number of branches appearing in succession as
narrow channels about 20 micrans in diameter moving forward at a speed of about 5.105 ms'1; as a matier of
fact, only the tip of the channel, sbout .2 mm long, is visible. These branches are called strearers.

The following problems will be examined here :

a) - Onset of corona discharges.
b) - Operating regimes for positive and negative coronas in air.
c) - Average current of a corona discharge.
d) - Correlation distances of corona discharges.
e} - Corona microdischarges.
f) - tlectromagnetic radiation of a corona discharge.
g) -~ Radiocelectric noise measurements.

IIT.1 ~ Onset of corcna discharges ﬁd] ﬁe]

Corona discharges are initiated as soon as the vnltage .f the stressed electrode wi** respect t-
the auxiliary electrode exceeds a thresholo voltage Vy, (and therefore as sccn as the electric field at

a given reference puint «f the aircraft exceeds a threstold field ET)‘ Tﬁs current increascs atruptly from
a very small valur characteristic -f gollectign of atraspheric inns (107 AY v s value ©onsistent with

avalancte development.

If the stressed electrode is negative (catrode), avalanches can be initiated by a "seed" elec-
tron in the region close to the electrode. Avalanches develop in a directicn away from the catnhnode, cut
to that distance at which the ionization process is compensated by attachment (Fig.10 ). lonizot:2n keing
prepocnderant in high fields, and attachment in low fields, it has been shown that there is a critical
distance corresponding to a field of about 25 kV cm‘1:inbetween the stressed electrrde and tris distance,
icnization prevails ; beyond this distance, attachment is so important that there are r. more free elec-
trons. This severely limits the active zone of a corona discharge. If the stresced electrode is pisiti.e
(anade), avalanctes develop towards the anode, beginning at a leccaticn which deperds on the "seed" rlec-
trons (Fig.11 ). As in the case of negative corona, these electrons are efficient 'nly if irtroduces
(cr produced) in the "initiatinn vnlume" where ionization is = 3¢ arp 1tant ftan cteactmess Boicoa irgces
hy the 2% kY en=) field intensity surface, this v-lume inrrenses Witt *'e D *ential appliey ¢ o
stressed electr de, and vanishes if the eplectric field i3 everywhere sraller than 25 ky emT
physical explanation of the existence of the thresncld field [

Trie 1a the

T

= +

(a) (b) (a) (b)

Fig. 10 - Onset nf negative cnrona Fig. 11 - Onset »f pesitive corona
a) - Electrade. a) - flectrode
b) - Avalanche. b) - Avalanche.
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The threstiold valtage variaticns with pressure are described by Paschen-type curves & . As a 4
c osegquence, 1 the pressure range f o anterest fop aiicraft crerging, 1.e atmuspheric and slightly sutat-
me gspheric, Ly 18 propuarti inal *te pressure. In a1rflow the pressure t.. be considered 1s the ambient
pressure developed right at the point ; curuna discharges generated on passive dischargers located at
the trailing edge of aircraft wings have a lower thieshold field at high altitude (decrease of atmosphe- -
ric pressure) and at high speed, when a depression is obtained in the wake of the wing. The value of the
threshold field ETS (kv cm=1) at the surface of the stressed electrode is given by Peek's law E5 :
k
g =, 8 [1+
/rd
-1
where £ = 31 kV cm
| ol
0,392 p
& = - ©
273 + 1 (p Torr, T C)
X -1
) k = 0,308 cm
~
r = stressed electrode radius {cm).
fFrom the gTS' one can calculate the aircraft threshold potential if the geometry is known.
v
{3 I11.2 - Qperating regimes for posig_i!e and negative coronas in air [14] [16] [17]
;
A
I11.2.1 - a) - The stressed electrode is an anode (positive corona)

¢

4

j If the stressed electrode voltage is increased above the cnset voltage, the avalanches initiated
in the high field region generate, near the anode, a plasma which decreases the field by its conductivity

a (dark-to-glow transition). Radiative de-excitaticn in this plasma produces photons, and hence photoioni-
zaticn in the close enviranment.

If the secondary electrons generated by this process are produced within an appreciable volure,
they are continucusly attracted by the ancde and contribute to form the glow region : the correspanding
J current is a DC current.

The seccndary electrons produced in the close vicinity of the primary avalanche can also generate
new avalanches converging on the avalanche head. The carriers produced by these avalanches pile up in
front of the head, up to the point where a plasma is formed which merges with the head (dark-to-glow
transition). This is equivalent to a forward displacement of the avalanche head. Electrons are partly
abtsorbed by the anode, and a net positive space charge is left at the avalanche head. This process in-
creases the electric field in front of the head, and reduces this field at its back, where plasma is accu-
mulated. Tris is the physical mechanism of streamer propagation. It has been shown, by spectroscopic obser-
vatians ‘stark effzct), that the space charge electric field lgcated just in front of a streamer head can
react ten times the breakdown field at atmospheric pressure |[17] . This is why streamers can propagate in
macroscnpic electric fields well below the breakdown field : the streamer head itself gererates the
electric field necessary for the propsgation of iomization ; @ streamer is an ionization wave, and the
optically vbserved propagation speed is actually the phase velocity of this wave (Fig.12 ).
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In a positive corcna discharge, both glow and gstreamers can be found. Fig. 13 shows & typical
current-potential curve as observed by Buchet et al, [18]. Trte shaded regions characterize the streamer
co:tributions to the current. One can observe three voltage regimes

a) - from onset voltage V., tc a first limit V_, one finds a very unstable glow discharge composed
of a superposition of small amplitude bursts and a° number of large pulses due to streamers (called pre-

onset streamers) ;

b) - from V_ to a second limit V _,,only a pulseless glow persists ;

c) - from Vg, to V_ (breakdown v8ltage), a stable impulsive discharge,with pulses regularly spaced
in time, develops nn’top of the glow discharge. The glow-to-arc transition cannot be reached by aircraft
charging (except in the case of lightning ur surface discrarge).

The frequency of the pulses associated with the streamers is of the order of several kilcHertz ;

Fig. ' 4 shows this frequency as a functiop of corona voltage, for a stressed anode 170 microns in diameter
located at 20 mm from a plane cathode |18]).
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Fig. 14 - Pulse frequency as a function /4
of potential in the positive corona. _ _____-—<:l
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Fig. 15 - Operating regimes of the negative corona
discharge in air.

1) - Glow-to-arc transitien. - -
2) - Trichel-to-glow transition. 0 0205 1 2 d(cm)
3) - Onset.

II1.2.2 - The stressed electrode is a cathode (negative corona)

In this case, the ions produced by the avalanches are attracted by the cathode and increase the
field near the stressed electrode ; the electrons moving away from the cathode in the lower field region
attach themselves to neutral atoms or molecules, generating a negative-ion space charge which moves rela-
tively slowly towards the anode ; this weakens the field in the direct vicinity of the space charge zonre.
Accumulation of the negative-ion space charge produces a quenching of the current pulse ; the current
resumes only when this space charge has disappeared by diffusion and drift (laboratory case), and even-
tually has been swept away by the airflow (aircraft cace).

The negative corona is characterized by two voltage regimes (Fig. 1§).

a) - From onset to a threshold voltage V_, the current appears essentially in the form of pulses superim-
posed on a D.C component. Near onse% (autostabilization regime), random sequences formed by a large
pulse fcllowed by small pulses are obtained. When the voltage is increased, the number of small
pulses increases in the sequence and these pulses become more regular. When the voltage is further
increased, the large pulses disappear and the sequences merge into a rontinuous succession of regularly
spaced pulses of same amplitude. The repetition frequency of these pulses, called Trichel pulses,
increa~es with the applied voltage,but their charge stays constant. Fig.16 shows that, for relati-
vely low currents, the relaxation frequency of the Trichel pulses is a linear function of the average
curre..*. It decreases, and the charge of the pulse increases correlatively, when the radius of the
stressed electrode increases |20). This can be observed in the case of aircraft passive dischargers
when they have been operating for a long time, their point, usually 20 to 60 microns in diameter,
becomes slightly blunted, and the relaxatiun frequency decreases.

Fig. 17 displays the curves giving the relaxetion frequency as a function of the average current
for a point-to-plane corona discharge (conical rhodium point with an angle of 12° at the tip of a cy-
linder 3 mm in diameter ; pnint-to-plane distance 2,5 cm). The relationship is no longer linear if the
e tire current ramnge is considered. For a given average current, decreasing the presaure reduces the

Al
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relaxation frequency : Fig.19 shows that the pulse wigth increases correlatively [21]. This effec:
has been observed in-flightwhen altitude increases |[22]. The relaxation frequency also increases
with aircraft speed, as the time necessary for sweeping out the spsce charge decreases with airfl.w
velocity.

F(kHz)

Fig. 16 - Trichel pulses frequency
for different pcints as a function of
average current.

1} - For sharp point.

I F 2) - For .5 mm point.
) 3) - For 1.5 mm point.
4) - For 4.73 mm point.
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Fig. 17 - Relaxation frequency of Trichel 15k ;

pulses as a function of average current and
pressure.
P ~ 750 mm Hg

P? = 650 mm Hg
P2 = 550 mm Hg
PY = 450 mm kg - il
Pd = 350 mm Hy ‘
PS = 250 mm Hg
PG = 150 mm Hg.
05
RGN VN W
0

2 Fig. 18 - Variation of trichel pulse shape .
with pressure.

p : pressure in mm Ng. ﬂ
f : repetition frequency in MHz.

1) -~ p = 750 f = 0,94

2) - p = 630 f = 0,85

3) - p = 450 f = 0,75.
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At atmospheric pressure, the amplitude of a typical Trichel pulse can reach ! mA, Its rise time
is 3,5 ns ; its decay time constant is approximately 35 ns. Its relaxation frequency varies from
several kiloHertz to more than one MegaHertz. ,
b) - Above the voltage V_, the pulses merge to form a pulseless glow discherge, Vg ig a slightly
decreasing function® of pressure.
When voltage is further increased, negative corona can reach glow-to-arc transition., This is
obtained by aircraft charging only in the case of lightning or surface streamer. {see Fig. 16).

! Fig.19 shows curves of the average-current versus the applied voltage of a negative corona

f discharge aperating at various pressures [21] . The zones corresponding to the Trichel and pulselees
qlow operating regimes are bounded by the dotted lines. The shape of the curves is analyzed in the next

paragraph. ﬂ




// // Fig. 19 - Average current
, and operating regimes for
/ a negative corcna in air,
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I11.3 - Average current of a corona discharge

Outside of the active zone of corcna cischarges in air, electrons are attached to atoms or mole-
cules to form negative ions. The active zone of either corona polarity, positive or negative, is therefcre
shielded by a space charge sheath of ions of low mobility compared to the electrons. The current conti-
nuity from stressed electrode to cuter electrode (real or virtual) is ensured through this shkeath, wren
current pulses are generated in the active zone, by the sum of an average ionic conduction current and cf
a displacement current (of zero net value). The fact that negative or positive ions have nearly t e same
mobility explains that the average current characteristics are nearly the same fcr negative or positive
coronas in pulsed or steady regimes : continuity of the average current makes it possible to analyze the
behaviour of the conducting medium through the sheath only, where the current results from mobility of
heary carriers in a steady faeld distribution.

This problem was studied by Townsend in the case of the steady regime, with the Poisson

Equation div £ = and the relationship relating current density j to charge density p, field E and
carriers mability uO: 3 =up WE E includes space charge and externally applied fields.

Townsend found that the current 1 of the discharge can be related toyu, ETand E (E : threshold
tield) by the following expression ' T

I=CuV(E- Ep)

Loeb gives a slightly different formula
. _8r
F=0C wee-ep>! ™77

where r is the radius ~f the point and 4 the gap width.

In case of aircraft charging, r « d and the Loeb formula becomes :

I =Curk - ET)2'I = C uwE - £.)?
T
£ and E_ carn be defined at any reference point of the configuration, the constant C obviously depending
on the cho:ce of this reference point. Fig.20 shows a characteristic obtained in a typical experiment,
E being the field measured at a reference point on the trailing edge of the model of a wing where a
passive discharger war fitted. In this case, Cu was equal to 3,06.10-4 with I in microamoeres and E_ and

£ in V em™). T
HpA)
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100 |- o Fig. 20 - A erage current as a function of
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a negative corona sustained at the tip of
o a discharger.
50l /
L
Threshold /
-1
- Vi
borrt o EYen
0 200 400 600




The influence of air speed on the average current has been studied by Chapman. The fcllowing
formula applies in the mnst general case

2
I=¢, [Kl E-E %+ K v (E-E )+ K _-z}.}

where it is the mobility, E the applied field, £ the threshold field, v the airflow speed ; the coeffi-
cients Kl’ K2 and K3 have the dimension of a length.

The third term is generally negligible and the second term dominates as soon as v > 20 ms-1
in the case of corona discharge carried by an aircraft in flight the average current is essentially
propertional to v

I=e K (E-E )Y

‘As aforesaid, the average current of a corona discharge is controlled by the space charge
accumulated in the vicinity of the active region of the discharge. Positive or negative coraonas have an
average current which is controlled by space charge sheaths extending far from the active region, when no

auxiliary electruode is present to collect this charge (case of aircraft ctarging}. If a seccnd discharge
is located close enough to the first one, its current !s controlled and can be quenched by the space
charge of the first discharge ; the two -ischarges are then correlated. This can be seen in two ways

1) - the total current carried by two corona discharges is reduced when their distance is smaller than,
for example, 30 cm. This distance is the correlation distance of the two discharges. At a larger
distance, the two discharges act independently. This defines a D.C correlation distance, relevant to
average values of the corona current.

2) -~ oscilloscopic observation of the Trichel pulses of a two-point negative corona discharge shows that
the pulses are produced in a regular alternance, the pulse produced in one point quenching the
other, and alternmately. Such a configuration is typical of a popular model of aircraft passive dis-
charger (Dayton-Granger discharger) where the two points are located at a distance of a few milli-
meters from each other, This defines a pulse correlation distance, relevant to instantanecus values
of the coroma current [?ﬂ .

These observations can be explained in the following way :
the space charge region around the cathode of a negative corona can be divided into two zanes

a first zone, at a small distance from the electrode, where electrons diffusing from the active zone
during each pulse increase,by fast bursts, the negative space charge before being attached to neutral
atoms or molecules ;

a second zone, at a large distance from the stressed electrode, where only negative ions can be found,
Here, the space charge is slowly transported by diffusion and drift of negative ionsformed in the
first zone, «nd the bursts of space charge present in the.first zone decay to a negligible value by
smearing out in a continuous background.

The existence of :hese two zones is therefore the origim of the two types of correlation dis-
tance found experimentally, wiih typical values of tens of centimeiers for the DC type and of several
millimeters for the pulse type.

The D.C correlatioci. distance between two corona discharges decreases with air speed, and
the pulse correlation distance increases with pulse amplitude. At the trailing edge of an aircraft,
corona produced on discharger tips are located on a linme perpendicular to airflow.Airflow sweeps away the
space charge and reduces its lateral extension : the transverse DC correlation distance between two dis-
chargers consequently is decreased at high speed.

If by some arrangement the total charge released during a Trichel pulse is reduced, the pulse
correlation distance is also reduced ; this can be obtained by reducing both pulse amplitude and pulse
duration. The next paragraph shows how to take advantage of this effect.

I1I11.5 - Corona microdischarges
It was recently pointed out by Brunet Efa that if a corona discharge is initiated at the tip
of a very thin carbon fiber, the discharge pulse is ~f very small amplitude., This results from two con-
ditions specific to carb. n fibers with a diameter less than about ten microns

a) - the capacitance ot their tip is very small ;
b) - their resistance is very high.

As a consequence of these conditions, the corona discharge is rapidly quenched,not as usual
by accumulation of gpace charge, but by the voltage drop of the electric circuit : the accumulated charge
disappears so rapidly during the pulse that the field decreases below threshold. This quenching is
therefore of electrical arigin and not of physical origin, and it is experienced for any polarity and
for any type of gas, including rare gases. The pulse amplitude can be made, for example, one hundred
times smaller than for ordinary Trichel pulses (i.e 10 FA instead of 1 mA). On the one hand, to carry
the same current, more points are needed, which might seem impractical ; but, un the other bhand, the
correlatinn distance hetween two pulses is largely decreased, and this makes it pussible to work with
a compesite material rnd made of aligned carbon fibers embedded in an insulating resin, If a large
number f cl sely spaced carbon fiber tips are exposed to a high field, the space charge released by
each pulse wver a tip is sn small that inhibition of the corona discharges is limited to neighbouring
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fibers and lasts only a short time. Many micrcdischarges can appear at the same time in uncorrelated
areas. 1f we consider the composite rod as a whole, the emitted current is a stochastic succession of
very short pulses. It will be shown farther on that the associated spectrum doesn't show any of the
characteristic frequency lines specific to relaxation, as is the case for Trichel pulses or for positive
streamers in conventional corona discharges.

II1.6 -~ Electromagnetic radiation of corona discharges

Corona discharges, having in most cases a pulsed component, generate electromagnetic radiation
which interferes with the communication and navigation systems of the aircraft. Coupling between corona
discharges and the antennas of the communication and navigation systems has been studied by Tamner and
- Nanevicz, who have given the conditions for minimizing the coupling Pé . This problem is analyzed in
the lecture by J. Nanevicz in this series, and will not be treated here. We will restrict our attention
[ to the study of the spectrum of the electromagnetic radistion generated at the source, which is the same
; as the spectrum of the corona current.

- As a corcuna discharge can operate in a8 number of different regimes according to the polarity
and to the value of the average current , it is advisable to analyze the cases associated with intense
generation of electromagnetic radiation, This is why the pulseless glow is not considered here. Positive
corona, characterized by two unstable regimes associated with pre-onset and pre-breakdown streamers, is
warthy of attention ; though negative corona is more interesting, as aircraft charging is negative
in about 90 % of the cases. In this paragraph, we will predict the spectrum of the electromagnetic noise
emitted by a negative corona discharge in the Trichel regime. Qualitative arguments will be given to
evaluate the relative importance of electromagnetic radiation generated in negative, positive, and micro-
dis- harge coronas.

A typical corona pulse is shown in F 3, 21, It has a rise time of about 3.5 ns and a decay
time constant of 33 ns. The waveform can be assimilated to a sum of twg exponentials, a3 positive expo-
nertial with a time constant of 35 ns, and a negative exponential with a time constant which can be
computed from the conditicn that the resulting curve must have a maximum equal to ' at about 3.5 ns. The
corresponding function is :

":‘:1
{ II1.6.1 - Power spectrum of a corona pulse
]
4

I=ale et - 8*] with a = 1,136
7
a = 2,86.10
g = 1,06.109

I {arbitrary units)

’
3
|

! Fig. 21 - Typical corona pulse.
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The Fourier power spectrum of this function is

(o-8)2 (w?-aB)® +uw® («® -8%)°

(@ + w?)? (B2 + w?)?

P (w)

Fig. 22 shows the corresponding relative amplituce of the components of the spectrum of the
pulse, for the standard pulse defined above and for a standard pulse having a rise time of 10 ns and a
decay time constant of 100 ns. This pulse is a reference pulse mentioned by J. Robb Zﬂ . For a pulse
having a negligible rise time and a 100 ns decay time constant, the amplitude spectrum is represented
by the dashed line. This line has a slope of 6 dB/octave, whereas the asymptotic slope of the spectrum
of the corona pulse is 12 dB/octave. This shows that corona-produced disturbances are essentially below
a frequency of about 100 MHz, Automatic direction finders (200 - 1 750 kHz) and Omega navigation equipment
(10 - 14 kHz) are particularly vulnerable;DME(1 GH2 and VOR-ILS receivers (100 - 300 MHz) are less dis-
turbed ; MLS (5 GHz to 15 GHz} will be quite insensitive to static charging effects.

111.6.2 - Powar spectrum of negatlve and pDSltan corona dlscharges
Trichel pulses form a regular sequence of exponential pulses like our standard corona pulse ;
the corresponding spectrum is obtained by multiplication of the above spectrum and the spectrum of an
infinite sequence of unit impulses occurring at the repetition frequency f of +he Trichel pulses. This
spectrum consists of a comb of freguency lines separated by f, with a maximum amplitude limited by an
envelope which is the spectrum of the individual carona pulse (Fig. 23 )

Maximum interference with avionic equipment results from maximum overlapping of these frequency
lines anto the bandwith AF of the considered equipment. If the spacing of the lines is large, and the
tandwith AF narrow, overlapping could in principlebe avoided in steady conditions. But as a matter of
fact, random variations of charging will induce corresponding variations in pulse recurrence and there-
fore associated changes in line separation and position : it is not possible to avoid overlapping, and
the resulting interference, for all the charging conditions to be encountered in flight.

| e

i /27

Fig. 23 - Current pulses and corres-

ponding power spectra of corona

discharges. 4

a, ) ~ Negative coraona (Trichel pulses]).

a2) - Positive corona (ideal pulses).

b ) -~ Positive corona (real pulses).

¢ ) ~ Corcna microdischarges.

AF is the bandwith of the disturbed
receiver.

(" 1

It is interesting to compare the amplitude of spectral linmes for positive and regative coronas i
carrying the same average current, Pasitive corona is characterized by pulses or relatively large peak-
value with a low repetiticn freguency. If the pulse rise and decay times were the same in positive and
negative coronas, the average current [ would be ] = f.a where f is the repetition frequency and a the
peak value. The generated pnwer P wnuld be P = fal or .= & . The_number of lines in the radiated spectrur
bandwith N would be O ; the power per line, P, = I wts - li would be independent of the repeti-
tion freguency, i.e the f same for prsitive and negative cngfzas A (Fig. 23a). Actually, the positive
pulse bas generally a longer rise time { Y 3% ns) and a longer decay time constant ; in the spectrum, the
low frequency side is therefr-re entanced, and, -n the one hand, positive corona may be more damaging for o
the VLF and the RF equipment. {lUmega navigati =, Agtomatic DNirection Finder, etc...) ; on the ither hand,
if frequency lines are cluse t.gether, m te *tarn ne line can be onverlapping the bandwith N of the
equipment, particularly at the kigh fred. -, siie [the handwith Af generally being a given fraction of
the working frequency F). For this reasir, - ri1*i.e corona is caonsidered as more distyroing than negative

23b).

corona (Fig.
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111.6.3 - Power spectrum of corona mlcrod*scharges
If the same total power is distributed over the whole spectrum and not cnly ontoc discrete lines,

the envelope amplitude is greatly reduced. Maximum interference is therefore reduced in the same propor~
tions. This is obtained if the corona pulses, instead of being regularly spaced in time, form a rangom
sequence. For this reason, corona microdischarges are particularly suitable to reduce the radiated noise
they emit a random sequence of uncorrelated micropulses. Their spectrum is similar to the single pulse
spectrum (Fig. 23c). More work is needed to establish a consistent theory of the electromagnetic behaviocur
of corona microdischarges ;however, experimental results gbtained in the laboratory show that an improve-
ment of the order of 40 dB or more can be achieved for the same average current with carbon fiber dischar-
gers,

I1I.6.4 - Radioelectric noise measurements in the laboratory : experimental arrangement

To measure, in the laboratory, the radicelectric noise generated by a corona discharge, and in
particular to compare various passive dischargers, a set~up similar to the device shown in Fig. 24 can
be used. This set-up comprises a grounded metallic profile simulating the trailing edge of the aircraft
wing, and an arrangement,composed of a high-voltage electrode and two guard rings, for applying the D.C
electric field to the corona point fitted at the back of the profile. This device can be used at reduced
pressure or located in a wind tunnel. A reference antenna picks up the noise radiated by the corona ; the
best arrangement has been found to be formed by two small plane plates parallel to wihg surfaces near the
trailing :dge. As the significant wavelengths are large compared to the set-up dimensions, the problem
is essentially quasistatic, and interference is due to capacitive coupling : each of the antenna is
coupled with the discharge by the capacity between plate and active zone of the coronma. If comparison
between dischargers is sought, care should be taken to locate the corona discharges at the same place.

Fig. 24 - Experimental set-up for measuring
the radioelectric noise of passive
dischargers.

Fig. 25 - Simplified sketch of a
shielded set-up for passive discharger
noise measurements.

1) - Faraday cage.

2) - Support.

3) - Discharger.

4) - High-voltage terminal T.
5) - Antenna.

The described equipment is not shielded against external radiation, and cannot be used for
measurements of very small radisted powers. This is why we will describe a second set-up, shown in Fiq.25,
which has been built at ONERA. Here, all the equipment is enclosed in a shielded Faraday cage. The metal-
lic profile and the corona point have the same arrangement as in the preceedingset~up. The high voltage
terminal T is a plexiglass paraboloid located in front of the point ; the parabolcoid is covered by a thin
resistive layer (1 MJL per square mesh) which is transparent to electromagnetic radiation but acts as
an equipotential surface for the electrostatic field. The receiving capacitive antenna A is a metallic
paraboloid located behind T.

I11.6.9 - Expenmental results [28]

The following results, which have been found by using this equipment, are illustrative of the
preceeding paragraph :

a) - Fig. 26 shows a characteristic spectrum obtained by using a conventional corona discharge in
the Trichel regime.

b) - Fig. 27 shows a characteristic spectrum obtained by using a microdischarge system (carbon
fiber discharger) with the same aversge intensity as in Ffig. 26,

e
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c) - Fig. 28 compares the noise generated by various dischargers.
These results demonstrate the improvements obtsined by the various methods of uncoupling, and

particularly, by the microdischarge devices. Detailed discussion of these measurements involves consi-
deration of the theory developed in reference Pq .
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Fig. 26 - Radioelectric noise spectrum Fig. 27 - Radioelectric noise spectrum
of a corona sustained on a conventional of corona microdischarges sustained on
discharger for an average current of a carbon fiber discharger fur an ave-
75 pA. rage current cf 75 uA.
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Fig. 28 - Power spectra of noise radiated
by dischargers of different types in
-30 _7\ operation.
3 1) - Unprotected corona discharge (reference).
-60 2) - Resistive uncoupling.
3) - Orthogonal uncoupling.
-70 4) - Corona microdischarge.
5) - Dptimized discharger.
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I11.6.6 -~ Conclusion

When aircraft experience charging in flight, operation of dischargers is necessary to get rid
of the electric charge ; corona discharges sustained at the tip of the dischargers can produce interfe-~
rence which affects the avionic equipment. To reduce this interference which changes in a difficultly pre-
dictible way with the charging current , reduction of the coupling with the antennas, according to the
theory develaped by Nanevicz and Tanner {resistive and orthogonal uncoupling), is the method most in
use today Eé] . A further improvement can be obtained by using corona microdischarges together with
resistive and orthogonal uncoupling [28].

IV - PHYSICAL MECHANISM AND RADIATION OF SURFACE STREAMERS

IV.1 - Physical mechanism of surface streamers

S iface streamers are generated if atatic charge accumulates on a highly insulating surface
(canopy, antenna cover, radome, fairings). Generully, the surface streamer assumes the form of a tree-
like discharge, the stem being attached to @ point of the surrounding metasllic frame, and the branches
spreading over the insulating surface. The branches act as charge collectors and the stem brings the
current to the aircraft structure. The streamer is localized in a thin air layer adjacent to the insula-
ting surface,

The physical mechanism of surface streamers has some points in common with the physical mechs-
nism of long sparks ; the differences arise from the fact that surface streamers propagate in an initial
surface charge ; in this respect, they resemble more closely the streamers propagating through charged
clouds during thunderatorms. It has been found experimentally that typical parameters of surface streamers

are in the same range as lightning pre-breakdown parameters -~ one order of magnitude larger than long
sparks parsmeters,
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Iv.1.1 - Onset of surface streamers

When electric charge accumulates on an insulating surface, the potential of this surface in-
creases, with respect to the potential of the conducting surfaces located at the periphery (the metallic
frame of a windshield, for example). The associated electric field depends on the geometry. ©ig. 29 stows
a charged dielectric slab placed on a grounded metallic plate. Here, the electric field is essentially
lncalized within the dielectric slab, tne external field being partially neutralized by the image charge
(in the metallic plate) of the surface layer. If the dielectric slab is far from metallic bodies, intense
normal and longitudinal components of the field can develop in the air around tke slab. In any case, maxi-
mnum field will be found at small radius of curvature points of the conducting frame in which the slab :is
fitted. If onset canditions are attained at these points for a corona discharge, the first step of the
surface stireamer is reached : initiation of a corona discharge, avalancte fcrmation and pre-onset strea-
mers or Tricnel pulses. Note that pre-onset streamers are cbtained with negative charging and Tricrel
pulses with positive charging.
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voltage drop is experienced along the ionized channel produced behind the streamer (order of magnitude :
channel resistance of 106 Q cm-1) ;

b) - merging of many streamer channels increases the total current along the common trunk. This
can be sufficient to heat the neutral gas, already excited by streamer propagation, up to the point where
a small decrease of neutral density in the coré of the channel is initiated ¢ £/N increases in their core
and ienization is enhanced ; the glow discharge sustained in this core has a higher conductivity than the
streamer corona branches, and, at the beginning, is similar to the positive column of the low pressure
discharge. This can be the explanatic ror leader formation (order of magnitude : leader resistance of
103 0L cem=1

c) - if the total current is sufficiedt in the leader main trunk, resistivity decreases up to
the point where glow-to-arc transition is reached (order of magnitude from 102 2 an~! to 10-2 Q@ an™}).

In this model we have followed a suggestion by Marode who has shown that, in sparks, the ther-
mal instability characterized by a censtriction of the discharge appears well below glow-to-arc tran~
sition., This instability can be initiated after streamer development if the initial conditions are such
that discharge quenching by attachment (or recombination) is not completely achieved before the decrease
of neutral density and the resulting £€/n increases 30]. No explanation has yet been proposed for the step
length and duration.

IV.1.3 - Order of magnitude of surface discharges

8 Surface discharges can carry currents of hundred of amperes, and a1 can reach values of

107 As=). Their duration is of the order of few hundred nanoseconds. Leader tip velocity is abogt
108 cm s-1. Voltage drop in the leader channel depends on the local current ; it varies from 5.10° v/m
near the head to 50 V/cm at the point of attachment to the metallic frame.

Iv.2 - Electromagnetic radiation of a surface discharge

To the best of the author's knowledge, detailed information about radiation of surface discharges
is inexistent. Extensive work is needed before modeling surface discharges and predicting their electro-
magnetic behaviour are possible. During an experiment performed at ONERA, high power pulses with durations of
a few nanoseconds and recurrence period of 20 ns have been found. It is too early to give a comprehensive ,
model to explain this experiment.

If these discharges are sustained along a dielectric layer covering a metallic panel, their
current flows essentially parallel to the conducting surface ; therefore, according to the Tanner crite-
rium, they are poorly coupled with the antennas ; however,one can easily obtain, by simulation, evidence
of strong disturbances experienced by the electronic equipment : the reason could be the very high values
of dI/dt cbtained during the discharge, and the influence of end effects ; 33 a matter of fact, the dis-
charge current flows in a closed loop which is magnetically coupled to the aircraft structure, inducing
ar electrical response in all the equipment.

If the discharge is established along the dielectric cover of an antenna, the current loop is
closed during streamer and leader propagation by displacement currents parallel to the RF electric
field, and the coupling is very strong. Saturation of electronic equipment is readily cbtained in this |
case. (]

Iv.3 - Coneclusion

Unlike the corona discharges obtained at the tips of the dischargers which are necessary for ;
normal operation of aircraft, the surface discharges are harmful and should be eliminated. This is possible
by the proper choice of reduced resistivities for the various dielectric surfaces of the aircraft.

V - GENERAL CONCLUSION

The analysis of the physical mechanism and of the radioelectric behaviour of the three types
of discharges obtained by aircraft charging has led to the following conclusions :

a) - sparks and surface streamers are generators of powerful radiocelectric disturbances. They should be
carefully avoided. Proper bonding eliminates sparks and specific surface treatments suppress sur-
face discharges ;

b) - coronas are necessary for getting rid of the accumulated static charge. On the one hand, attention
should be given to reducing as much as possible the coupling between coronas discharges and antennas
of the avionic system. On the other hand, use of corona microdischarges can bring a further improve-
ment in static noise reduction.
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STATIC CHARGING EFFECTS ON AVIONIC SYSTEMS

J. E. Nanevicz
Associate Director, Electromagnetic Sciences Laboratory
SRI International,
333 Ravenswood Avenue
Menlo Park, California 94025

ABSTRACT

Electrical discharges can occur on an aircraft as the result of static electrification, either of the aircraft as a whole
or of parts of the aircraft. The character of discharges at typical aircraft operating altitudes is such that radio
frequency (RF) noise is generated in the portion of the electromagnetic spectrum normally used for aircraft
communication and navigation systems. The noise sources excite the aircraft structure and can couple electromagnetic
noise signals into antennas and electronic systems wiring. Under some circumstances, the noise can be sufficiently
severe that critical systems are disabled when they are most needed.

The electromagnetic character of the various noise sources--corona discharge, surface streamers, and spark
discharges--will be discussed. Available data includz the results of flight tests and laboratory discharge simulations. In
general, the source data exist both as time-domain waveforms and as frequnecy-domain spectra. The differences
between the noise signals generated by the different sources will be discussed, and the dependence of noise levels on
aircraft-charging current will be indicated.

Results of laooratory determinations of coupling between source locations and antennas will be preseated together
with the results of flight-test experiments conducted to verify the coupling information. Finally, the source data will be
combined with the coupling information to predict the equivalent noise fields to be expected at typical antenna locations
on aircraft. These noise fields are compared to atmospheric noise levels to determine the degree of system performance
degradation that can result from precipitation-static noise.

1 INTRODUCTION

A. General

As afr raft began to be operated under all-weather conditions, the effects of electostatic charging were
observed. ’“ In general, it was found that when aircraft were operated in precipitation, radio noise would often occur and
disable onboard communication and navigation systems just when they were most needed. This relationship between
electromagnetic interference "static" and precipitation led to the name "precipitation static."

Careful study of the problem immediately after World War Il indicated that the noise resulted, from frictional
charging occurring when precipitation particles struck the aircraft and deposited charge on its surfaces.” This charging,
in turn led to electrical discharges of the sort discussed by Dr. Taillet in the previous paper. It was determined that it
was the radio noise from these discharges that disabled the communication and navigation equipment.

Subsequent studies led to a better understanding of the various mechanisms involved in the charging and discharging
processes and techniques were developed to rnitigate the undesirable effects of the charging/discharging processes.
Indeed, conventional metal-skinned aircraft equipped with analog-type electronics could operate successfully under all
weather conditions.

B. Motivation for Continued Study of Static Charging

As each new aircraft is developed, there is a constant effort to improve its performance over that of its
predecessors. To achieve this goal, the designer is driven to use new materials in the fabrication of the airframe and to
equip it with the latest avionics systems. Changes in either of these areas can affect the susceptibility of the overall
systemn to static charging. It is important that the designer be aware of the impact on system static susceptibility of
changes in design.

In an all-metal aircraft equipped with analog avionic systems, the primary source of noise is corona discharge from
the aircraft extremities. Since the skin of the aircraft is a good electromagnetic shield, noise couples to avionic systems
primarily through their associated antennas located on the exterior of the aircraft. The use of new materials such as
dielectrics and composites changes the way in which charge is deposited on the aircraft and generally degrades its
electromagnetic shielding. Thus, unless care is exercised, the electromagnetic noise levels on the interior of the new
aircraft may be substantially higher than they were on conventional all-metal aircraft.

Also significant, is the fact that the original avionic systems were based on vacuum tube analog circuitry which was
quite immune to damage and catastrophic upset by electromagnetic noise pulses. The new systems, on the other hand,
use digital avionics which are far more susceptible to damage and upset. In addition, momentary loss of avionic systems
in the older generations of aircraft generally meant a temporary inconvenience in thai the aircraft could be flown by the
pilot during the period of outage. In future generations of aircraft, it appears that improved performance will be
achieved through increased reliance on stability-augumentation devices--possibly to the extent that the aircraft will be
so unstable that the pilot will no:fonger be able to fly it without the avionic systems. Thus, a loss of a critical avionic
system may jeopardize the entire aircraft.

Since the addition of fixes to provide immunity from the effects of static electrification always implies cost and
weight penalties, the designer needs accurate information about the processes and their effects to prevent overdesign or
underdesign of the protection schemes.
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=’l I ELECTROMAGNETIC NOISE COUPLING

The generation and coupling of
{ electromagnetic interference is most
readily attacked by breaking down the SOURCE COUPLING VICTIM
} overall processes into the three steps
3 illustrated in Figure l. A source of
! noise exists on the aircraft and ex-
Cites electromagnetic  coupling paths FIGURE 1 GENERATION AND COUPLING OF ELECTROMAGNETIC
to couple interference into the victim INTERF ERENCE

circuit. With the breakdown shown in

the figure, it is possible to consider

l the three facets of the problem inde-

pendently.
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The noise soyrges can be characterized as Dr. Taillet has done for the corona discharge, the spark, and the
surface streamer. This information on source characteristics together with information on charging rates
and discharge location, permits the engineer to consider a noise source of prescribed intensity and electro-
magnetic character to be located at a defined position on the aircraft.

Next, the electromagnetic coupling between the source location and the victim circuit of interest must be
considered.  Sometimes, as in the case of corona discharge directly from an antenna, the coupling path is
obvious and is amenable to a simple analysis. In other cases, these coupling mechanisms arg; more subtle and it
nay be necessary to resort to experiment to define the coupling over the frequency range of interest.””™’

By combirg'rg the source and coupling information, it is possible to determine the signal coupled to the
victim circui*.”” If the coupled signal level is lower than the susceptibility level of the victim system
under consideration by a reasonable margin, no interference will occur. If the coupled noise signal level
exceeds the susceptibility limits of the victim, appropriate noise reduction measures must be taken. 1

Considering the noise generation and coupling problem in the light of Figure I serves to emphasize the fact !
that controlling the interference can be attacked in three different ways. First, one can take steps to i/
eliminate or reduce the intensity of the noise source. eed, this approach is generally the simplest to
implement in the case of surface streamering and sparking.”’® Second, an effort can be made to reduce the
coupling between the source and victim. l;xf-.lrnples of this approach include the addition of shielding and the

,

installation of decoupled corona discharges. Third, the basic hardness of the victim can be improved,
Since this approach often involves changes in circuit design or system design philosophy, it frequently cannot
be applied.

A further consequence of viewing the interference problem in the light of Figure 1 is the recognition that
the nature of the interference signal at the victim may be quite different from the source signal. The fact
that the amplitude may be lower at the victim is intuitively obvious. Less widely recognized is the fact that
3 the time waveform of the noise pulse arriving at the victim often may be quite different from that generated by

the source. In general, the source consists of a succession of short pulses which excite currents on the
4 aircraft structure and wiring,  Electromagnetic resonances in the structure and wiring can cause the pulse
% arriving at the victim to be stre tched out in time.

Il EFFECTS STEMMING FROM CHARGING OF ENTIRE AIRCRAFT

A. Electrification Processes

PRECIPITATION

The various ways in which static electrification of PARTICLES
an aircraft can occur are il strated in Figure 2. \O
Figure 2(a) illustrates frictional electrification; as e
uncharged precipitation particles strike the aircraft, .
they acquire a positive charge, leaving an equal and op- ®
posite negative charge on the aircraft and raising |
potential to tens or hundreds of thousands of volts.j’tg (a)  FRICTIONAL
Charging occurs both on the metal structure of the air-
craft and on dielectric surfaces such as the windshield.
As is discussed in more detail in Section 1V, dielectric
surfac$58(§n thus become charged with respect to the air-
frame.”*>” Engine charging, illustrated in Figure 2(b),
occur hen flight vehicles are operated at lcw alti-
tudes.%’m Procegsses, as yet incompletely understood, (b)  ENGINE
occur within the engine combustion chamber and cause a

predominantly positive charge to be expelled with the T < TN
engine exhaust. This causes an equal and opposite (nega- PO :;:g e :
tive) charge to be imparted to the aircraft, charging it A N - -

to potentials of tens or hund eds of thousands of volts. CLoup: L
Exogenous charging, illustrated in Figure 2(c), occus R

whelr;\ the vehicglegflies in a region gof electric field, {c} EXOGENOUS

such as that generated between oppositely charged regions 80-X06A-2
of clouds; this field can cause discharges to occur from

the extremities of the vehicle. FIGURE 2 CHARGING PROCESSES

+

The operational conditions under which static electrification can occur depend somewhat on the class of
vehicle.  Since airplanes encounter severe charging during operation in clouds in horizontal flight, electri-
fication can continue for considerable periods of time on all-weather missions. On jet aircraft operating at
low altitude, engine charging can be an additional source of long-tern: electrification.  Helicopters become




charged while flying through naturally occurring clouds. In addition, a hovering nelicopter can stir up snow
or dust thereby generating its own cloud of particles to produce frictional static charging problems in regions
where conventional aircraft do not.

A typical record generated at an altitude of 25,000 ft during the flight of a jet fighter through cirrus
clouds is shown in Figure 3. At the top of the record is a trace showing the charging current arriving on an
electrically-isolated probe installed on the front of the aircraft. The total current arriving on the aircraft
is proportional to the particle probe current. The middle trace in Figure 3 shows the time history of the
aircraft potential. It is evident that the aircraft potential varies directly with charging current. The
lower trace in the figure indicates the current leaving a discharger mounted on the tip of the trailing edge of
one of the wings. The discharge current evidently follows the variations in aircraft potential.
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FIGURE 3  PRECIPITATION CHARGING Gi JET FIGHTER AIRCRAFT

It is interesting to note the rapidity with which all of the measured parameters in Figure 3 vary.
Charging current and aircraft potential go from minimum to maximum in 1 or 2 s. It is also of interest that
negative charge is arriving on the aircraft. The aircraft charges to a negative potential, and negative charge
leaves the aircraft via the dischargers. It should be noted that during the period shown on the record, the
peak aircraft voltage was 80 kV, and that the maximum current leaving the instrumented discharges was roughly
45 uA. These magnitudes are typical for flights through cirrus clouds.  Finally, the record indicates that
even when the aircraft potential is as low as 25 kV, the discharger current does not go to zero.

A record of engine charging during the takeolf of a jet fighter aircraft is shown in Figure 4. The wheels
leave the ground at t=0. At t=0.5 s, the aircraft potential has reached -64 kV, and the discharge current is
13uA. As the aircraft climbs, we see that the airplane potential and discharge current gradually decrease.
This dqczrease in engine charging during climbout is characteristic of all aircraft and also occurs on
rockets.’
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FIGURE 4 ENGINE CHARGING DURING TAKEOFF OF JET FIGHTER AIRCRAFT
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The sensitivity of engine charging current to changes in throttle setting is illustrated in an interesting
manner in Figure 4 by the period of increased charging and airplane potential 5s after takeoff. Here
discharger currents were briefly increased by a factor of two or more. The changes in charging are associated
with a power change evidenced by an abrupt 6% reduction in engine RPM. Such behavior was also observed during
flight tests on a 707 aircraft.

In comparing Figures 3 and 4 we note that the aircraft potentials in the two cases are of comparable
magnitude, but that the discharge current is substantially less under engine charging conditions.  Precipita~
tion charging currents are even higher than those shown in Figure 3 when the aircraft is flown in different
cloud types--for example, through fronta! snow. Thus, noise elimination methods adequate for precipitation
charging will certainly be adequate under conditions of engine charging. It should be noted that the record of
Figure % was generated during a takeoff in clear weather. Thus engine charging will cause electromagnetic
interference problems on every takeoff and landing unless the proper protective steps are taken.

Frictional charging of a different type of aircraft is shown in Figure 5. This figure shows a record of
charging current and helicopter potential measured on a Chinook helicopter hovering in a dusty environment.
T=0 clej'\otes roughly where take-off occurred, and the hover altitude of 50 ft was established at approximately
15 s. In this figure the charging current rapidly increases to about 300uA and then at about t=17 seconds
slowly begins to decay. This decay is due to the rotor wash blowing the dust away from the measurement site.
It should be noted that the helicopter potential reached a maximum value of 140 kV and then gradually decayed
to roughly 75kV. Since the self capacitance of a hovering Chinook helicopter is roughly 1000 pF, these
potentials correspond to stored energies of 10 J and 3 J, respectively.
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FIGURE & HELICOPTER POTENTIAL AND CHARGING CURRENT AS A FUNCTION OF TIME
AFTER LIFTOFF IN A DUSTY ENVIRONMENT

B. Effects on Vehicle Operation

1. Electromagnetic Noise

Although the vehicle charging processes discussed above produce virtually no difficulty, the vehicle
voltage can become so high that electrical discharges occur (as illustrated in Figures 3 and 4). The discharge
of the accumulated static electricity is harmful because it produces electromagnetic noise.

As was indicated by Dr. Taillet, the corona gischarge at aircraft operating altitudes consists of a series
of short pulses such as the one shown in Figure 6. The precise amplitude and time structure are a function of
aircraft altitude and discharge point radius. Laboratory measurements on a corona discharge from a sheared
metal edge (simulating the trailing edge of .an airfoil) indicate that, at atmospheric pressure, the5 pulse
repetition frequency (prf) is gn the order of 10 pulses per second when the discharge current is IOIOI“A' Thus
each pulse carries away 1077 Coul. of charge. Since a precipitation particle deposits roughly 10~ Coul. of
charge, each corona pulse removes the charge deposited by 100 precipitation particles. Since the capacitance
of a large aircraft such as the 707 is 100 pF, the charge carried away by a single corona pulse changes the
aircraft potential by | volt.

Although data regarding corona pulse form and other characteristics provide insight into the corona
discharge process, cpgona noise calculations are most easily carried out using noise spectral data of the sort
shown in Figure 7.7’ These data present measured spectral characteristics for the entire aircraft operating
altitude range. It should be noted that the corona source is most energetic at low frequencies, but that it
con‘ains appreciable energy well into the HF band.

A
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; When the source characterization work leading to Figure 7 was under way, aircraft used the VHF and UHF

’ bands strictly for line-of-sight communication and navigational aids were operated at received signal levels

: sufficiently high that corona noise at these frequencies was not of concern. Accordingly no effort was made to
extend the corona spectrum studies above |4 MHz. This is unfortunate since it is now planned that satellite
communication links operating at low received signal levels will be employed on aircraft. To accurately assess
their vulnerability, it would be useful to have corona spectral data extending to VHF and UHF.

In general, the corona noise source on an aircraft is located in one place, and the affected antenna or
system is located in another. It is therefore necessary to define the coupling between the noise source and
the victim Sygtem. This was done experimentally for two antenna locations on the 707 aircraft as illustrated
in Figure 8.”*" The antennas used in making the measurements were a small tail-cap and a flush belly antenna
located in a fairing at the root of the wing. Coupling was measured between each of these antennas and the
noise source regions at each of the airfoil extremities. The results of the measurements are shown in
Figure 9.

Although the coup-

1 ling-measurement  tech- TAIL CAP

! nique used inevitably ANTENNA , RUDDER TIP
inciudes  the test-an- \ / NOISE
tenna characteristics / SOURCE

: in the measured re- >

] sults, the form of the
coupling as a function ELEVATOR

of frequency is not af-
fected by the details
of the test antenna,
provided the antenna
dimensions are small
compared to a wavel-
ength at the frequen-
cies of interest, In
this case, only the
magnitude of the coup-
ling function will be
affected by a change in
the antenna. The data
shown in Figure 9 have BELLY
therefore been adjusted ANTENNA T

/ TIP
‘“~~ NOISE
SOURCE

WING TIP

to represent the coup- 80-X08A-8
ling to an antenna hav-

ing  unity  induction FIGURE 8 ANTENNA AND CORONA-NOISE SOURCE LOCATIONS 1

area, a, in response to FOR KC-135 COUPLING MEASUREMENTS
a low-frequency, ver-

tically-polarized
signal.

The variation with
frequency of the coup-
ling to the various 1
points is of consider- 10 T T T T T T T
able interest, since it .
shows the effect of the ._?LJ,D-IE-B;”,L,
various electromagnetic
resonances of the air-
craft. For example,
the peak in coupling
between the belly
antenna and the tips of
the tail surfaces oc-
curs at approximately 3
MHz. At this fre-
quency, the path dis-
tance from a point just
aft of the wings to a
tip of one of the tail
surfaces is one-quarter
wavelength. The pres-
ence of the resonance
peaks in the coupling
function serves to
emphasize the fact that
the pulses arriving at L COUPLING TO dL COUPLING TO
the antenna terminals BELLY ANTENNA TAILCAP ANTENNA
will differ from the T+ S U W S W N | Y W W N
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they will be stretched
out in time by aircraft
resonances. It is also
interesting ' to  note
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the rudder tip are strongly coupled to the tailcap antenna. Discharges from the fin will therefore generate
the dominant corona noise signals in the tailcap.

The data of Figure 9 can be applied without restriction to aircraft of similar shape but different size.
In general, the same resonances will occur on the scaled aircr;%t, but they will occur at the scaled frequency.
The .magnitude of the coupling must also be scaled with aircraft size.””

Actually, the data of Figure 9 are the only coupling data presently available for conventional aircraft and
have been scaled and applied to other aircraft with remarkably good results even when the scaled aircraft were
not very ﬂmilar to the 707. Limited coupling studies have been carried out for a helicopter but have not been
published. Additional coupling data covering a wider variety of aircraft configurations and antenna loca-
tions are badly needed.

In the case of helicopters, corona discharges occur from the tips of the blades, so that coupling to the
blade tips is of interest. Since this varies with blade position, the corona noise intensity is modulated at
the rotor frequency. In general, the coupling varies with antenna location and displays resonances of the
same general sort observed in Figure 9.

By combining data of the sort shown in Figures 7 and 9, it is possible to predict the corona discharge
noise levels. This was done for the case of Shg 707 aircraft and the results are shown in Figure 10 along with
the results of flight test noise measurements.””> It is evident that the two sets of data are in good agreement
for both antennas.
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FIGURE 10 CORONA DISCHARGE NOISE IN 707 ANTENNAS ;
The corona ise level in the tailcap antenna is substantially above the accepted value of nighttime
atmospheric noise. Since the system designer can achieve improved performance to the point where the system
input-noise figure is reduced to the atmospheric noise level, it must be assumed that optimized systems are now 3
or will be operating at the atmospheric noise level. Thus, the tailcap corona noise severely degrades the
performance of such a system. It should also be observed that 40 dB of noise reduction is required to reduqe
corona noise to the nighttime atmospheric noise level cited in Reference 15. Even greater noise reduction is
required to approach daytime atmospheric levels,

Although the belly antenna noise levels shown in Figure 10 are comparable to the nighttime atmospheric
noise at certain frequencies, it is important to note that a 350uA charging current is typical of the charging
conditions found in light cirrus, and that currents up to 3 MA were measured in flight. Under these
conditions, the noise levels will be 10dB higher. Thus at least 30dB of noise reduction is required to
reduce corona noise to the nighttime atmospheric noise level at all frequencies.

Because of the way ir viich charging current, gnd noise coupling scale with aircraft size, corona noise
problems are generally more s¢. e on smaller aircraft. “*
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2. Shock Hazard

Although the electromagnetic noise generated by corona discharges from helicopter blades can cause opera-
tional problems, another serious problem occurs in connection with their operation. As a result of the ’fé‘l“i
charge on helicopters, ground cargo handlers may receive severe shocks upon touching lowered cargo hooks. "’
The static charge on the helicopter can also ignite flammable materials or initiate sensitive electro-
explosive devices.

To assess the significance of the helicopter charge levels shown in Figure 5, it is necessary to be able to
relate them to a person's response to different levels of stored energy. 18To this end the test helicopter was
configured as shown in Figure 11 and hovered 25 ft over a concrete pad. This test was conducted by raising
the helicopter up to some potential, V, using the internal power supply. The (barefooted) person beneath the
helicopter then touched the simulated cargo hook and noted his response. Helicopter voltages, discharge
energies, and the subject’s observations about the shock levels experienced are shown in Tabls Zb' It can be
seen from this table that the subject's comments agree well with data published by Dalziel."”’”” The data in
Table 1 also demonstrates that the tolerable helicopter voltage js substantially below the helicopter poten-
tials measured in Figure 5.
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FIGURE 11 AIRCRAFT CONFIGURATION USED TO MEASURE PHYSIOLOGICAL
RESPONSE TO ELECTRIC SHOCK

Table 1

PHYSIOLOGICAL RESPONSE OF SUBJECT EVALUATING
ELECTRIC-SHOCK FROM CHARGED HELICOPTER

Aircraft Helicopter
Voltage Discharge Energy* Comments
(kv) (mJ)
2.5 3 i
5.0 12.5
6.0 20 (Dalziel threshold) \
7.5 28 "Slight shock" i
10.0 50 “Shock in fingers"
12.5 78
15.0 112 "Sensible shock"
17.5 152 "Shock feit in wrist"
20.0 200 "Distinct shock felt in wrist and ankies”
23.7 250 *(Dalziel: Strong shock, not dangerous)”
|

FNOTE: Assumed helicopter capacitance 1000 pF.
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Defining lethal levels of impulse shock is difficult in view of the scarcity of data and the complex way in
which electrical shock affects the body. Ventricular fibrillation, the most common cause of death in electric
shock cases, occurs at intermediate levels of current. Below this level, only unpleasant sensations are felt,
while very strong short shocks will stop a fibrillating heart. Dalziel describes a case in Sweden in which a
22 year-old man was killed as the result of receiving the residual charge from the capacitors of a high-voltage
filter supplying a 150-kW transmitter. The energy received by the victim was estimated to be 2¢ J. The same
paper discusses other cases in which people received comparable or higher shocks and survived with burns,
unconsciousness, or severe headaches. The conservative interpretation of Dalziel's data is that the peak
potentials and stored energies in Figure 5 are not acceptable for cargo handling operations, and that means for
controlling the helicopter potential must be provided.

IV EFFECTS STEMMING FROM DIFFERENTIAL CHARGING OF PARTS OF AIRCRAFT

A. Electrification Processes

In Figure 2(a) it is indicated that impinging precipi-
tation particles deposit charge on the frontal surfaces of
the aircraft. Charge deposited on metal surfaces is free

CORONA to flow over the airframe and redistribute itself as

INDUCTION PULSES DISCHARGES required by the governing boundary conditions. Charge
PRODUCED BY FROM deposited on dielectric surfaces such as the windshield or
CHARGED PARTICLES EXTREMITIES radome is bound where it arrives since these surfaces are
PASSING ANTENNA / not electrical conductors. Thus it is possible for these
t frontal dielectric regions to charge to a potential dif-

STREAMERS ~ ferent from that of the airframe. /*® Charge continues to be
ON PLASTIC deposited on the dielectric raising its potential until a
SURFACES streamer (a sparklike discharge) occurs across the dielec-

~ tric surface to the airframe. The processes involved in
the streamer discharge, and its electromagnetic properties,
have been discussed by Dr. Taillet. Since streamer dis-
charges are short in duration and involve the transport of
charge over a long distance, they act as a strong source of
RF interference.

/%

SPARKS BETWEEN o >

UNBONDED METAL An important source of interference that often occurs
SECTIONS inadvertently on airplanes is associated with sparking bff
80-x06A-12 tween unbonded adjacent metal sections of the aircraft.

For example, consider Figure 12, which shows a break in the

FIGURE 12 NOISE SOURCES wing; charging processes on the airframe will raise the

potential of the inboard section with respect to the out-

board section until a spark occurs in the gap. This spark

produces a short current pulse, which is also a source of

noise. In flight, the current required for corona dis-

charge from the isolated wing tip is supplied from the remainder of the airplane. In fact, it is possible for

charge arriving on the radome of the aircraft in Figure 12 to generate noise by three different processes

before it finally leaves the aircraft. First the charge accumulates until it produces a streamer over the

radome. Next it can generate a spark in the gap shown in the wing. Finally it generates noise where it is
discharged in the corona from the wing tip.

B. Effects on Vehicle Operation

1. Streamer Noise

Typical pulses induced in a wire located
immediately below the dielectric surface on
which stre;sners are occurring are shown in

6x10~4 . - . Figure 13. It is evident from the figure
that the time waveform of the pulse depends on
GURRENT PULSES the length of the streamer discharge.

sx1074 - COMPUTED FOR -
- -1 Assuming that the wire is terminated in an
41074 v=3m ﬂ impedance of 1000 ohms the current pulses of
In, = 001025 A Figure 14 will generate voltage pulses of
x104 | 1 0.4 V. This pulse amplitude -is sufficient to

upset a variety of circuits. In particular, it
should be noted that great care should be exer-
cised not to route cables associated with digi-
tal systems under dielectrics located on air-
craft frontal surfaces.

L =4

2x1074
1074

CURRENT — A

0 To investigate the effects of streamer dis-
0 05 10 15 20 charge noise on narrow-band systems such as
TIME — us radio receivers, it is convenient to express

80-X06-13 the source function in terms of a noise fre-

quency spectrum as was done for the case of
corona noise in Section 1II B-1. The results
of streamer-noise-source spectrum calculations
for several arrangements of the dielectric
region are shown in Figure 14 for the case of

FIGURE 13  TYPICAL CURRENT PULSES INDUCED BY STREAMER
DISCHARGES
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unity coupling W= 1 m'l) and a charging current to the dielectric region of I, =luA. It is evident from Figure 14(b) that
in spite of the differences in the physical arrangements considered, the gﬁree spectra are almost identical in the
frequency range considered. This result is significant in that details of the geometry of the dielectric region and details
of antenna location do not noticeably affect the form or magnitude of the resulting noise spectrum. Thus, we can be
quite loose in defining the precise streamer geometry and stifl obtain valid noise data.

To further explore the effects on the noise spectrum of varying streamer geometry, calculations were carried out to
determine the noise spectra generated by a given charging current on regions of a given shape but of varying size. The
results of such calculations indicate that increasing the size of the region (this increases streamer length) increased the
low-frequency content of the noise spectrum. This is in keeping with the results shown in Figure 13 where it is indicated
that increasing the length of the streamers stretches the induced-current pulse, thereby increasing its low-frequency
content.

A spark noise source (isolated at the ends of high resistance leads to avoid modifying the electromagnetic coupling
fields) was used in the work of Ref. 22 to measure the coupling between three antennas located in the fuselage of an
aircraft, and the surface of a radome located on the nose. The measurements were made using an oscilloscope connected
to the antenna terminals, and represent the low-frequency coupling, which is of primary interest because streamer noise
spectra fall off rapidly with increasing frequency above 1 MHz. The results of these measurements are reproduced in
Figure 15.

It is interesting to note that the magnitude of the coupling from the fuselage antennas to the radome (Figure 15) is
of the same order as the coupling of the belly antenna to the airfoil extremities (shown in Figure 9). Also, we should
note that for a given discharge current the source intensity (at low frequencies) for streamer discharges shown in Figure
14 is roughly the same as for corona shown in Figure 7. It should be observed, however, that all of the current arriving
on a vehicle is discharged as corona, whereas only a small fraction of the total charging current (that arriving on the
dielectric surface in question) contributes to the streamer-noise generation process. Thus, except for antennas located
in the immediate vicinity of a frontal dielectric surface (in which case coupling is high), streamer noise is generally less
of a problem than corona noise.

2.  Discharges from Windshields

Modern windshields often incorporate an optically-transparent electrically-conductive layer below the outer ply.
Electrical power applied to the conductive layer heats it and de-ices the windshield. Wires lead from the de-icing layer
to control circuitry and to the aircraft power system. The presence of this higglhconductive layer immediately below
the outer ply allows the storage of great amounts of charge on the windshield.””? Ground crew personnel have been
shocked and knocked off aircraft by touching the windshield shortly after the aircraft landed. Fighter pilots occasionally
receive shocks when their fingers extend onto the windshield as they support themseives by the windshield frame while
getting up from the forward seat.

Occasionally massive discharges occur in which most of the charge on the windshield is discharged. These
discharges have caused the de-icing control circuitry to be damaged. In other instances, less energetic but more
frequent discharges have induced signals in de-icer control wiring which, in turn, coupled interference pulses into avionic
systems causing them to malfunction.

3. Spark Discharges

As Dr. Taillet has indicated, spark discharges involve processes capable of generating high-amplitude, fast-risetime
pulses containing energy extending from the LF through the VHF range. Operational experience with this noise source
has generally involved instances in which various electrical conduf}ors became unbonded in subtle ways. Examples of
three such instances on operational aircraft are shown in Figure 16.

In the example of Figure 16(a), an airline began to experience p-static of sufficient intensity to adversely affect
VOR navigation and VHF communications. Minute cracks were found in the lightning diverter strips on the nose radome
due to weathering of the thin aluminum foil, Whenever precipitation charging was experienced, charge deposited on the
radome surface would flow to the isolated portion of the diverter strip and accumulate until the voltage across the gap
became high enough to initiate a spark. Each spark discharges the isolated strip completely, so considerable charge is
transferred; therefore, each spark is an extremely energetic noise source. The dimensions of the diverter strips,
furthermore, are such that at VHF they are a large fraction of a wavelength long; thus, at VHF a defective diverter
system degenerates into an efficient antenna system driven by a spark noise source.

In the example of Figure 16(b), a particular B-707 aircraft of an international airline experienced severe p-static on
its radios. All efforts to solve the problem failed, and the problem threatened to ground the aircraft as unsafe for long-
range flight. Finally, an outboard wing inspection panel was discovered to have been repainted during a previous
inspection; when it was reinstalled on the aircraft, the mounting screws had not penetrated the paint, which left an
isolated section. Precipitation charging of the isolated panel charged it to a high potential with respect to the airframe
so that sparking occurred across the insulating gap. Thus, the insulated panel was, in effect, an electric dipole antenna
driven by a spark noise source.

The example of Figure 16(c) occurred early in the application of the ortho-decoupled dischargers to jet transports,
Two airlines flying DC-8 aircraft reported bad P-static on discharger-equipped aircraft. The design of the DC-8
vertical fin is such that a bonding strap must be used to bridge from the metal main structure of the forward part of the
fin to the dischargers mounted on the insulating plastic trailing edge. Damage to the electrical bond was found so that
current flowing from the airframe to the discharger produced sparks across the gap in the discharger bonding system.
This resulted in a spark-excited radiating system on the vertical fin of the aircraft.

Perhaps most significant in Figure 16 is the fact that such minor departures from the design configuration are
ultimately found to be responsible for the generation of sparking noise. This degree of attention to detail is always
necessary in tracking down noise sburces on aircraft.
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FIGURE 15  NOISE COUPLING TO RADOME

4. Discharges to Interior of Aircraft

Thus we have discussed the charging of dielectric surfaces on aircraft ultimately resulting in surface
discharges on the outside surface of the dielectric to relieve the deposited charges. It must be recognized
that field lines originating on the surface charges can penetrate the dielectric and terminate on objects inside the aircraft
as is ill,gtrated by the pilot's fingers in Figure 17(a) , as well as terminating on the metal rim surrounding the dielectric
surface.”” If the pilot reaches toward the windshield he will initiate a breakdown between his finger and the back of the 3
windshield which deposits charge on the inside of the windshield as shown in Figure 17(b). Once the situation in Figure i
17(b) is established, additional negative charge can accumulate on the outside of the windshield, and, if the pilot points at
the windshield a second time, a second breakdown can occur.
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FIGURE 17  WINDSHIELD CHARGING SITUATION RESULTING IN SHOCK TO PILOT
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FIGURE 18 SQUIB INITIATION BY CORONA DISCHARGE
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This same mechanism can initiate electro-explosive devices as is shown in Figure 18. Charge on the
dielectric surface induces a corona discharge from the initiation. wiring and deposits charge on the bridgewice
circuit, The charge on this circuit ultimately causes a spark discharge between the bridgewire and case. The
spark fires the initfator.

As is discussed by Taillet (29), discharges to the wiring on the interior of a vehicle can also cause
computer malfunction with serious consequences.

VvV CONCLUSIONS

Static electrification during aircraft operation charges the aircraft as a whole, and produces potential
differences between insulated parts of the aircraft and the main airframe. As a result of this electrifica-
tion, a number of discharge processes can be activated. The consequences of these resulting discharges vary
from the annoying to catastrophic, depending upon which avionic system is affected and the time during the
mission when the discharge occurs. Accordingly, it is important that careful consideration be given to static
electrification and its consequences during the design and development of an aircraft system .
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LIST OF SYMBOLS

= electric field that would be produced in region T2 by the application of a
Voltage (Vl) to the antenna terminals

1, = short-circuit antenna noise current

= current density in region T, produced by motion of noise-producing charge
T, = spatial region of interest in which 3, is non-zero

v | = voltage applied to antenna terminals to produce field E I

x = three-dimensional field--or current--vector

ABSTRACT

It is productive to consider electromagnetic problems in terms of the source, the coupling process, and the victim
system. Elimination of precipitation static can also be considered in these terms.

Since the radio interference of concern stems from noise-producing discharges resulting from aircraft chargimg, it is
tempting to try to eliminate the source of the problem by eliminating the aircraft charging itself. Unfortunately, it has
not been possible to devise workable schemes to eliminate the charging.

Accordingly, noise reduction schemes intended to eliminate the source are confined to the elimination of surface
streamer discharges on electrically-insulating frontal surfaces by coating the surfaces with electrically-conductive
material. This procedure allows the charging current to flow off the surface as rapidly as it arrives without generating
noise.

Another technique for eliminating surface-streamer noise at the source is simply to relocate insulating materials
(i.e., antenna-insulating materials) to regions at the aft of the aircraft where they will not be charged by impinging
precipitation particles or to install particle deflectors upstream of the dielectric surface.

Successful techniques for the control of corona discharge noise involve forcing the discharge to occur from special
discharging devices installed at high field regions on the aircraft where corona discharges are likely to occur naturally.
The dischargers are designed to reduce the corona source intensity and to decouple the discharge source from the
airframe. Practical dischargers are capable of reducing corona discharge noise by as much as 60 dB.

Noise generated by sparking between sections of the metal structure can be eliminated by electrical bonding of all
portions of the structure.

Descriptions of techniques demonstrated by laboratory and flight tests to be successful in controlling precipitation-
charging interference are given below.

I  INTRODUCTION

As was indicated in the previous paper, static charging of aircraft in flight results in electrical discharge processes
which can have deleterious effects on avionic systems. When operational problems developed from the effects of static
charging, various programs were conducted to identify the responsible mechanisms and to develop alleviation techniques.

The alleviation problem can be approached by a consideration of the generic manner in which electromagnetic
interference is generated and coupled into electronic systems. Figure 1, reproduced here from the previous paper,
indicates that the problem may be considered in three separate stages: a source of interference exists on the aircraft
and excites the various coupling paths which transfer the inteference to the victim system.

SOURCE COUPLING VICTIM
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FIGURE ¥ GENERATION AND COUPLING OF ELECTROMAGNETIC
INTERFERENCE
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Conceptually, the alleviation process can be applied at any one or alf of these stages. One can concentrate on the
elimination of the noise source, minimizing the coupling between the sources and the victim, or rendering the victim
system inherently immune to interference. In the case of static charging effects, the approaches to alleviation
techniques have included each of these basic areas.

I  ATTEMPTS TO ELIMINATE CHARGING

As soon as it became evident that "precipitation static" was caused by frictional charging of the aircraft or parts of
the aircraft, the possibility of devising coatings to eliminate the charging or at least to reduce its magnitude 1o
acceptable levels arose. The possibility was pursued to a substantial extent in the work reported by Gunn .
Unfortunately, the charge separation occurring when two bodies are brought into contact and then separated depends
upon the properties of the contacting surfaces and not upon the underlying bulk materials. Thus it was found that a
coating which reduced charging substantially when it was first applied to an aircraft had its desirable properties
destroyed when the leading edges of the wings were wiped down with a cloth having traces of oil. Also, it was found that
the static charging properties of ice varied substantially with temperature so that a coating which might be satisfactory
at one temperature would be ineffective at another temperature. A further consideration for not pursuing charging-
control coatings is that they would have no effect on engine charging. Thus even if a successful coating could be
developed, other alleviation techniques would have to be developed for engine charging. In light of these difficulties, it
was decided that it would be most fruitful to pursue alleviation techniques which did not depend on controlling the
charging process.

In subsequent programs, measurements have heen made of important charging parameters such as the charge
transferred to the aircraft by an individual precipitation particle, the total charging current to an aircraft as a function
of cloud type, the way in which charging current varies with aircraft size, and the location of current discharge from an
aircraft. These measurements were all directed at quantifying the noise problem and understanding the discharge
processes involved, and not at attempting to control the charging.

Il ALLEVIATION OF PROBLEMS STEMMING FROM CHARGING OF THE WHOLE AIRCRAFT

As was indicated in the previous section, it is not possible to eliminate the aircraft charging which leads to the
corona discharges responsible for most of the precipitation static interference. Thus, it is not possible to completely
eliminate the corona "source" in Figure 1. Successful attempts to alleviate the effects of corona discharge have
focussed on controlling the nature of the corona discharge to reduce the source strength and/or devising ways to
minimize the coupling between the source and the victim. Indeed, the most successful techniques employ both
approaches.

A. Passive Discharging

The properties of the static electric fields around an electrically-conducting body are such that the highest fields
will occur at the extremities--the airfoil tips on a conventional aircraft. Thus, corona discharges will occur from the
regions of the airfoil tips under conditions of precipitation charging. Figure 2 shows the results of laboratory
measurements of aircraft voltage needed to induce corona from different parts of the wing. The lower curve shows that
a discharge at the tip can be initiated with roughly half the voltage required to initiate corona from a point 50 in.
inboard of the wing tip.

The fact that corona discharges tend to occur in a few well-localized regions on the aircraft indicated that it should
be possible to force all of the discharge current normally experienced in flight to leave via specially-designed dischargers
installed in these same regions. If the dischargers were designed to control source intensity and noise coupling, a
substantial corona noise reduction could be achieved.

The upper curve in Figure 2 indicates that the space charge generated by corona from a discharger installed along an
airfoil trailing edge has the effect of shielding the region in its vicinity and making the trailing edge less prone to corona
discharge. Thus, only a limited number of dischargers would need to be installed along the trailing edge to handle all of
the charging current to the aircraft.

The development of a highly-successful discharger for use on jet aircraft proceeded generally as follows: The
problem of corona noise generation and its coupling into antenna systems was considered in light of 3 rseciprocity
theorem which may be derived in much the same manner as the familiar Lorentz reciprocity theorem.””” For the
conditions outlined in Figure 3, the coupling theorem states that

1) = vy f Ei(x,0) - Jp(xsw)dv W
Ty

Eq. (1) may be interpreted as follows: if the space and time distribution of the current density, J,, produced by the
disturbance are known, and if the field E, in the region T, produced by a voltage V  applied to the anténna terminals can
be determined, then it is possible to comthe the short-cixzcuit current induced in the antenna terminals. (Essentially the
coupling theorem states that the noise current generated in a receiving antenna by a discharge is proportional to the RF

field that would exist at the location of the discharge if the same antenna were used for transmitting).

In applying the coupling theorem to the problem of discharging an aircraft, we may consider ], to be the discharge
current. The coupling theorem then suggests several ways in which the noise content of the antenna current l2 can be
reduced or eliminated:

[ By letting the noise content of 32 approach zero

2. By letting the ratio —\71- approach zero (reducing the coupling)
1

3. By letting 1,be perpendicular to E, (reducing the coupling).
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It should be noted that, perversely, the regions of high dc field, such as the airfoil extremities where the corona

1.3 harges occur and where the dischargers must be located, also correspond to regions of high RF coupling fields. For

example, consider the field in a small region about the trailing edge of a wing Figure 4 (a) . It is evident that the field

ontiguration, either RF or static, is determined by the shape of the conductor forming the field boundary. To develop a

¥~ oupled discharger, therefore, it is necessay to devise a scheme for causing a difference between the two fields. In

»arti ular, we would like to have a high dc field imposed upon the discharge point and at the same time to have the RF
t.e1d at the point equal to zero.
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FIGURE 3 ILLUSTRATION OF NOISE-COUPLING THEOREM

*tuow this was done in the case of the flush-mounted, decoupled discharger is evident from Figure & (b), which shows

+ -ss-section of the trailing edge of an airfoil surface in which the rearmost portion is electrically isolated from the

ainder of the surface, It is evident that there are two lines along the conductor on which the field is zero, and a

" s.derable region over which the field is very small. If a discharge could be made to occur at the point of zero field,

wuse would be coupled into the receiving system. In order for a discharge to occur at the point of zero field,

.«ever, the isolated section must be maintained at the same dc potential as the remainder of the aircraft. The

« yare'nents that the trailing edge be isolated at RF and directly connected at dc can be very closely approximated by

«r e ting the trailing edge to the airframe through a very high resistance. If the value of the connecting resistance is

x' - ompared to the capacitive reactance between the isolated trailing edge and the remainder of the airfoil, the RF

~ v w1l remain essentially as depicted in Figure 4(b), while the dc field in the immediate vicinity of the traiing edge

+  »e of the {orm indicated in Figure 4(c), which differs only slightly from that illustrated in Figure #(a). Fortunately,

-« % urrent through the connecting resistance is small, so that the voltage drop is not significant except at very high
Cscharging rates.

Soinil o
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2 FIGURE 4  ILLUSTRATING DECOUPLED DISCHARGER EVOLUTION 3
3 A practical flush-mounted discharger (employed in a series of flight tests in 1957-59 on the Boeing 707 prototypez's)

embodying the techniques just discussed is illustrated in Figure 5. Observe that the discharge is forced to occur in the
region of minimum reciprocal field due to installation of low-threshold needles in this region. Since the discharge occurs
from the points of the needles, the discharge current flows at approximately right angles to the reciprocal field lines.
The discharge is thus orthogonally decoupled as well as being decoupled by virture of the minimum in the reciprocal
field. Finally, if very sharp points are used, the amplitudes of the individual current pulses are small, yielding a reduced :
noise content in the discharge current. In the practical design then, all three of the noise-reduction methods are :
employed, although the majority of the noise reduction results from the decoupling techniques.

n
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§ Although tests of the flush dischargers were encouraging, it was found that they had a rather high corona threshold
b} potential. Furthermore, because it is an intergral part of the airfoil trailing edge, the flush-mounted discharger is rather
) expensive to install on a retrofit basis. Consequently, another design was considered--particularly for retrofit
installations.

Production versions of the retrofit decoupled dischargers that were finally developed are shown in Figure 6.

Although two physically different dischargers are shown, they are identical in principal and differ only in that Type A

: (shown in the lower part of the figure) is designed to mount at the trailing edges of airfoils parallel to the windstream,

: while Type B (shown in the upper part of the figure) is designed to mount on the outboard tips of airfoils at right angles

to the airstream. Essentially, the discharger consists of a rod of high-resistance material with a tungsten discharge point

located at the point of minimum coupling near the end of the rod. The aft end of the rod is hemispherically rounded and

coated with a dielectric to prevent corona from occurring at the tip where the coupling is relatively high. The rod fits

into a metallic socket on the mounting base which protrudes aft of the trailing edge and serves as a lightning diverter,
thus tending to protect the trailing edge from direct lighting strikes.

Type-B dischargers are required on the outboard portions of the airfoils, the vortices generated in these regions

produce localized pressure reductions which reduce the corona threshold sufficiently so that discharges can occur from

M sections of relatively large radius. The type-B dischargers produce a column of space charge along the wing tip which
reduces the dc field in this region and prevents discharges from the wing tip itself.

B.  Active Discharging of Conventional Aircraft

Although passive techniques described above have been developed to discharge current from an aircraft without
coupling appreciable interference into the receiving system, these dischargers require appr%ciable airplane potential to
discharge the required current (for example, 130 kV to discharge | mA from a KC-135),” In many applications it is
important that the airpiane potentiai be essentially zero. It is necessary, for example, to minimize VTOL aircraft
potentials 1o prevent personnel hazards and to ensure safe handling of flammable or explosive cargo. On other large jet
aircraft, mission requirements often necessitate the installation of devices that protrude beyond the mold lines of the
aircraft and that have low corona threshold. Unless the design of the protruding device is such that it can support a
passive discharger, corona noise will be generated if the aircraft potential is not maintained below the corona-threshold

Because of its relatively simple geometry, the theoretical decoupling of the Type-A discharger can be calculated.z’6
3 For rods such as those illustrated in the lower part of Figure 6, with a total rod resistance of 20 M ohm the calculation
3 indicated that the noise at a frequency of 500 kHz should be reduced by 55.6 dB (the noise reduction increases 20 dB per
octave with increasing frequency). The noise reduction afforded by the dischargers as determined from flight test data
obtained on the instrumented Boeing 707 grototype was at least 50 dB. Laboratory measurements indicate that 60-dB

noise reductions are obtainable in practice.

Other dischar‘er configurations were conceived, and their performance was predicted in light of the coupling
theorem of Eq. {1)." The results of laboratory measurements to verify the analyses are shown in Figure 7. It is evident
from the figure that the An/ASA-3relies both on control of the amplitude of the corona pulses and on the provisionsof
decoupling and is a highly-successful design. Unfortunately, the wick cannot survive the aerodynamic environment
typical of jet aircraft.
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FIGURE 7 RESULTS OF MEASUREMENTS OF NOISE GENERATED WHEN A GIVEN
CURRENT IS DISCHARGED FROM A PROPOSED DISCHARGER. Noise
levels are expressed relative to the noise generated when the same current
is discharged from the edge of a 0.0327-in.-thick aluminum sheet simulating
the trailing edge of an airfoil.
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of the protruding device. Another situation in which it would be desirable to control aircraft potential occurs during
airborn refueling operations when one would like to reduce the potential difference between the two aircraft involved, to
minimize the possible hazards of fuel ignition. In order to maintain the aircraft potential at some arbitrary value
(including zero), an active, or dynamic, discharger system is required.

Such a system was developed for the Air Force and evaluated in flight tests on a Boeing 707 aircraft.7‘8 Essentially,
the system consists of an ion source that injects ions of the appropriate sign into the windstream about the aircraft, as is
indicated schematically in Figure 8. If the ajrcraft were stationary, these ions would be recirculated back to the
airframe. In flight, however, the windstream carries the injected ions away from the aircraft in much the same way as
the belt of a Van de Graff generator transports charge. At aircraft operating altitudes, ion mobility is very low, so that

X the windstream is able to overcome high electric fields in moving ions away from the aircraft. In the system tested, a
k corona discharge was used as the ion source.
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{WINDSTHEAM
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FIGURE 8 ILLUSTRATION OF ACTIVE DISCHARGER FUNCTIONING
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It is convenient to break down the active-discharger system tested into four subsystems: a set of corona points
exposed to the windstream and serving as the jon source, a high-voltage power supply to excite the corona points, a
controller to maintain the proper power-supply voltage and discharge current, and a sensor to detect the aircraft
potential and provide an error signal to the controller. This breakdown of subsystems is shown in block form in Figure 9.
The airplane is representd by its free-space capacitance, C, charged to potential V_. The electric field sensed by the
tield-meter sensor located on the skin of the airplane is proportional to the airplaﬁe potential. The controller servo-
sysltem uses the field-meter signal as an input and adjusts the high-voltage unit in such a way as to minimize the airplane
voltage.

POLARITY
FIELD | ] AND
[ | METER AMPLITUDE
CONTROLLER

Va HIGH- DISCHARGER

|;—=¢— —————~— - VOLTAGE Iy
UNIT Ry

~C, l
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FIGURE 9 BLOCK DIAGRAM, urF CONTROL SYSTEM

Various practical considerations dictated the final physical and electrical form of the individual parts of the system.
For example, consideration of space charge limitation of the current that can be discharged from an airplane dictated
that the entire stationary wing trailing edge region outboard of the flaps on both wings would be required to discharge
the requisite currents. This in turn meant that one could not use one power supply and discharging element for negative
polarity and a second such combination for positive polarity. Instead, it was necessary to use the same discharging
element for either polarity. The foregoing arguments dictated the development of a variable, reversible high-voltage
power supply. It is not possible to use two unipolar high-voltage supplies back to back to obtain the range -V to 0 to +V,
since the rectifiers in these supplies are back to back, thus preventing dc current flow.

Previous flight-test experience indicated that voltages in excess of 60 kV would probably not be practical in a
high-altitude airborn system. Thus the power supply was designed to have an output voltage range of -60 to 0 to +60 kV.
To permit the dynamic discharger system to be used on aircraft larger than the KC-135, on which the charging current
will be higher, the power-supply system was designed to permit 10 mA to be supplied continuously.

Since two discharging elements (located on opposite wingtips) must be used on each aircraft, it was necessary
either to run high-voltage leads from a common power supply or to provide a separate power supply for each discharging
element. The latter approach was taken and two power supplies, one mounted on each wing tip, were employed in the
active discharger system tested.

A photograph of the final system installed on the test aircraft is shown in Figure 10. The discharging element is
shown installed behind the trailing edge of the wing. (The discharging element actually used the flush-mounted
decoupled discharger of Figure 5), The power supply for each wing was housed at the tip of the wing and covered by the
normal wing cap. The electric tield meter sensor used to measure aircraft potential was mounted in the belly of the
aircraft just aft of the wheel well,

Functioring of the active discharger under precipitation charging conditions is illustrated in the record of Figure
11. At the beginning of the record, the system was operated with manual control of the power-supply voltages as is
indicated by the bottom trace. The power-supply voltage was roughly -20 kV, and the airplane voltage was -60 kV.

At the time indicated by the step in the lower trace, the operating mode was changed to place the power supply in
each wing under automatic control. This switching generated the short transient at this time. The transient was
accompanied by current discharged from the instrumented passive discharger at the top of the fin. It should be noted
that the transient was completely settled in roughly | s, at which time the total discharging current was roughly 800 uA.
After this time the airplane voltage remained essentially at zero. At T = 06:48:37.4 the precipitation conditions changed
so that the charging current decreased, causing both the power-supply voltages and power-supply currents to gradually
decrease between T = 06:48:38 and 06:48:41. In this time interval, the supply voltages and supply currents varied in a
random manner in agreement with the charging current to the airplane, and the airplane potential remained constant at
zero. At T = 06:48:4], both power supplies were turned off, permitting the airplane voltage to rise to a value of 130 kV,
at which time the primaries to both supplies were turned on again, generating a transient that persisted for roughly 1% s.
The airplane potential remained at zero until, at T = 06:48:45,5, the power-supply primaries were again switched off to
produce still a third transient. In conclusion, the data of Figure 1l indicated: (1) that the system is capable of
maintaining essentially zero airplane potential with individual power-supply currents as high as 400 uA (total discharge
current = 800 uA), (2) that it is able to follow variations in charging current, and (3) that its stability under conditions of
precipitation charging is very good.

Tests in higher charging conditions indicated that the active discharger system was capable of meeting the dcsign
goal of discharging maximum experienced charging rates while maintaining aircraft potential below the threshold voltage
‘of any part of the aircraft structure.
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FIGURE 10 ACTIVE DISCHARGER INSTALLATION ON RIGHT WING TIP OF 707 TEST
AIRCRAFT

In general, the use of an active system on large aircraft is attractive because of the large number of passive
dischargers required to properly handle the high charging current to these aircraft. Although one might suppose that
using an active-discharge system on a fighter-type aircraft is extremely impractical these aircraft often pose problems
that offer almost no other alternative. For example, prominent pitot tubes and the external stores commonly found on
fighters have such low corona thresholds that functioning of passive-discharge installations is severely compromised.
Thus a simple, lightweight active-discharger system could find application on fighter aircraft.

Since one of the applications envisioned for the system was to eliminate the voltage difference between aircraft
during refueling operations, it could be desirable to test the system's ability to accomplish this objective. To carry out
this test, it would be necessary to fabricate a special, compact field-meter sensor head to mount on the refueling boom
of the test aircraft to permit the potential difference between the two aircraft to be sensed.

C. Helicopter Dischargers

The shock hazard to ground cargo-handling personnel motivated efforts to develop active discharging systems to
control helicopter potential. It was recognized that two major problem areas needed to be addressed before a
satisfactory helicopter discharge system could be developed. The first was a means to discharge the required current
without having it recirculate back to the helicopier. {There is no net high-velocity air flow around the hovering
helicopter to carry charge away from its vicinity). The second was the development of a satisfactory scheme to sense
the potential difference between the helicopter and ground without providing a ground contact.

A system involving disgharge electrodes immersed in the engine exhaust was demonstrated to be capable of carrying
away the requisite current. Expeﬁidnents in which charged aerosol drops were used to carry away charge with minimum
recirculation also showed promise.

Unfortunately, flight tests performed with helicoptors hovering in a dusty environment demonstrated that the
charge on the dust cloud produced intense electric Jields in its vicinity and that helicopter potential sensing would not be
possible without making contact with the gr, ?9 This result led to the idea that the use of passive techniques and a
study of their limitations should be pursued. "' “ The passive discharging method, a technique whereby the helicoter is
earthed through ground contact with a wire or conductive rope, is very attractive because of its simplicity, low cost, and
ease of use. However, it was believed, largely as the result of low-voltage measurements of desert soil conductivities,
that few soil materials could be relied upon to provide a sufficiently low grounding resistance to adequately discharge a
large helicopter. In order to determine the grounding resistance achievable with various materials, a series of high-
voltage contact-resistance measurements were made. The measurements, performed by connecting a high-voltage power
supply through a microammeter to a ground stake at one end and a contact element at the other, were made on arid
desert surfaces such as sand, rock, concrete, and macadam after a 159-day drought. The measurements showed a
surprising characteristic: the resistance decreased nonlinearly as the applied voltage increased as shown in Figure 12.
This nonlinear behavior was apparently due to the electrical breakdown of insulating films on the materials, and the low
resistances (for even moderate voltages) indicated that the passive discharging technique could be used successfuily.

In order to demonstrate the usefulness of this technique under a wide variety of conditions, several different types
of grounding apparatus were tested over various surfaces using a hovering instrumented helicopter illustrated in Figure
13. Table | shows the results of tests performed over various "clean" surfaces where the charging current would not be
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expected to be very great. (Charging for this series of tests was provided by the 0-t0-200-kV power supply carried in the
helicopter.) It can be seen from this table that the residual helicopter potential, after contact, was quite low.
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FIGURE 11 ACTIVE DISCHARGER OPERATION UNDER MODERATE PRECIPITATION CHARGING CONDITIONS
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Table 1

EFFECTS OF VARIOUS SURFACES AND SURFACE CONDITIONS ON
GROUNDING-ELEMENT PERFORMANCE

Surface Initial Dry Surface Wet Surface
Material Aircraft Voo
Potential lps Ihook Vresidual l|>s lh°°k residual
kv) wA) (7] (1)) @A) kv) wA)
Macadam 50 150 125 9 160 155 0
(asphalt) 100 300 265 15 325 315 0
150 500 430 17 525 500 0
Hard 50 180 170 0 160 135 0
desert 100 325 315 0 350 335 0
150 500 500 0 500 500 0
Concrete 50 150 140 5 160 155 ]
100 325 300 7 350 325 0
150 500 485 8 525 500 0

In another similar test, the aircraft was flown into an area of freshly disked sand and various discharging elements
were dropped to the ground to test their effectiveness in discharging the helicopter. (For these tests, the internal
power-supply voltage was disconnected, and charging occured entirely as the result of frictional efectrification by the
impinging dust particles), The passive discharging technique was again demonstrated to be successful, as shown in Table
2. It is appropriate to point out that only desert soil materials were available for these tests. The "wet" surfaces of
Table 1 were obtained by pouring gallons of water over the otherwise dry surfaces. Although the arid surfaces provided a
sevre test of the passive discharge technique, the results of these tests should not be interpreted as representative of all
surface materials. It is possible that some other surfaces, such as dry snow, might not demonstrate the same behavior as
the desert materials.

The "before-and-after grounding" potentials and currents reported in Table 2 were measured by a large, toroidal
parallel-plate, infinite-impedance voltmeter/ammeter carried aloft in the helicopter during these tests, and connected to
earth by a long piece of cable designed to withstand voltages in excess of 200 kV. The voltmeter, illustrated in Figure
13, consisted of a field meter mounted in one of a pair of parallel conducting plates (the lower one was connected to the
airframe). A voltage applied to the upper plate generated a static electric field between the two plates which was
measured by the field meter. The voltmeter was calibrated with a 0-to-200-kV power supply and periodically checked
for leakage current and toensure that it was indeed, "infinite" impedance.

Table 2

SUMMARY OF NATURAL TRIBOELECTRIC-ENVIRNOMENT GROUNDING
MEASUREMENTS

(Discharging Element Dropped into Dry, Plowed Desert)

Grounding-Line "System" lch ook Vacit Veesid
WA @A) kv) (kV)

14-M resistor, light chain, 90 79 55 1.1

A/C discharger

14-M resistor, heavy chain, 76 3l 70 2.6

corona brush

14-M resistor, spiked 135 125 85 4.8

resistor, 10 inc.-dia. ball

Heavy chain, corona brush 133 128 78 0

Light chain, A/C discharger 110 106 67 0.2

Spiked resistor, 10-in.-dia. ball 150 140 98 1.5

Heavy chain 180 180 98 0.9
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FIGURE 13 GENERAL AIRCRAFT CONFIGURATION USED DURING TESTS

IV ALLEVIATION OF PROBLEMS STEMMING FROM DIFFERENTIAL CHARGING OF PARTS OF THE AIRCRAFT

A. Preventing Charging

Although it is not possible to prevent charging of the vehicle as a whole, it is possible to locate critical areas such as
dielectric covers over antennas in such a way that they will not be struck by precipitation particles in flight. For
example, flush-mounted ADF sense antennas located in the belly of aircraft have proven to be free of streamer-
discharge noise.

If a small area of dielectric is involved, as in the case of an insulator at the base of a blade antenna, it is often
possible to provide a particle deflector ahead of the insulator.

B. Avoid the Use of Dielectric Frontal Surfaces

In some cases, a small region of dielectric on a frontal surfﬁfe can generate and couple sufficient noise to
completely disable a system. For example, a paper by the author describes a program in which an aircraft ADF
system consistently malfuctioned under modest charging conditions. The problem was traced to an aerodynamic plug in
the end of a "towel rail" antenna bar which had been fabricated of plastic instead of aluminum used in the development
prototype. Charging of this l-in.-dia. plug generated sufficient streamer noise in the antenna on which it was mounted
to disable the ADF system. Replacing the plastic plug with a metal one cleared up the noise problem in this fleet of
aircraft.

This example illustrates a problem frequently encountered in tracking down sources of malfunction similar to that
described above. The designer of the antenna was questioned regarding the materials used in antenna fabrication. (The
antenna design incorporated sophisticated features such as metal shields on the stand-off masts to prevent streamers).
He indicated that all leading-edge surfaces were made of metal. However, it was not until the aerodynamic plug was
exposed to charging by a directed stream of lycopodium powder that the change of material used in making the plug was
discovered. Accordingly, it necessary for the troubleshooter to have available a means for simulating dielectric charging
using either the lycopodium powder technique or the cleaner ion gun or bonding sensor techniques decribed by Dr. Taillet
in the next paper,

C. Prevent the Accumulation of Charge on Dielectrics

When dielectrics must be used on frontal surfaces, it is possible to coat their outer surface with electrically-
conducting material to draim away charge as rapidly as it arrives on the frontal surface. If the dielectric is only a
structural member such as a wing leading edge, the conductivity of the coating can be as high as is convenient. Flame-
sprayed coatings which apply a substantial thickness of metal have been used for these matters.

Other dielectric frontal surfaces such as radomes must be transparent to RF radiation, but their optical properties
are unimportant. These surfaces can be coated with a layer of high-resistance conductive paint. Appropriate paints are
usually made of a mixture of carbon black and graphite added to a paint vehicle such as lacquer or epoxy. Approximately
45% by weight of carbon material must be added to the paint vehicle to render it conductive. Analysis of the fields
generated by current flow through the conductive layer - indicates that surface resistivities as high as roughly 1000
MYsquare are accceptable even under high precipitation-charging conditions. Thus, it is possible to provide static
discharging without causing appreciable attenuation of the radar signal.

Optical surfaces such as windshields must also be located on frontal surfaces. These can be rendered conductive by
coating them with a thin optically-transparent film of a material such as stannous oxide. Unfortunately these films are
fragile and are abraded by the impinging precipitation particles. It has been found that the durability of the
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conducting layer on a glass windshield can be improved substantially by baking the glass after the layer is applied.
Unfortunately, polycarbonate windshields cannot be baked and so no satisfactory technique exists for controlling their
charging.

D. Discharge Decoupling Technique

A dielectric treatment which should be effective in substantially reducing streamer noise is illustrated in Figure 14
for the case of an aircraft canopy. The forward region of the canopy where precipitation particle impingement occurs is
treated by installing a grounded conducting sheet between the layers of acrylic radome material. The conductfgg sheet
may be either a grid formed of thin wires or a deposited metal film such as those used for windshield defrosting.
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FIGURE 14 A POSSIBLE CANOPY TREATMENT TO REDUCE
NOISE

Although the conducting shield shown in Figure 14 does not eliminate streamer discharges on the canopy surface, its
presence forces the reciprocal field from the antenna to be normal to the canopy surface. (See the discussion in
connection with Eq. | in Section HI A.) Since the streamer current density is directed along the canopy surface, the
discharge will couple no signal into the antenna. Actually it is too optimistic to expect that the coupling fields will be
precisely orthogonal to the discharge current density at all points on the canopy surface, and, since streamering is an
extremely energetic mechanism, some streamer noise should be expected in the antenna in spite of the shielding. From
the results of the laboratory shielding experiments, however, it appears reasonable to assume that, through the use of a
conducting shield, streamer noise can be reduced by as much as 26 dB.

E. Bonding

As was indicated in the previous paper, unbonded metal sections on an aircraft can result in extremely serious
interference to systems. Unfortunately, it is also true that most of the troublesome instances of unbonded metal
structure occurred inadvertently (broken lightning diverters, painted inspection panels, etc.), and were not evident even
during a careful search by reasonably sophisticated personnel. They were finally pinpointed as the result of extremely
careful observation and systematic measurement of the bonding resistance of suspected structures. In this regard, it
appears that techniques such as the use of lycopodium power or the use of ions (discussed by Dr. Taillet in the next
paper) offer a powerful tool for the location of unbonded metal structures.

VvV  HARDENING OF VICTIM

A. Active Noise-Limiting Circuits

In general, the precipitation static interference from any of the noise mechanisms is caused by the occurrence of a
succession of short discrete pulses. This feature of the interference motivated the search for techniques to sense the
arrival of the noise pulse and to disable or blank the radio receiver for the duration of the pulse. Tests on a bianker of
relatively recent design indicate that noise reductionsl9f up to 20 dB are achievable at a corona discharge level of 100 A
with the corona occurring directly from the antenna. As the discharge current is increased to values typical of a 707
aircratt (1 MA or more), more pulse overlap will occur and it is to be expected that the blanker will be less effective.

An analysis has made of the effects of aircraft resonances on the wave shape arriving at an antenna removed
from the noise source. This work indicates that the pulses will be stretched out in time by the aircraft resonances.
Thus, there will be even more pulse overlap and the blanker may be expected to be less effective than it is when the
noise pulses are generated on the antenna itself. In general, it is concluded from the analysis that the blanker will be
most effective when used on small aircraft.

Since corona noise reductions of up to 60 dB can be obtained with passive dischargers, there has been little
application of blankers to the control of precipitation static interference.




B.  Shielding of Systems from Sources

In conventional, metal-skinned aircraft the skin provides substantial shielding of the electronics from the source.
Accordingly, most effects of static charging were manifested on systems equipped with deliberate outside antennas such
as communijcation and navigation receivers,

Occasionally, problems arose in systems not associated with deliberate antennas. An example is the damage
experienced by windshield de-icer controllers from massive discharges on the windshield. Also, there have been
instances in which the high currents on the de-icer circuitry coupled signals into nearby avionic system wiring.

As more plastic and composite materials are used on aircraft, care must be exercised that the reduced shieiding
resulting from the use of these materials is taken into account during the design of interconnecting wiring for the avionic
systems.

VI CONCLUSIONS

The various mechanisms by which static charging of aircraft affects avionic systems have been identified, and
techniques have been developed to mitigate the effects in most cases. Since the application of the alleviation techniques
and their effectiveness depend on aircraft design, it is important that designers be aware of the effects that their new
designs will have on the susceptibility of avionic systems to static charging.

For example, the application of passive dischargers to control corona noise required that the dischargers be installed
at the aircraft extremities where corona discharges normally occur. If the aircraft design includes many protrusions,
such as nose-mounted pitot tubes on which dischargers cannot be installed, the corona noise level on the aircraft cannot
be controlled with passive dischargers. Similarly, the use of regions of dielectric on the surface of the aircraft increases
the number of streamer noise sources on the vehicle.

Deviations from good static electric design sometimes cannot be avoided. In these cases the designer must be
prepaed to accept higher electromagnetic noise levels for his avionic systems, or he must incorporate specially-designed
static control techniques.
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ATRCRAFT STATIC CHARGING TESTING
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SUMMARY

Aircraft protection against static charge accumulation involves minimum-noise electrostatic
dischargers, perfect bonding of all conductors, antistatic painting of radomes and antenna covers, and
conductive coatings of canopies. This paper deals with a procedure proposed for

a) - characterizing in the laboratory the effects of aircraft charging on the operation of unprotected
navigation and communication systems ; b) - assessing in the laboratory the validity of the above-
mentioned methods of protection ; c) ~ checking in the factory the correct application of these methods ;
d) - routine testing between flights, in the field, of the good condition of the protecting devices and
treated surfaces.

It is hoped that careful application of this procedure will, in the near future, increase the
reliability of navigation/communication systems during their operational use.

1 - INTRODUCTION

Static charge accumulation on aircraft structures can bring about three types of discharges
sparks between conductors, streamers over the insulating surfaces, and coronas at the sharp points and
edges. All these discharges induce radicelectric noise on navigation/communication equipment, reducing
its operational performance and impairing flight safety.[1].

The principles of a good protection against these harmful effects are well known [2]. Sparks
can be avoided by a careful bonding of all the metallic parts of the aircr=ft. Superficial electric
charges developed by friction or collected on insulators can be evacuated before initiation of a flash-
over, if the surface resistance is kept below a certain value by using conductive paints or coatings on
windshields, canopies, radomes and fairings. Lastly, the coupling between corona discharges and antennas
of the communication/navigation systems can be drastically reduced by a careful choice of the configura-
tion, the pusitions  and the voltage threshold of the passive dischargers used for draining the static
charges from the aircraft.

However, the practical application of these pranciples is today a matter of empiricism. Or the
one hand, apart from the possibility of performing a full in-flight experiment Eﬂ @], there is not yet
a standard method for characterizing on a real aircraft, treated or untreated, all the disturbances in-
duced in navigation/communication systems by the accumulation of charges. On the other hand, the in-flight
experiment is an expensive task : the complexity of the full avionic system with its many%interfering
subsystems, the non-reproducibility of the meteorological situation from flight to flight, the inconve-
nience of recording, storing, packing and correlating a huge quantity of data, might turn such an expe-
riment into 3 heavy burden with scanty results if these experiments have not been prepared by previous
tests on the ground. N

The situation is still worse if we go from the laboratory to the factory or to the airfield.
No tool exists to verify, at the production stage, if the protection methods have been Lorrectly applied
during the constructicn of the aircraft ; no standard testing procedure has been elaborated for trisl by
the buyer. At the explritation stage, no airline is in a position to routinmely carry out maintenance tests
between flights for verifyina the good condition of the protective devices and of the treated surfaces.
Meanwhile, from the field engineers to the pilots, everybody is convinced that such verification is badly
needed : the dangerous disturbance induced in vital equipment by the discharges of static electricity is
an universal worry.

The present lecture constitutes a step towards the definition of a standard procedure for tes-
ting aircraft charging phenomena and protections, in the laboratory, in the fectory and in the field.
Until such a procedure is operational and universally adopted by the research institutions, the aerospace
industries and the airlines, a full protection against communication/navigation disturbances is not ensu-
red during flights in very adverse atmospheric conditions.

I~ this paper, solutions are proposed for meeting the requirements of a safe protection. In
order. to apply the test methrd quickly and efficiently, specific instruments have been designed and ime

plemented at ONERA, and are already available on the market in France. A general description of their
performance is given below.

2 - TEST PROCEDURE REQUIREMENTS
The proposed test method shall fulfil the following functions :

a) - check the bonding between metallic surfaces, sven if these surfaces are cuvered by an insulating
coating
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b) - measure the value of surface resistance of semi-conductive coatin
over ingulating substrate,
material ;

v

: ge or resistive painte deposited
even if these coatings are covered by a layer of highly insulating

c) - simulatg tribo-electric charging or charge collection sepa. "tely on any surface element of the air-
craft, in ordur to determine the location and the nature o the more sensitive spots, and toc assess

the effect of the charging of these elements on the navigation/communication systems ;

d} - vorify that the coupling botween dischargere snd sntmnnags e minimum, i.s. that the sosition of the
dischargers is optimized, and that the noise collected by the antennss for a given discharge current
is in conformity with the value snnounced in the specifications and hes not increased because of
some deterioration experienced by the dischargers.

During all this testing procedure, the aircraft shall be electrically yrounded, ~r, if global
operation of the dischargers is required, it shall be insulated by dieleciric slabs placed below the
wheels. This insulation shall be mat:zhed with the voltage limit due to the operation of the dischargers,
in order to evoid flashover betwsen sircraft and ground. A high resistsnce bleeder shall be used, for
aafety, to discharqe the aircraft below the threshold voltage of the dischargers.

If any voltage gencrator is used ‘fo. operations (e¢) or (d), its output impedance shall be kept
very high, to insure safe operation. :

Operations (a) and (b) are to be performed without damaging the superficia® layer =f paint.

Operation (c) shall be clean, i.e. without projection of particles or aerosols which could
change the electrical properties of the surfaces or those of the environment. It shall be sufficiently
well resolved in space to separate the effects of the charging of various elements (radome, fairinys,
antenna covers, canopies) on each navigation/communiration system, and to permit the observation of
local sparks due to a faulty bonding.

The validity of simulation {c) shall be confirmed by visual/auditory observation of the behavior
of the navigation /communication instruments. Under such simulation tests and for a given electrostatic
protection, an experienced pilot, seated in the cockpit, wearing earphonzs and watching the displays,
ahall identify the situation as similar to a real flight with different atmospheric conditions.

3 - VERIFICATION OF BONDTMG

The first step in testing aircraft on the ground for static charging is the drafting of a
check-list of all the metallic parts aof the structure. Bending of all these pieces should be checked,
rver if ithey are clamped or riveted together. The presence of insulating gaskets -teflcn gaskets, for
example- or even corrosion of the rivets can impeir the bonding. A reference point should be selected
in the structure : the terminal generally provided for grounding the aircraft during refueling can te
used, as well as the negative electrode of the power supply. Resistance between all the pieces included
in the check-list and this refarence point should be measured, If the pieces are not painted, an ohm=-
metar can be used., If thoy are coveved by an insulaling layer of paint, the only way of checking the bon-
ding is with o capacitive method. For mxomple, by using an electrode in contact with the inaulating layer
of paint, an aolternzting current at audin frequency is injected through the layer into the metsllic piece.
The second electrode of the audio generator is connected to the reference point. A high impedance sensing
electrode measures, through the same layer, the A.C. voltage of the piece. If this vcltage is not negli-
gible with respect to the forcing electrnde vnltage, the bonding is not correct. The two elecirodes can
be arranged on the seme measuring head, which cen be used in the same wiv as a medical doctor uses a
stethoscope (Fig.1). This method takes advantage of the fact “hst, fur static electricity celimination,
bonding requirements are by no means atringont ¢ two conductors can ba considered as bonded if the
ceaintance of their connection is lower than 105 L. Twn problems srise when the doxign of th2 cories-
ponding ingtrument is considersd @

a) - ths response should be independent of the thickness of the layer of paint, and of the pressure
exes ted by the operator on the measuring head ;

b) - the device should be able to discuver a poor bonding even in the case where the picce his a large
capacitonce with rmspect to the raference metallic structure.

Fig, 1 = Chacking the bonding of
an Alphajet with the CDRAS,
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The sulutien resulte from o comprumise between sensitivily and resscneble elimination of false
alarms, which determinus :* o rchoice of the operaticn fregurncy. The study of such a device was perfcormed
at ONERA and has led to the manufacture of a standard instrument sold under the trade name [ORAS, which is
beiny adopted by aircraft manufacturers in Eurcpe {AMD-BA, DORNIER, ACROSPATIALE).

4 - SURFACE RESISTANCE MFASUREMENTS

The second step in testing aircraft on the ground for static ctarging is the drafting of the
check list of all tha insulating items appearing on the gsurface, und more particularly of the Cieclectric
pivces exposed to triboeleciric charging {radomes, windghields, cannpies, fairings, antenna covers,
plestic wing-tip, glass-fiber flaps, pneumatic deicing devices). If these pieces are not coated with a
resistive layer, they can be the source of charge accumulaiion. The first effect of charge accumulation
is corona initistion at the small ra-ius of curvature points of the metallic pieces close to the charged
dielectric. A second effect, which arives in the case of unprotected dielectric antenna caps, is corcna
initiation followed by spiacking butween the enclosed antenna and the dielectric cover (this implies lncal
hreakdown of the dielectric). A third effect is the initiastion uf & surfare streamer.

The chnek-lial ohould includn monsurements of surfoce resistances and measurements of the bone
ding of these surfuces. Dielectric surfaces are considered as having a gond antistatic protection if their
surface resistance (resistance of & square mesh) is below a threshold velue ; they are unproctected if
their surface resistance is above this value. They are bonded or unbonded according to whether the value

of the resistance between a line located on their periphery and the reference point is belew or above a
threshold value.

Antistatic coatings are generally covered by an insulating layer of protective paint ; this is
why anly a capacitive method can be uned to perform the measurement of surfoce resistence. This can be
made 1f CufAS is uoud, The CURAS hag o gecond hood oospecially designed for that purpose, The surface
resistonce is measured in the some way os the resistance ef o shunt ; the current is measured, and forced
through the protective paint by two conmcentric ring electrodes ; two high impedance amplifiers connected
to two intermediate rings measure the voltage. The electrode arrangement is located in the mobile head
of the CORAS,

After the measurcements have been performed, the various metallic pieces are clossified o3 bonded
or unbonded, and the vorious dielectric items are classifisd as treated or untrested by antistatic coating,
and if they are treated, as vanded or unbonded, This clossification is then used for making a decision
abaut further protection, If comu coses ore still ambiguous, the decision can be deloyed until ground simu-
lation of static charging ia p' formed,

5 -~ SIMULATION OF TRIBOELECTRIC CHARGING

If the aircraft to be tested were perfectly conducting over all its surface area, the charges
induced by friction or collected in the atmnsphere would be distributed according to the surface geometry,
In this case, it would be sufficient, for performing a check on corona discharyes location and on the agso-
cisted R,F, noise, for example, to connect tha surface to a high voltage generator, with the aircraft insu=-
lated, As field configuration can be roughly cumputed from model measurements, this kind of test is neces-
sary only to verify that the poassive dischargers are performing correctly, i.e. that all the corona dis-

_charges are located at their tips. We will come back to this. type of meassurement in the next ~ection.

The real problem comes from the fact that no aircraft is perfectly conducting over all its
surface, as radomes, canopies, windshields, fairings and antenna covers are insulating when not specifi-
cally triated to acguire total or partial surface conductivity. We want to have the follewing two answers.

a} - For & given untreated diclectric surfoce, what orn the cunsequences of a given local cherging current
on tha operation of the navigation/communication syotems of the aireraft 7 This includes the snomalies
induced, on the corresponding antonna, by charging both its dielectric cover and the other antienna
covers.

b) - If the seme dielectric surface haos bean treated, is the applied treatment sufficient for complete eli-
mination of all the observed enomalies, over the whole renge of charging currenta likely to be expe-
rienced in flight ?

Oy stresaing that tha source of radicelectric disturbances is cssentially due to lccal coronas or
streamprs aagociated withy the redistribution of charges accumulated an the inguleting surfaces [5} ﬂi U],
it is snay to sec that local charging of these surfnces will produce agproximately the same effect if the
aircraft atructure is grounded through r high resistance or if the aircraft is in flight. This remark opens
+the way to a very impartant test, i.s. the observation of the effects of local streamers on the performance
uf navigation/communication syntems, and for a complete veorification of atreamerc disappearance when the
insulating surfaces hasve heen duly treated. What one needs for performing thie test is a good socurce for
locally charging the insulating surfaces,

Taking intn account the ordsr of magnituds of the charging current to be simuleted, and also its

very nature {surface charging by low anargy and not by energetic particies), two typsa of procesaes can bs
uaed ¢

a) = triboelectric charging, using e two-phase flow of alr with a suspansion of untharged fine particles 3
thin method has yielded interesting results in the laboratory (7] [B] t however the particles are not
drained by the airflaw as in flight, and their accumulation aon the surfaces ralsms & werious problem,
which is why thia method has not heen used in this work |

b) ~ charge collaction uaing an injector of tharged particles ; this method is good as long an an efficient
charge injectnr (s used | it In this mathod that han been spplied at ONERA, as described below.
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Instead of using very high voltage generators, ONERA has extended a method first proposed by
Whewell, Bright and Makin Eﬂ following previous work by Marks, Barettoc and Chu ﬁU]. In the corresponding
device, low mobility charged microparticles of ice, obtained by condensation and freezing of water vapour
in humid air expanding in a supersonic nozzle, and driven by fluid friction in the jet, are used as charge
carriers. This principle is applied to inject charges upon an insulating surface, in spite of the associa-
ted repulsive electric field. Note that the microparticles of ice sublime after leaving the supersonic re-
gion of the jet ; this simulation method is therefore clean in the sense that the local properties (surface
resistance and breakdown voltage) are not modified when the charge injector is operating. This device is
marketed under the trade name INJECO.

Figure 2 is a schematic representation of the INJECO device. Figure 3 is a photograph of the ins-
trument. Its main characteristics are listed in Table 1. Figure 4 shows how this injection is performed
when testing a real aircraft ; a first operator applies the charged flow upon a given antenna cover and,
at the same time, a second operator watches the displays associated with the nmavigation equipment of the
aircraft and estimates the noise collected by the communication receivers. Visual observation of induced
sparking or streamers can also be performed (Fig. 5). The charging current sign and intensity can be con-
trolled, ranging from low to high for simulation of weather conditions between fair and extreme. The diffe-
rence between the casesof untreated and treated surfaces is striking and points out the importance of ha-
ving a carefully applied surface treatment ; associated with the surface resistance and bonding measurements, ,
this simuylation alsc permits a quantitative correlation of the reduction of the surface resistances (or the ;
improvement of the bonding) with the decrease of the noise induced by aircraft charging on navigation/com-
munication systems.

Supersonic L '
nozzle ;
High voltage electrode
- IS XL g f '
B . B
-7 hnant - ~J i
Vi 7 Arp > Fig. 2 - Diagram of the INJECO device.
//
Flow of L3
humid air -
- e i
Charging
current

Fig. 3 - INJECO with its power supply.

Fig. 4 - Simulating static charging
with an aircraft on the ground. i
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Fig. 5 - Surface streamer produced
by charging the fuselage.

Characteristics

Generating pressure 5 atm
Flow rate 20 Nma/h
Table 1 - INJECO characteristics. Power supply voltage £ 10 ky
Nozzle diameter 2.3 mm
Current 0 to 80 pA

Two polarities

Ta apply this method one needs a supply of compressed air with a pressure of 6 atm, and a power
supply with a v -l-age -f 10 kv, pcsitive and negative. Both can te readily 'perated in the lakoratory,
in the factory and on the airfield. As shown in Figure 3, the injection nozzle is of light weight, and
can be easily used to charge any part of the aircraft. An impartant detail must be pointed out : in this
experiment, the radicelectric disturbances are produced by local discharges following charge accumulation
on insulating surfaces. Assessment of the noise produced by these discharges is possible only if the in-
jector itself does not transmit any discharge noise ; this property is an important advantage of the des-
cribed device and its achievement was the result of a careful design involving a difficult optimization

process.

Apart from measurements performed on communication links (audio noise) and on subsystems espe-
cially instrumented for noise evaluatien, a standard procedure for evaluation of performance of navigation
systems is the following. It applies to automatic direction finders {(ADF) in the HF range and to VHF navi-
gation and landing aids (VOR, ILS).

A beacon, radiating at high power if located outside of the hangar where the test is performed,
or at low power if located inside, is operated in conjunction with the equipment to be tested ; it gives
a signal which results in a definite position of the pointer on the display. The operator on the pilot
seat watches the display ; the second operator applies the charging flow of the INJECO upon various parts

of the aircraft. The following measurements are performed for each sensitive spot :

3) - value of the injected current corresponding to saturation of the ADF servo loup ;

b) - value of the injected current corresponding to a given variation of the pointer's positicn
for the VOR-ILS systems ;

¢) - value of the injected current corresponding to the disappearance of the flags.

6 - VERIFICATION OF THE DISCHARGERS

This verification directly follows the method introduced by Tanner and Naneuvicz DJ. To avoid
RF current circulation in ground lines, the aircraft reference terminal is connected to ground through a
20 M L resistor ; insulation of the structure is realized by thick dielectric slabs located under the
wheels. To reduce the aircraft-to-ground capacitance, these slabs should be at least 4 inches thick. Thise

operation is recommanded for small aircraft, and may be difficult for large commercial aircraft. (fig. 6)

The first step inm this verification is the evaluation of the coupling between coronas and an-
tennas. It can be performed with a corona probe which is constituted by an insulating tube having at its

tip a point-to-plane arrangement {radius of the stressed tungsten electrode 50 pm ; point-to-plane distance
1 mm) where a regative corona is excited (average current 150 pA). Reference [l describes in detail &
slightly different arrangement.
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Fig. f - Block diagram of the experimental set-up used for aircraft testing.

The method consists of moving the reference discharge from point to point and of reading the
noise current at the antenna terminals by connecting an appropriate receiver to these terminals. Next,
the receiver is connected to parallel plate coupling electrodes, into which the probe is inserted. The
coupling to reference point is determined from the coupling for the parallel plate electrodes (which can
be computed)} and the attenuation necessary to equalize the receiver noise outputs (see ref. [1]).

The second step consists in the measurement of the noise induced by the coronas excited at the
tip of the dischargers. To perform this measurement, it is not necessary to apply a high voltage to the
dischargers, nor to divert their average current through a microammeter ; if an INJECO is used, by sprea-
ding positive charges over a discharger from a distance of about 10 cm, all the current is collected by
the discharger tip. The average current can be read directly on the INJECO meter, and this simulation is
made with the discharger connected to the structure as in its normal operation. This measurement can be
performed by connecting a receiver to the antenna terminals and reading the noise current, or by evalua-
ting the disturbances produced in the avionic equipment.

A third step, which is necessary only for making sure that mo corona can be sustained over all
the aircraft except at the dischargers tips, involves the connexion of the entire insulated aircraft to
a high voltage power supply. During this check, the aircraft kerosene tanks should be full, or, if not,
under nitrogen pressure. The connexion to the high voltage terminal is made through a high value resistor.
In these conditions, the measurements can be safely performed by personnel working inside the aircraft.
The verification consists in watching the various instruments while the high voltage is progressively
raised. [t is recommended in this case to instrument at least one discharger (for having a value of its
average current) and to limit the maximum voltage of the power supply under a safety upper bound determi-
ned by the total maximum current of the dischargers. The insulating slabs should afford twice this vol-
tage without flashover. If the disturbances produced during this check exceed the effect predicted from
the sum of the noise induced by the various dischargers, a stray discharge is operating somewhere and
should be discovered.

7 - ASSESSMENT OF THE ANTISTATIC PROTECTION OF THE AIRCRAFT

From the list established according to the method developed in § 3 and 4, and from the measu-
rements performed according to the method described in § 5, recommendations are written up and decisions
can be made about desirable improvements in' bonding and antistatic coating. After complexion of these

improvements, a new check is made according to § 3, 4 and 5. Verifir of dischargers performance,
and, if necessary, optimization of their operation is then perform rding to the method described
in § 6.

The methodology described here has been applied in Europe to the following aircraft :

- Faleon 10
- Alpha-jet
- CESSNA 177
- CESSNA 337
- Mercure,

Its application ot the AIRBUS is currently under study,
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8 - CONCLUSION

This lecture has presented a procedure for evaluating the vulnerability of protected or unpro-
tected aircraft to static charging, and for assessing the validity of the protection methods.
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It is hoped that careful application of this test procedure will, in the near future, increase

4H the reliability of navigation/communication systems during operaticnal use.
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\l4.Abstract

The potential susceptibility of aircraft to atmospheric electricity hazards (such as lightning
and static charging phenomena! appears as an increasing threat to future aircraft for two
reasons: on the one hand, more and more sensitive solid-state electronics and micro-
processors will be used in the fuiure on flight critical equipment, as can be anticipated from
advanced guidance and control hardware developments: on the other hand, new structural
materials. stich as dielectrics and composites, will be extensively used for aircraft, leading to

t., potential problems due to surtace charges and reducing the electromagnetic shielding

protection offered by the conventional metallic skins on present-day vehicles.

Starting with fundamentals of atmospheric clectricity phenomena, the Lecture Series reviews
the hazards. criteria. testing and avionics protection, and provides insights from both pilot
and design perspectives, In view ot the above. this Lecture Series should be of interest to
aircraft manutacturers. aicline operators. government and industrial research establishments,
and avionics engineers.
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