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Message du Président
de I'ASSOCIATION AERONAUTIQUE ET ASTRONAUTIQUE
DE FRANCE

En 1785, il y a exactement deux cents ans, le plus illustre Américain de 1'époque, Benjamin FRANKLIN, quittait la France pour
regagner définitivement les Etats-Unis, au terme d'une mission diplomatique qui jetait les bases de deux siecles d'amitié et
d'alliance entre les deux peuples. Ce méme homme avait écrit, trente ans plus t8t, un ouvrage scientifique remarquable dans
lequel il attribuait a I"électricité l'origine de la foudre.

Depuis cette époque, les applications industrielles de 1'électricité ont connu un développement prodigieux, sans cependant que la
connaissance de ses manifestations naturelles progresse tout a fait au méme rythme, et c'est peut-étre aujourdthui dans la mesure
ou le phénomeéne naturel apparaft comme perturbateur de I'application que son étude est vigoureusement reprise.

Cl'est un honneur pour la France d'accueillir les lointains disciples de Benjamin FRANKLIN venus des Etats-Unis et du reste du
monde pour s'entretenir des moyens de protéger I'Humanité, exposée a tant de nouveaux périls, contre celui qui lui apparut
longtemps comme la manifestation privilégiée de la colére des dieux.

P. CONTENSOU

Message from the President
of the ASSOCIATION AERONAUTIQUE ET ASTRONAUTIQUE
DE FRANCE

Exactly two hundred years ago, in 1785, the most famous American of the period, Benjamin FRANKLIN, left France to return to
the United States for good, at the end of a diplomatic mission which laid the foundation of two centuries of friendship and
alliance between the two peoples. This same man had - some thirty years before - written a remarkable scientific work in which
he attributed the origin of lightning to electricity.

Since this period, industrial applications of electricity have enjoyed a tremendous development, without, however, the
understanding of its natural manifestations having kept up the same pace. But, today, in the measure that this natural
phenomenon appears as a perturbing element in these applications, its study is being vigorously pursued.

It is an honor for France to welcome the present-day disciples of Benjamin FRANKLIN from the United States and from the rest

of the world, to discuss together the means of protecting Humanity - which is exposed to so many new dangers - from this
particular one which was for so long considered as the special manifestation of the anger of the gods.

P. CONTENSOU



CONFERENCE D'OUVERTURE

PROTECTION A LA FOUDRE DES AVIONS MODERNES

Le point de vue de I'Avionneur

D. LEROUGE
Directeur Technique Adjoint, AVIONS MARCEL DASSAULT - BREGUET AVIATION, 78, Quai Carnot, 92214 Saint-Cloud, France

INTRODUCTION

A l'instar d'autres secteurs industriels, l'industrie aérospatiale accomplit une profonde mutation technologique et
technique. Celle-ci est principalement axée sur l'emploi a grande échelle de matériaux composites et ['utilisation d'une
électronique omniprésente, appelée a traiter toutes les fonctions de l'avion.

Cette évolution, qui permet d'accroftre les performances de l'avion et d'étendre son domaine opérationnel, ne peut &tre
acceptée qu'au prix d'une parfaite maftrise de la securité des vols pour toutes les conditions d'environnement rencontrées.

Or, la susceptibilité de l'avion moderne aux effets directs et indirects de la foudre, s'est sensiblement accrue. Trois raisons
principales sont responsables de cette situation :

1 - La faible conductivité, voire l'absence de conductivité des matériaux composites (carbone, kevlar).

2 - La vulnérabilité accrue des composants micro-électroniques aux transitoires de tension ou d'énergie.
3 - Le rdle critique de I'électronique pour assurer les fonctions vitales de l'avion.

Ainsi, I'Avionneur se trouve-t-il confronté a des problemes nouveaux en matiére de protection qui réclament des solutions
aptes a restaurer un équilibre qui semblait momentanément compromis.

SITUATION ACTUELLE

Dans cette période de transition ou I'Avionneur manque de références (les Spécifications ne sont plus adaptées, les
conditions applicables aux équipements ne sont pas encore fixées), ses efforts se sont déja concentrés a la résolution ponctuelle
des problemes apparus lors d'essais aux effets directs ou indirects de la foudre :

- sur les matériaux composites 3
. pour assurer une meilleure tenue mécanique des €léments situés en zones exposées (bords de fuite d'empennages
ou de voilure) ou minimiser les endommagements de surface.
. pour renforcer la protection aux basses fréquences.
. pour améliorer les liaisons électriques des assemblages structuraux pseudo-isolés.

- sur les réservoirs de carburant non métalliques :
. afin d'éliminer les risques importants d'étincelages internes capables de provoquer une explosion.

- sur les équipements électroniques et les circuits associés :
. en vue de minimiser les perturbations et éviter la détérioration des circuits d'interface, sachant que la redondance
d'un systeme peut &tre mise en défaut si la perturbation affecte simultanément les circuits concernés.

Il est certain que I'étude de la protection d'un avion doit &tre conduite selon une méthodologie rigoureuse et que les
principes de protection doivent étre correctement établis dés les premieres étapes de la conception d'un nouvel avion : les
éléments structuraux ou revétements composites se prétent mal aux modifications ; de méme, les modifications d'une
électronique de plus en plus complexe et intégrée sont colteuses et peuvent compromettre les délais de réalisation.

POUR LE FUTUR

L'effort de recherche de ces dernieres années s'est déja concrétisé par une meilleure connaissance du phénoméne naturel,
notamment en vol, et de ses conséquences sur les materiaux et les systemes de I'avion.

Pour la mise en ceuvre d'une méthode globale de protection, I'Avionneur souhaite que l'action entreprise se poursuive, et
méme que Jui soient fournis rapidement les moyens d'action et de décision, dans les domaines qui reflétent ses besoins immédiats
et qui sont :
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- L'étude des mécanismes de couplage direct ou par diffusion

Cette étude a la fois théorique et expérimentale doit tenir compte de la géométrie et de la répartition des
nouveaux matériaux qui recouvrent des zones importantes d'un avion moderne {pointe avant, compartiment
électronique, voilure, compartiment moteurs).

- L'analyse du comportement d'ensembles électroniques complexes au foudroiement nature]

L'étude du foudroiement en vol a déja fourni des résultats trés positifs tels : la trajectographie de la foudre en
balayage (F-106B), les premiéres mesures de couplage électromagnétique a travers des ouvertures (TRANSALLO%)
ou encore le spectre électromagnétique émis (C-580 et TRANSALLOY).

Il paraft nécessaire de poursuivre ces essais afin de compléter les informations de caractérisation de la foudre
et de son interaction avec l'avion.

En complément de ces essais, il serait utile de soumettre des électroniques de techniques récentes aux conditions
réelles de foudroiement et comparer ensuite les réponses obtenues a celles issues de la simulation au sol, qui
laisse subsister un doute quant 3 sa représentativité. Une expérience de ce type conduirait a réaliser une
installation capable de mettre en évidence les divers modes de couplage qui apparaltront sur l'avion pour lequel le
systeme est congu.

- Les programmes de calcul électromagnétique 3D

Les formes géométriques d'un avion, l'assemblage de ses éléments constitutifs, les matériaux utilisés et les
cheminements de ses circuits électriques sont d'ores et déja informatisés.
La prochaine étape devrait conduire a y associer un programme de couplage électromagnétique dans le double but :

1) de pouvoir évaluer, des les premiéres étapes de conception d'un nouveau projet d'avion, les niveaux induits
sur les circuits reliant les équipements de l'avion.

2) de procéder ensuite a I'étude d'optimisation des protections, en considérant l'ensemble des exigences de
protection liées aux conditions d'environnement applicables.

- La définition des niveaux de protection applicables aux équipements et des méthodes d'essais correspondantes

La protection électromagnétique globale d'un systéme est répartie entre :
. 'avion
. les circuits
. les équipements.

Pour fixer Ja part qui incombe aux deux premiers, I'Avionneur doit connaitre les niveaux que peut si jorter
I'équipement, niveaux auxquels il sera soumis lors des essais de qualification.

Les documents existants fixant les conditions applicables et décrivant les méthodes d'essais (DO160/EDI4,
SAE AE4L, MIL STD 1757, STANAG...) doivent &tre mis a jour ou complétés.

L'expérience actuelle montre que I'Avionneur est amené a multiplier les essais et renforcer la protection au niveau
de l'avion en attendant qu'une normalisation apparaisse.

- Les moyens de contrdle initial et de maintenance

De nouveaux besoins sont apparus pour le contr8le des protections applicables aux matériaux composites associés
ou non a des éléments classiques tres conducteurs.

Qu'il s'agisse du contrble des métallisations de surface ou des liaisons entre éléments voisins, les méthodes de
contr8le sous courant continu appliquées aux structures métalliques s'avérent inutilisables.

Les techniques qui seront proposées devront permettre de juger de l'état initial et de la tenue dans le temps des
solutions appliquées pour la protection aux effets directs et indirects de la foudre et la protection
électromagnétique générale de l'avion.

CONCLUSION

Un travail important reste a accomplir avant de fournir une réponse satisfaisante aux questions qui se posent encore
concernant :

- la caractérisation de la menace

- la vulnérabilité de l'avion et de ses systémes
- le choix des protections

- les méthodes et moyens d'essais.

L'Avionneur ne peut attendre que tout soit finalisé. Actuellement, a la lumiére des plus récents travaux, il s'efforce de
choisir les solutions les plus aptes a assurer la sécurité des avions de formule nouvelle qui sont déja en construction. En l'absence
de critéres plus précis, ces protections sont souvent surdimensionnées, avec l'inconvénient de réduire les avantages issus des
technigues nouvelles.

Dans ces conditions, il paraft urgent de définir les nouvelles régles de conception ou de réglementation s*appliquant aux
avions incorporant des technologies ou techniques modernes ; ce travail devrait largement tenir compte des options ou
orientations qui auront été retenues au cours de la période de transition.



KEYNOTE ADDRESS

PROTECTION OF MODERN AIRCRAFT AGAINST LIGHTNING

A manufacturer's point of view

D. LEROUGE
Deputy Technical Director, AVIONS MARCEL DASSAULT - BREGUET AVIATION, 78, Quai Carnot, 92214 Saint-Cloud, France

INTRODUCTION

Like many other industrial fields, the aerospace industry is experiencing deep technical and technological changes. These
changes are mainly directed towards the use at a large scale of composite materials and generalization of active avionics to deal
with all aircraft functions, including those which are critical for the flights.

This development, which improves the aircraft performance and increases its operational range, can only be accepted at
the cost of a perfect control of the flight safety, for all encountered environmental conditions.
In the meantime, susceptibility of today's aircraft to lightning direct and indirect effects has noticeably increased. Three

main reasons are responsible for this situation :

1 - The low.or even the absence of conductivity of composite materials (carbon, kevlar).
2 - The increased vulnerability of microelectronic components to voltage or energy pulses.
3 - The critical role of electronics to insure the aircraft vital functions {(fly by wire, engine control, etc...).

Thus, the aircraft manufacturer has to cope with new problems in the field of protection, requiring solutions to restore a
balance which seemed temporarily compromised.

PRESENT SITUATION

In the transition period, where the aircraft manufacturer lacks references (specifications are no longer adapted and
applicable requirements to equipment not yet defined) efforts have been concentrated on punctual solutions to problems which
appeared during tests performed to study direct and indirect lightning effects :

- on composite materials :
. to ensure a better mechanical behaviour of components located in exposed areas (tail or wing trailing edges), or to
minimize surface damages.

- on non-metallic fuel tanks :
. to eliminate important risks of internal sparking capable of inducing an explosion.

- on electronic equipment and associated circuits :
. to minimize upset of electronic systems and avoid failure of interface circuits, taking into account the fact that
redundancy of a system can be lost, should the disturbance simultaneously affect the concerned circuits.

It is certain that studies to harden aircraft must be conducted according to a rigorous methodology and the protection
principles be well established from the first design stages of a new aircraft, as composite materials can hardly be modified ;
likewise, modifications of more and more complex and integrated electronic systems are expansive and can jeopardize the
program time schedule.

THE FUTURE

Research efforts of these last years have already led to a better knowledge of the natural lightning phenomenon,
particularly in flight, as well as of its consequences on the aircraft materials and systems.

In order to develop a global protection method, the aircraft manufacturer wishes that the action in the fields which
reflects its immediate needs be continued and means of action and of decision quickly supplied, amongst said needs are :



- Study of coupling mechanisms, through apertures or by diffusion

This study, which is theoretical as well as experimental, must take into account both the geometry and the location
of new materials covering large areas of modern aircraft (nose cone, electronic compartment, wings, engine
compartment).

- Analysis of the behaviour of complex electronic systems to natural lightning

Study of lightning in flight has already supplied very positive results such as : swept stroke trajectography (F-106B),
measurements of electromagnetic coupling through openings (TRANSALLO4), or data on the radiated
electromagnetic spectrum (C-580 and TRANSALLO%).

It seems necessary to continue these trials in order to complete the characterization of lightning and its interaction
with the aircraft.

In addition, it would be useful to evaluate new electronic systems under real lightning conditions in order to
compare the results to those gathered from ground simulations, which remain questionable. Installation of new
systems would lead to reproduce all coupling modes found in modern aircraft.

- 3D electromagnetic computing codes

The aircraft geometry, the assembly of its components, the structural materials used and cables routing are already
available in computer data file.
The next step could be the association of an electromagnetic code, in order to :

1) evaluate induced levels in circuits connecting the various equipment units.

2) optimize hardening of the equipment in relation with the overall protection requirements, as imposed by the
environmental conditions.

- Definition of the protection levels to equipments units and related test methods

The overall electromagnetic protection of a system is shared between :
. the aircraft
. the circuits
. the equipment units

In order to determine the protection covering the two first items, the aircraft manufacturer must know the threat
level the equipment can stand.

Documents listing applicable conditions and describing test methods must be either updated or completed
(DO160/EDI14, SAE AE4L, MIL STD 1757, STANAG...)

Present experience shows that the aircraft manufacturer is led to multiply tests and reinforce protections at the
aircraft level, pending issue of a standardization.

- Initial check and maintenance equipment

New requirements came up to check protections applied to composite materials which can be associated or not to
highly conductive structural elements.

Previous test procedures using D.C. methods on metal structures are unusable in tests made on composite aircraft.
Techniques to come should provide for the possibility to measure both the initial state and the changes due to aging
for any solution selected to protect the aircraft against direct and indirect effects of lightning as well as other
electromagnetic threats.

CONCLUSION
An important work is still to be performed before giving a satisfactory answer to yet unsolved questions covering :

- threat characteristics

- vulnerability of the aircraft and its systems
- selection of protections

- test methods and test equipments.

The aircraft manufacturer cannot afford to wait until everything is set. For the present time, and considering the latest
developments, the manufacturer must select solutions ensuring safety of new aircraft. Precise criteria not being available, these
protections are often overdimensioned, thereby loosing some of the advantages coming from new techniques.

Under these conditions, it seems urgent to define new recommendations or instruction rules specific to aircraft
incorporating the latest technologies or techniques ; this work should, as much as possible, take into account choices already
made or trends adopted by the manufacturer during the transition period.
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Abstract - High Altitude EMP, (HEMP) and Lightning are both electromagnetic environments which threaten
3ircraft. These environments interact with aircraft in different ways, however. In this paper, we com-
pare currents and changes on the surfaces of various simple aircraft-Tike geometries. We use these
resulting currents and charges to compare 1ightning and HEMP,

I. INTRODUCTION

High altitude EMP (HEMP) and its concomitant elec-
tromagnetic environment potentially threaten an
aircraft. HEMP, a short (~ 0.1 ps) pulse of large
amplitude (~ 50 kV/m) arrives at aircraft essenti-
ally as a plane wave. Although this pulse generally
contains no oscillations {zero crossings), it's
Fourier transform shows frequency content over a
wide band, with significant content up to 100 MHz.
For present purposes we use a well-known public
domain HEMP waveform.

Lightning, another potential threat, can interact
with an aircraft in two essentially different ways.
First, for a nearby strike, the electromagnetic
fields generated in and near the stroke channel
impinge on the aircraft, Second, for a direct
strike on the aircraft, the stroke current actually
flows on the conducting structure of the aircraft.
The first of these effects may be called field
interaction and the second, current injection. It
is reasonable to expect that the latter may have
larger effects than the former because the strike
current path is along the aircraft.

Because of the increasing concerns about these two
threats, this study assessed the differences between
the electromagnetic environment associated with HEMP
and that associated with natural Tlightning,
including the manner in which they affect aircraft.
The investigation was based on the environments
suggested by public domain literature for HEMP and
by published data for natural 1lightning. These
environments are described in Section 2 of this
paper. The comparison of the two threats was based
on the currents and charges on a simple geometry
representative of the characteristics of an aircraft
that were caused by the two electromagnetic environ-
ments, In Section 3 several simple analytical
models are presented to relate the currents and
charges to the environments. These models are then
used to compare the two threats to aircraft in
Section 4.

In Section 5, operational considerations for the two
threats are presented. Lightning is improbable but
damaging to aircraft. Exposure to HEMP 1is essen-
tially certain for military aircraft in war but is
more likely to cause indirect damage to electronic
systems than the direct damage often caused by
lightning.

Section 6 presents the conclusions of the study,
that below about 1 MHz 1ightning dominates, above 10
MHz HEMP dominates, and between the two limits the
interaction of the environment with the aircraft is
sufficiently complex that either may dominate,
depending on the details of the aircraft.

IT.  ENVIRONMENTS

This section presents the electromagnetic environ-
ments produced by HEMP and lightning. The environ-
ment for HEMP is that presented in the public domain
[Ref. 1]. The lightning environment is derived from
a number of references which present actual measure-
ments of lightning electrical characteristics. 1In
this paper the mechanism of HEMP and the various
arguments used for determining a lightning environ-
ment are only summarized. For more detail see ref-
erence 2,

HEMP Environment

The generation of HEMP by a nuclear device is
described in detail in an article by Longmire [Ref.
1]. In this paper we are primarily concerned with
high altitude EMP which is characterized by an
exoatmospheric nuclear detonation and a source
region which extends from 20 to 40 km altitude and
geographically over regions as large as the conti-
nental United States.

HEMP is generated by the interaction of weapon gamma
rays with the atmosphere, Weapon gammas scatter
electrons from molecules in the atmosphere and pro-
duce a radial current. This radial current would
not radiate if the weapon is immersed in a uniform
atmosphere. Since the weapon is above the earth's
atmosphere the symmetry is broken and the EMP radi-
ated field is produced. These forward scattered
electrons are bent in the earth's magnetic field and
produce a transverse current which radiates effi-
ciently, The primary electrons produce a number of
secondary electron-ion pairs which form a background
conductivity. The air conductivity limits the elec-
tric field to a saturation value. For this study,
the saturation field is about 60 kV/m, Sophisticated
codes are used to calculate the field levels for
HEMP and these calculations agree well with experi-
mental data,

The incident HEMP waveform depends on a number of
factors including: height of burst, device type,
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atmospheric conditions, and distance from the
explosion, To avoid this complexity during the
system design process a guideline waveshape s
used. A waveform presented in reference 1 is:

E
0
E(t) = (1)
e'(t'to)/Tr + e(t-to)/rf
where
EO = 60 kV/m (saturation field)
T = 250 ns is the fall time
T, = 2 ns is the rise time constant

and u(t) is unit step function.

In this comparison of HEMP and 1lightning, HEMP will
treated as an incident plane wave with the waveform
described by Equation 1. With this waveform, the
peak amplitude is the predicted saturation value of
60 kV/m. While the peak field of HEMP depends
strongly on device design and burst height, this
field provides a reasonable representation of an
expected HEMP wave-form.

Lightning Environment

In this report, the current, that is the electro-
magnetic environment for direct and nearby strikes,
is assumed to be produced in a return stroke because
it typically has the largest currents and rates of
rise. Detailed descriptions of the sequence of
events in a lightning discharge and relevant defini-
tions are contained in Uman [Ref. 3] and Golde
[Ref. 4],

To characterize the lightning environment, which is
the lightning current, three figures of merit are
sufficient to specify the double exponential wave-
form of Equation (1). The three figures of merit
considered here are:

(1) Peak Current
(2) Peak rate of rise of the current
(3) Integral of the pulse

Since the detailed theoretical modeling effort
applied to HEMP has not been applied to lightning,
it was necessary to use empirical techniques to
determine the figures of merit listed above. A1l of
the available measurements from which estimates of
lightning current parameters are derived may be
divided into three classes:

Tower measurements
Measurements on aircraft in flight

(1
(2
(3) Radiated field inference of current

e e

Data from each of these sources were used to esti-
mate the current in the lightning channel. This
current within the channel establishes the 1ightning
current waveform that constitutes the threat.

Tower Measurements,

Tower measurements of Tightning currents are made
using current sensors installed on metal towers
located where there is normally a great deal of
Tightning activity, generally mountain peaks. Since
the tower is part of the lightning discharge cir-
cuit, the effect of the tower itself on the measure-
ments must be considered.

Neaful summaries of lightning currents and rates of
rise of the current are given in Uman [Ref. 3],
Golde [Ref. 4], and Garbagnati [Ref. 5]. Of those
summaries, only the data presented by Garbagnati is
fast enough to see characteristic times of 100 ns or
less, so that data will be shown here. The longer
version of this paper [Ref. 2] contains a more com-
plete presentation of the data. The maximum rate of
rise reported is less than 10! A/s. Other sets of
tower measurements confirm this data. When cor-
rected for ground reflection even the maximum rate
of rise observed by Ericsson [Ref. 6] is very near
1011 Ass, as well.

At this time, tower measurements constitute the only
Tow altitude, cloud to ground 1lightning current
measurements available.

Aircraft Measurements.

Electromagnetic measurements made on an aircraft in
flight represent another useful data base for deter-
mining the electromagnetic environment caused by
lightning. Two recent sources provide data on the
effects of lightning direct strikes on aircraft.

The peak rate of rise measured on the boom in front
of the F-106B [Ref. 7] is particularly interesting
since it has the largest rate of rise of the cur-
rent. In spite of the low {13.9 kA maximum) peak
currents, the peak rate of rise found by taking a
graphic?l derivative of the current records was 1.3
X 10 A/s. Significant]y, the maximum value
closely approximate the 10!l A/s maximum rate of
rise seen in the tower measurements.

Currents Inferred from Field Measurements.

Another method of determining the current in a dis-
charge is to derive the current from distant field
measurements, The difficulty with this method is
that the current derived from the fields is not
unique and unfolding the very complicated early time
current evolution of lightning is not a trivial task
since no quantitative model exists for the early
part of the return stroke.

Since the recently published research using this
method suggests very fast rates of rise in return
strokes the methods used will be more closely exam-
ined,

Uman, et al. [Ref. 8] derive the relationship
between the electric field and the current in the
lightning channel under a restrictive set of assump-
tions. The initiation point must be at the ground
and the current waveform must propagate up the chan-
nel at uniform velocity and without distortion of
the waveshape as it propagates. It is also assumed
that the fields are entirely in the radiation zone.

Correcting the above modeling to account for the
return stroke currents that initiate from a point
about 100 m from the ground rather than at the
ground reduces the current and derivative values by
a factor of two.

For subsequent strokes there is no initiation region
as described here. However, for subsequent strokes
there is a memory of the location of the channel.
The breakdown wave is limited in propagation veloc-
ity by the velocity of Tight rather than the veloc-
ity of propagation for return strokes, Near the



